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RESUMO

As plantas sdo constantemente expostas a estresses bibticos e abibticos. Em
resposta a estas adversidades expressam diversas proteinas de defesa, dentre
elas as proteinas da familia Thaumatins-like (TLPs), também conhecidas por
Pathogenesis-related protein 5 (PR5). As TLPs podem ser encontradas em
diferentes espécies vegetais e sdo denominadas de acordo com a sua atividade
biolégica. Dentre elas destacam-se as osmotinas, proteinas multifuncionais
descobertas inicialmente em células de tabaco, adaptadas a baixos potenciais
hidricos. Ao longo do tempo, osmotinas de diferentes espécies vegetais vem
sendo identificadas e relacionadas com a tolerancia a estresses. Apesar disso,
sua origem e diversificacdo ao longo da evolugdo da familia das TLPs continua
desconhecida. Para elucidar esta questdo, o presente trabalho se baseou no
método Bayesiano e foi construida uma arvore filogenética contendo 722
sequéncias de 32 espécies de Viridiplantae. O agrupamento de proteinas ja
caracterizadas como osmotinas com outras putativas osmotinas, permitiu a
identificacdo de sua origem a partir das espermatdfitas. Os resultados indicam
que a separacado filogenética e expansdo génica decorreram do surgimento e
organizacdo de motivos exclusivos do grupo das osmotinas, seguidos de
duplicacbes em bloco e em tandem. Além disso, a partir da arvore filogenética
gerada, foram confirmadas quatro osmotinas de soja ja caracterizadas e
identificada uma nova osmotina denominada GmOLPc. InUmeros trabalhos tem
demonstrado que as osmotinas desempenham um importante papel na tolerancia
a seca em diferentes espécies vegetais. No presente estudo, foi investigada a
estrutura e o papel das osmotinas de soja em cultivares contrastantes na resposta
a seca. A osmotina de soja denominada P21-like apresentou potencial
eletrostatico semelhante as osmotinas ja caracterizadas como promotoras de
tolerancia a seca de Nicotiana tabacum e Solanum nigrum. As analises de
expressao génica das diferentes osmotinas de soja indicaram sua relacdo com a
resposta ao estresse hidrico. Além disso, foi observado um aumento significativo
de transcritos dos gene codificadores das osmotinas GmOLPc e P21-like nas
folnas e raizes, respectivamente, da cultivar tolerante EMBRAPA 48. Este
resultado reforca o possivel papel dessas proteinas na tolerancia a seca.



ABSTRACT

Plants are constantly exposed to biotic and abiotic stresses. In response to these
adversities, they express several defense proteins, including the Thaumatins-like
family proteins (TLPs), also known as Pathogenesis-related protein 5 (PR5). TLPs
can be found in different plant species and are named according to their biological
activity. Among them are the osmotins, multifunctional proteins initially discovered
in tobacco cells adapted to low water potentials. Over time, osmotins from different
plant species have been identified and related to stress tolerance. Despite this, its
origin and diversification throughout the evolution of the TLP family remains
unknown. To elucidate this question, the present work was based on the Bayesian
method and a phylogenetic tree was constructed containing 722 sequences from
32 species of Viridiplantae. The grouping of proteins already characterized as
osmotins with other putative osmotins allowed the identification of their origin from
spermatophytes. The results indicate that the phylogenetic separation and gene
expansion resulted from the emergence and organization of exclusive motifs of the
osmotin group, followed by block and tandem duplications. In addition, from the
phylogenetic tree generated, four previously characterized soybean osmotins were
confirmed and a new osmotin named GmOLPc was identified. Numerous studies
have shown that osmotins play an important role in drought tolerance in different
plant species. In the present study, the structure and role of soybean osmotins in
response to drought were investigated in soybean contrasting cultivars. The so-
called P21-like soybean osmotin presented electrostatic potential similar to the
osmotins of Nicotiana tabacum and Solanum nigrum already characterized as
drought tolerance promoters. The gene expression analysis of the different
soybean osmotins indicated their relationship with the response to water stress. In
addition, a significant increase in transcripts of the GmOLPc and P21-like
encoding osmotins in the leaves and roots, respectively, of the tolerant cultivar
EMBRAPA 48 was observed. This result reinforces the possible role of these

proteins in drought tolerance.
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1. INTRODUCAO
1.1 Osmotinas e thaumatins-like

As plantas sdo constantemente desafiadas por diversos estresses abioticos e
bidticos durante o seu desenvolvimento. Dentre os agentes bidticos encontram-se
bactérias, fungos, virus e insetos, enquanto que os fatores abioticos incluem seca,
salinidade, frio, calor, radiagao ultra-violeta e auséncia ou excesso de nutrientes
(Hakim et al.,, 2018). Em resposta a esses fatores adversos, as plantas
desenvolveram um complexo sistema de defesa que inclui alteracbes metabdlicas
e a expressdo de diversas proteinas (Anzlovar e Dermastia, 2003). Dentre elas
destacam-se as osmotinas, proteinas multifuncionais descobertas inicialmente em
células de tabaco (Nicotiana tabacum var Wisconsin 38) adaptadas a baixos
potenciais hidricos (Singh et al., 1987). Por também apresentarem sua expressao
induzida em plantas de Nicotiana silvestre submetidas a infec¢do por virus e
ferimentos, posteriormente as osmotinas foram classificadas como proteinas

relacionadas a patogénese (PR) (Neale et al., 1990).

Nas plantas, as proteinas PR se dividem em 17 familias nomeadas PR-1 a
PR-17 (Sels et al., 2008). A classificacdo de proteinas PR se baseia em seu
agrupamento dentro das familias, de acordo com a sequéncia de aminoacidos
que compartilham, relacdes seroldgicas e enziméticas ou atividades biolégicas
(Van Loon et al., 1994). As osmotinas, por apresentarem sequéncia e estrutura
muito similar as thaumatinas, proteinas doces encontradas nos frutos do arbusto
africano Thaumatococcus daniellii, foram classificadas dentro da familia das PR-5,
também conhecida por Thaumatin-like proteins (TLPs) (Stintzi et al.,, 1991).
Embora as taumatinas sejam proteinas muito doces, nenhuma outra TLP
apresenta a mesma caracteristica (Velazhahan et al., 1999). Sugere-se que a
auséncia de sabor doce das TLPs esta associada ao baixo contetdo de lisina na
sequéncia de aminoacidos dessas proteinas e/ou a mudanca de duas sequéncias

tripeptidicas em relacdo as taumatinas (Viktorova et al., 2012; Batalia et al., 1996).

As TLPs tém sido encontradas em diversas plantas, em resposta a algum
estresse ou estadio de desenvolvimento, situagdes onde se pode observar seu
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acumulo e presenca em outros tecidos antes ndo contemplados (Velazhahan et
al., 1999). Dentre os seus papéis fisioldgicos e de desenvolvimento, incluem-se a
formacédo de orgaos florais, amadurecimento de frutos, germinacdo de sementes
e senescéncia (Cao et al., 2016). Trabalhos com diferentes espécies vegetais tém
demonstrado que a expressdo de TLPs pode ser induzida por diferentes vias
hormonais, tais como acido salicilico, etileno, acido jasménico e acido abscisico
(Misra et al., 2015; Jami et al., 2007). Geralmente, as TLPs sdo proteinas
altamente solGveis que se acumulam em altos niveis em tecidos especificos, em
compartimentos subcelulares, sob condi¢cdes apropriadas ou secretadas para o
meio extracelular. Geralmente, TLPs acidas tendem a ser extracelulares,
enguanto que as basicas sao encontradas no vacuolo (ou em vesiculas) da célula
vegetal (Velazhahan et al., 1999). Neste sentido, podem ser classificadas dentre
trés subclasses de acordo com seu ponto isoelétrico (pl): acida, neutra ou basica
(Min et al., 2004). Analises da sequéncia de aminoacidos na por¢cédo N-terminal de
diferentes TLPs de tabaco, demonstraram também uma clara diferenca entre as

isoformas acida, neutra e basica (Koiwa et al., 1994).

De acordo com Breiteneder (2004) as TLPs podem ser classificadas em trés
grupos, (i) aguelas produzidas em resposta a infeccéo por patdégenos, (ii) aquelas
produzidas em resposta a estresses osmaticos, também chamadas de osmotinas,
e (iii) as com atividade antifungica, presentes nas sementes de cereais. Diversas
TLPs descobertas em plantas foram denominadas de acordo com a sua atividade
biologica, dentre estas destacam-se as permatinas, osmotinas, proteinas

alergénicas e as com dominio kinase.

As permatinas sao proteinas antifingicas capazes de inibir o desenvolvimento
de esporos e fungos através da permeabilizacdo da membrana plasmatica. Essas
proteinas promovem o0 extravasamento do citoplasma via formacao de poros,
sugerindo uma interacao fisica entre as permatinas e a membrana plasmatica de
fungos suscetiveis a acdo dessas proteinas (Min et al., 2004). Exemplos de
permatinas ocorrem em alta concentragdo em sementes de cereais, como a
zeamatina de milho (Zea mays), hordomatina de cevada (Hordeum vulgare L.) e

avematina de aveia (Avena sativa L.) (Liu et al., 2010).
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As osmotinas e as osmotinas-like inicialmente foram definidas como proteinas
basicas e neutras encontradas no vacuolo das células vegetais, em resposta a
estresses osmoticos (Liu et al., 2010). Porém, diferentemente das classificacdes
propostas, sabe-se atualmente que podemos encontrar osmotinas e/ou
osmotinas-like com caracteristica acida, como a GmOLPa de soja (Glycine max
L.), e que respondem tanto a estresses abibticos quanto bibticos, facilitando a
compartimentalizacdo de ions ou solutos, assim como apresentando atividade

antifangica (Kumar et al., 2015).

Muitas TLPs tém sido reportadas como componentes alergénicos em frutas e
polens de coniferas (Hoffmann-Sommergruber, 2002; Breiteneder, 2004). Dentre
as TLPs alergénicas de alimentos incluem-se a proteina Pru av2 de cereja
(Prunus avium L.), Cap al de pimentdo (Capsicum annuum L.), Act c2 de kiwi
(Actinidia chinensis Planch.) e Mal d2 de maca (Malus x domestica) (Liu et al.,
2010). Dentre as TLPs alergénicas encontradas em poélen estdo a Jun a3 do
cedro da montanha (Juniperus ashei J. Buchholz), Cup a3 do cipreste do Arizona
(Cupressus arizonica Greene) e Cry j3 do cedro japonés (Cryptomeria japonica L.
f.) (Liu et al.,, 2010). Suas capacidades alergénicas se devem a presenca de
motivos na estrutura da proteina capazes de se ligarem a imunoglobulina (Ig)E e
provocarem sintomas alérgicos em pessoas sensiveis a esses epitopos
(Breiteneder 2004).

Em Arabdopsis thaliana foi encontrada uma outra forma de TLP, denominada
PR5K (PR5-like receptor kinase). Esta proteina apresenta um dominio
extracelular com sequéncia similar as TLPs acidas, um dominio central
transmembrana e uma porgcdo quinase serina/treonina intracelular que esta
envolvida em respostas de defesa. A semelhancga entre o dominio extracelular e
as TLPs sugere uma possivel interagdo com alvos microbianos (Wang et al.,
1996).

1.2 Histéria evolutiva da familia Thaumatin-like

As TLPs sdo amplamente distribuidas, podendo ser encontradas em diferentes

espécies e organismos, incluindo animais invertebrados (nematoides e insetos),
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fungos e plantas (Liu et al., 2010). Nos animais invertebrados ocorrem nos
nematoides Caenorhabditis elegans e Caenorhabditis briggsae, e em quatro
ordens de insetos: Coleoptera (Diaprepes and Biphyllus), Hemiptera (Toxoptera),
Hymenoptera (Lysiphlebus), e Orthoptera (Schistocerea). Nos fungos estao
presentes em algumas espécies de basidiomicotas e ascomicotas. Nas plantas as
TLPs séo universais, podendo ser encontradas em algumas espécies de bridfitas,
gimnospermas e angiospermas (Liu et al. 2010). Estudos de analise genbmica
mostram que nas plantas elas ocorrem como uma familia de mdaltiplos genes
(Zhao and Su, 2010).

Apesar da alta similaridade observada entre as TLPs, mesmo uma pequena
mudanca na sequéncia de aminoacidos pode levar a diversidade de funcdes
observada dentro desta familia de proteinas. Adams et al. (2017) demonstraram
que a mudanca para trés residuos de triptofano na sequéncia de aminoacidos de
proteinas da subfamilia PR-5d em solanaceae conferiu uma caracteristica
especifica de ligacdo a celulose a essas proteinas, sugerindo um ganho de

funcdo a esse subgrupo dentro da familia das Thaumatins-like.

A ampla distribuicdo das TLPs, em conjunto com sua diversidade de funcgdes,
0 crescente interesse por sua aplicabilidade biotecnologica e a recente
disponibilizacdo de genomas de diferentes espécies em banco de dados, tem
contribuido para a realizacdo de estudos sobre a origem, evolugdo e
diversificacdo desta grande familia génica em eucariotos (Cao et al., 2016).
Estudos filogenéticos também contribuem para a classificacdo das TLPs de

acordo com a sua origem, estrutura e perfil de expressao.

Na analise filogenética conduzida por Shatters et al. (2006), dois clados
distintos, com um ancestral comum para insetos e nematoides, foram formados. O
mesmo autor sugere que a relacao parafilética das sequéncias de insetos com as
sequéncias de nematoides, bem como os grupos de insetos, indica uma heranca
de um Unico gene dentro dos insetos e dentro de cada ordem, seguida por uma
duplicacdo génica dentro desses grupos. Neste mesmo trabalho foi realizada uma
comparacdo filogenética mais completa utilizando as sequéncias de TLPs

encontradas nos animais invertebrados e nas espécies vegetais Arabidopsis
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thaliana, Oryza sativa e Pinus taeda. Além dessas foram adicionadas a analise
duas sequéncias descritas como taumatinas de Thaumatococcus danielli, uma
descrita como osmotina de Nicotiana tabacco, e uma sequéncia Triticum aestivum
que representa uma variante estrutural das thaumatins-like. Nesta analise,
Shatters et al. (2006) demonstraram que as sequéncias dos animais formam um
clado Unico, separado do das plantas. Nas plantas por sua vez foram formados 10
clados distintos, cada um contendo no minimo uma sequéncia de A. thaliana e
uma de O. sativa. Neste mesmo sentido Zhao e Su (2010), sugerem que a familia
génica das TLPs em plantas se originou a partir de 10 genes ancestrais, antes da
divergéncia entre mono e dicotiledéneas ha cerca de 130-240 milhdes de anos
atrds. Além disso, as analises realizadas por Shatters et al. (2006) ndo deram
suporte para a separagao de nomenclatura entre osmotinas e thaumatins-like.
Essa inconsisténcia na nomenclatura dos diferentes tipos de TLPs tem gerado

confusdo na classificacdo dessas proteinas em um ou mais grupos.

Para melhor decifrar a evolucdo da familia das TLPs, Liu et al. (2010)
utilizaram 118 sequéncias de TLPs para a analise filogenética, selecionadas a
partir dos fungos ascomicotas e basidiomicotas, musgos, gimnospermas,
angiospermas, nematoides e insetos. A arvore gerada indica que a familia das
TLPs é altamente divergente, com a possibilidade de nove grupos distintos. O
primeiro grupo consiste apenas de sequéncias de ascomicotas. Devido a sua
baixa similaridade e origem diferente, Liu et al. (2010) sugeriram que estas
sequéncias ndo devam ser consideradas TLPs. Basidiomicotas, nematoides e
insetos formaram trés clados distintos, enquanto as plantas se dividiram em cinco
grupos com sequéncias de gimnospermas e angiospermas, sugerindo um minimo
de cinco genes bastante diversos em sequéncia e funcéo, presentes no ancestral
comum das plantas com sementes. Os mesmos autores sugerem um ancestral

comum a plantas, fungos e insetos, datando de 1 bilhdo de anos atras.

Petre et al. (2011) por sua vez conduziram uma analise com 598 sequéncias
de TLPs a partir de 100 espécies, incluindo fungos (basidiomicotas e
ascomicotas), invertebrados (nematoides e insetos) e plantas. A filogenia desses

eucariotos revelou trés principais grupos monofiléticos. O grupo | consistiu de
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subclados especificos para fungos (basisiomicota e ascomicota) e plantas. O
grupo Il incluiu subclados especificos para os invertebrados (nematoides e
insetos, em subclados distintos) e para as plantas. O grupo lll por sua vez
agrupou apenas sequéncias de plantas vasculares. Assim como observado por
Shatters et al. (2006), as analises de Petre et al. (2011) ndo suportam a
separacdo de nomenclatura entre osmotinas e thaumatins-like, o que gera

confusao semantica na literatura.

De acordo com as analises filogenéticas conduzidas por Cao et al. (2015), as
TLPs de Arabidopsis, arroz, alamo, milho, Physcomitrella e Chlamydomona, se
dividem em seis grupos. Os mesmos autores sugerem que O mais recente
ancestral comum das Viridiplantae apresenta cinco genes de TLP.
Chlamydomona, por apresentar apenas uma sequéncia teria perdido quatro
desses genes. A expansdo da familia das TLPs teria ocorrido depois da

divergéncia das embriéfitas conduzindo para as plantas vasculares.

Apesar de algumas diferencas entre as analises e as conclusbes dos
diferentes autores, em geral, 0S mesmos sugerem uma importante participacao
dos eventos de duplicacdo em tandem e da co-evolugdo entre plantas e
patdogenos para a expansdo da familia das TLPs. Além disso, concluem que o
processo de evolucdo dessa familia é altamente conservativo por manter certa
similaridade nas sequéncias e na estrutura das proteinas nos diferentes

organismos.
1.3 Estrutura e atividade antifungica

Andlises comparativas da estrutura primaria da osmotina, TLP basica
encontrada em tabaco, e muitas outras TLPs, revelam diversas caracteristicas
interessantes (Min et al., 2004). A maioria das TLPs descritas, incluindo as
osmotinas, apresentam peso molecular entre 24-26 kDa, uma alanina localizada
no sitio de clivagem e 16 residuos de cisteina, responsaveis por formar oito
pontes dissulfeto que estabilizam a proteina contra alteracdes de pH, proteases e
desnaturacao por altas temperaturas (Cao et al., 2016). Pequenas TLPs com
baixo peso molecular (17 kDa) e apenas 10 residuos de cisteina, que formam
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cinco pontes dissulfeto, também podem ser encontradas em monocotiledéneas e

coniferas (Petre et al., 2011).

Estudos de cristalografia mostram uma estrutura bastante conservada entre as
proteinas da familia das TLPs, podendo-se observar claramente a formacéo de
trés dominios e uma fenda localizada entre os dominios | e Il (Figura 1) (Leone et
al., 2006). Esta fenda pode apresentar natureza &cida/eletronegativa, neutra ou
bésica/eletropositiva para ligacdo de diferentes ligantes/receptores. As
taumatinas, além de apresentarem um lago a mais no dominio I, possuem uma
fenda basica, onde residuos de lisina parecem exercer um importante papel na
caracteristica adocicada destas proteinas, através da interagdo com possiveis
receptores presentes nas papilas gustativas de mamiferos (Min et al., 2004,
Slootstra et al., 1995). Realmente, foi demonstrado que concentragcdes baixas de
taumatinas sdo capazes de estimular as células gustativas de macaco-rhesus,
indicando uma forte ligacdo dessas proteinas aos receptores de membrana

destas células (Velazhahan et al., 1999).

Figura 1 — A. Representacao da estrutura das TLPs. Dominio I, Il e Ill, em roxo,
verde e azul, respectivamente. Pontes dissulfeto em laranja. B. Sobreposi¢cao de
diferentes TLPs. TLP de banana (vermelha), thaumatina (azul), osmotina
(amarelo), PR-5d (verde) e zeamatina (laranja). C. Representacéo geral da fenda
entre os dominios. (Adaptada a partir de Leone et al., 2006)

Na maioria das TLPs, diferentemente das taumatinas, observa-se uma fenda
de natureza acida entre os dominios | e Il. Quando acida, a fenda geralmente &
composta por um motivo REDDD (arginina, glutamato e trés aspartatos) de
residuos de aminoacido que exercem um importante papel antifiingico (Figura 2)
(Ramos et al., 2015). Esta estrutura tem sido citada como um centro catalitico que
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promove a hidrélise de moléculas poliméricas de glucanos, através de sua ligacao
a B-1,3-glucanos, componentes da parede celular de fungos (Trudel et al., 1998).
Entretanto, a presenca de uma fenda acida nas TLPs ndo esta diretamente
relacionada com a sua capacidade antifangica. Menu-Bouaouiche et al. (2003)
demonstraram que TLPs de maca e cereja, com uma fenda altamente acida, ndo
apresentavam atividade antifungica. Além disso, ha trabalhos que relatam a
existéncia de TLPs antifungicas desprovidas de atividade glucanase, o que leva a
inferir que outras estruturas podem estar relacionadas na determinacdo da
atividade antifingica (Min et al., 2004; Leone et al., 2006).
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Figura 2 — Representacédo da distribuicdo do motivo REDDD na fenda das TLPs.
Residuos bésicos, &cidos e aromaticos em azul, vermelho e amarelo,
respectivamente, na volta e dentro da fenda. (Adaptada a partir de Ramos et al.,
2015).

Ibeas et al. (2000) demonstraram a relacdo casual entre fosfomanoproteinas,
a ligacdo de osmotinas a parede celular de leveduras e sua citotoxicidade.
Fosfomanoproteinas sdo componentes da parede celular de Saccharomyces
cerevisiae juntamente com o0s glucanos, responsaveis por determinar as
propriedades da superficie celular, como hidrofobicidade e carga elétrica da célula
(Ibeas et al., 2000). A deficiéncia de fosfomanoproteinas na parede celular de S.
cerevisiae reduz a carga negativa da parede em até 90% e aumenta a resisténcia
a osmotina, indicando a importancia desses residuos para a suscetibilidade das
leveduras a proteina (lbeas et al., 2000). Baseando-se na ligagdo entre TLPs e

componentes da parede celular de fungos e leveduras, Ibeas et al. (2000)
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sugerem que a provavel funcdo destes componentes seja capturar as TLPs do
ambiente, aumentando a taxa de difusédo da proteina ao longo da parede celular e
sua atividade citotoxica. Neste sentido, Ramos et al. (2015) sugerem que a
interacdo inicial da osmotina-like de Calotropis procera (CpOsm) e a célula de
Fusarium solani pode ocorrer entre as cargas positivas da superficie da proteina e
a superficie negativa da célula do fungo. Esta interacdo idnica ndo especifica
direcionaria a CpOsm para a superficie celular do fungo, promovendo o aumento
da sua concentracdo na volta do esporo e sua difusdo através da membrana
celular, afetando sua permeabilidade e causando a perda do conteldo
citoplasmatico. De acordo com Salzman et al. (2004) a ligagéo entre a osmotina e
as fosfomanas é favorecida pela presenca de Ca*?, que se liga na fenda negativa
da proteina e nas moléculas negativas de fosfomanas da superficie da leveduras,
formando uma corrente e aproximando a osmotina da membrana plasmatica da
levedura. Este efeito é bloqueado quando EGTA (agente quelante de Ca'*?)
sequestra Ca*?, ou quando K* compete com a osmotina pelos sitios de ligacdo

aos manosefosfatos na superficie celular das leveduras (Figura 3).
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Figura 3 — Representacdo do mecanismo da atividade antifingica proposta por
Salzman et al. (2004). A figura mostra o Ca*? intermediando a ligacédo entre a
osmotina e as moléculas de fosfomanas presentes na parede celular de
leveduras. Esta ligagcdo permite a aproximacdo da osmotina a membrana
plasmatica destes organismos. Este efeito € bloqueado quando EGTA sequestra
Ca™, ou quando K' compete com a osmotina pelos sitios de ligacdo aos
manosefosfatos na superficie celular das leveduras. Também pode ser blogueado
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em mutantes mm4, que nao apresentam o residuo final de mannosephosphate. O
exato mecanismo de acdo das osmotinas em relacdo ao dano causado na
membrana plasmatica ainda ndo é compreendido. (Retirada de Salzman et al.,
2004).

Trabalhos também sugerem que a atividade antifungica de algumas TLPs
pode estar associada ao dominio | dessas proteinas (Chen et al., 1999; Mani et
al., 2011). Outros sugerem que seu mecanismo de agéo esta associado a ligacéo
a componentes de membrana especificos e ativacdo da transducdo de sinais nas
células fungicas. Yun et al. (1998), por exemplo, demonstraram que a osmotina
pode ativar o sistema de sinalizacdo por MAPK (mitogen-activated protein kinase)
em leveduras, induzindo mudangas na parede celular que aumentam a
citotoxicidade dessas proteinas antifingicas. Foi demonstrado também que a
osmotina pode induzir morte celular programada em leveduras de S. cerevisiae,
através do acumulo de espécies reativas de oxigénio, por meio da supressao da
sinalizacdo de genes responsivos a estresse (RAS2/cAMP) (Narasimhan et al.,
2001). Este processo ocorre a partir da ligacdo da osmotina a receptores
polipeptidicos com sete dominios transmembrana (seven trans-membrane domain
receptor-like polypeptides - PHO36) que apresentam caracteristicas semelhantes
aos receptores acoplados a proteinas G (G protein-coupled receptors - GPCRSs) e
regulam o metabolismo de fosfatos e lipideos. A presenca destes receptores torna
as leveduras de S. cerevisiae suscetiveis a acdo dessas proteinas (Narasimhan et
al., 2005). Interessantemente, estes sd0 0s mesmos receptores mencionados
anteriormente para a taumatina nas papilas gustativas, sugerindo que a ligacao
entre GPCR e TLP possa ser uma caracteristica conservada desta familia de
proteinas (Liu et al., 2010). A interagcdo com receptores e moléculas especificas
pode explicar a especificidade da acéo antifungica de algumas TLPs (lbeas et al.,
2000; Min et al., 2004, Vitali et al., 2006).

Apesar dos diferentes mecanismos que tém sido propostos para explicar o
efeito antifiungico dessas proteinas, nenhum estudo o elucidou completamente. O
entendimento dos mecanismos de acao antifingica das osmotinas pode ajudar a

elucidar os mecanismos de acdo das mesmas durante o estresse hidrico.
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1.4 Papel das osmotinas durante a seca

As osmotinas foram inicialmente descobertas durante respostas a estresses
osmoticos e descritas como proteinas osmoprotetoras, por manterem a
osmolaridade celular através da compartimentalizagdo de solutos ou por
alteracdes metabdlicas e estruturais (Abdin et al. 2011; Chowdhury et al. 2017).
Inmeros estudos vém sendo realizados para determinar o papel fisiologico das

osmotinas nos estresses abioticos (Goel et al., 2010).

Estudos mostram que a expressdo de osmotinas pode ser induzida em cultura
de células e raizes de tabaco em resposta ao tratamento com acido abscisico
(ABA) e polietileno glicol (PEG), que simula uma resposta ao estresse hidrico
(Hakim et al., 2018). Além disso, trabalhos tém demonstrado a indugdo de
thaumatins-like através da superexpresséao de fatores de transcricdo associados a
respostas de defesa e a possivel relacdo da expressao dessas proteinas com a
tolerancia a seca (Moon et al., 2014; Muoki et al., 2012). Gutha e Reddy (2008)
demonstraram que a superexpressao de um importante fator de transcricdo da
familia DREB (C-repeat binding factor/dehydration responsive element binding
factor), associado com a tolerancia e regulacdo de genes responsivos a seca, foi

capaz de induzir a expressao da osmotina em tabaco.

A expressdo de osmotinas em plantas transgénicas, como tomate, tabaco,
algodado, soja, sésamo, cenoura, amora e arroz, tem levado a tolerdncia das
mesmas a seca (Chowdhury et al. 2017; Le et al.,, 2018; Anoon et al.,, 2014,
Weber et al., 2014; Das et al.,, 2011; Goel et al., 2010; Parkhi et al., 2009;
Barthakur et al., 2001). Alguns fatores como o acumulo de prolina (atua como
osmorregulador e antioxidante), do conteludo relativo de agua, clorofila, expansao
foliar, diminuicdo da abertura estomatica, da peroxidagdo lipidica e
malondialdeido (marcador de estresse oxidativo e degradacdo de membrana),
aumento da atividade de enzimas antioxidantes, metabdlitos secundarios
(fendlicos e flavondides) e estabilidade da membrana plasmatica, tém sido
observadas em associagdo com a resposta da osmotina em relagéo a tolerancia
ao estresse hidrico (Hakim et al., 2018). Estes resultados indicam que a osmotina

promove a protecdo da maquinaria fotossintética, mantém a osmolaridade celular,
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reduz a perda de agua, o estresse oxidativo, os danos de membrana e estimula a
expressdo de genes envolvidos na regulacdo positiva da via de biossintese de
metabdlitos (Chowdhury et al. 2017; Zhang et al., 2004; Kumar et al., 2015).
Apesar da osmotina atuar a jusante da expressao de alguns genes envolvidos na
resposta a estresse, sabe-se que essas proteinas ndo atuam como fatores de
transcrigdo, pois nao apresentam motivos de ligacdo ao DNA (Abdin et al., 2011).

Um dos possiveis mecanismos de acdo dessas proteinas se da através das
cargas negativas que ocorrem na fenda das thaumatins-like que possibilitam a
ligacdo com proteinas de membrana com carga positiva, como canais de ions e
agua, que eventualmente possa resultar em um aumento do fluxo de agua através
da membrana (Batalia et al., 1996). Apesar disso, assim como para a atividade
antifangica, o exato mecanismo dessas proteinas quanto ao aumento da

tolerancia a estresses osmoticos como a seca, ainda nao foi elucidado.
1.5 Soja

A soja [Glycine max (L.) Merrill] € a espécie de maior importancia econémica a
nivel mundial. A soja é um grdo muito versatil que da origem a produtos e
subprodutos muito usados pela agroindustria, industria quimica e de alimentos. A
relevancia desta espécie na agricultura € decorrente de sua capacidade de
fixacdo de nitrogénio atmosférico, por meio da simbiose com microrganismos, de
sua utilizacdo para a alimentacdo humana e animal, além de servir de matéria

prima para a producéo de biocombustiveis (Reetz et al. 2012).

No Brasil, o plantio da soja, em larga escala, teve inicio em 1960 e,
atualmente, é o principal responsavel pelo crescente volume de exportacdes do
agronegocio e o consequente avanco da economia nacional. O Brasil € hoje o
segundo maior produtor desta oleaginosa e ja estd competindo com os Estados
Unidos pelo titulo de maior exportador em nivel mundial (Conab 2018).

A seca é um dos principais fatores ambientais que mais contribuem para a
perda na producdo de soja (Camara e Heiffig, 2000). Estudos em casa de
vegetacdo e no campo mostraram que a seca leva a uma reducéao significativa na

producdo do grdo (24~50%) em diferentes locais e periodos (Ku et al., 2013).
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Longos e curtos periodos de deficiéncia hidrica acarretam na diminuicdo da
producéo, ocasionando graves problemas econdmicos e sociais. No Brasil, a seca
prolongada durante o periodo de cultivo da soja vem tornando-se cada vez mais
frequente (Brando et al., 2010). Esta situacdo pode tornar-se ainda mais
dramatica, de acordo com as previsbes de mudancgas climaticas, que apontam
para um aumento na frequéncia, severidade e duracdo dos periodos de seca
(Chen et al., 2016).

Com o intuito de mitigar os impactos gerados pela deficiéncia hidrica,
ferramentas de biologia molecular, para a identificacao e transferéncia de genes
responsaveis pela tolerancia a seca, vem sendo utilizadas no desenvolvimento de
cultivares mais tolerantes (Shin et al.,, 2015; Guimaraes-Dias et al., 2012;
Manavalan et al., 2009; Pathan et al., 2007). Além disso, a recente aplicacdo de
tecnologias contemporaneas de edicdo do genoma, como CRISPR, vem se
mostrando bastante eficaz na melhoria de caracteristicas agronémicas. Um dos
pré-requisitos dessa abordagem € a identificacdo dos principais atores e vias
genéticas subjacentes a resposta da planta ao estresse hidrico (Hua et al., 2018).
Uma estratégia que tem se mostrado promissora para desenvolvimento de
cultivares mais tolerantes a estresses abidticos esta baseada na superexpressao

de proteinas PR, como as osmotinas (Ahmed et al., 2013).

Até o momento foram identificadas quatro osmotinas em soja, denominadas
P21, GmOLPa, GmOLPb e P21e (P21-like) (Tachi et al., 2009; Onishi et al., 2006;
Graham et al., 1992). A P21 foi a primeira osmotina a ser identificada em folhas
de soja, cujas plantas foram crescidas em casa de vegetacdo sem tratamentos de
estresse, apenas sob condi¢cdes naturais. A proteina foi isolada de folhas de
plantas com 60 dias da cultivar Williams 82. Sua forma madura apresentou 202

aminoéacidos e ponto isoelétrico de 4.6 (Graham et al., 1992).

Quatorze anos depois, uma segunda osmotina também com carater acido foi
identificada em soja e denominada GmOLPa (Onishi et al., 2006). Esta com 201
aminoacidos e ponto isoelétrico de 4.4, foi predita como uma proteina extracelular
por ndo apresentar a por¢cdo C-terminal, responsavel por direcionar as proteinas

para o vacuolo. Isolada de plantas da cultivar Enrei em estadio V3, submetidas a
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estresse por sal, foi identificada em raizes de plantas ndo tratadas e tratadas, e
em folhas e caules apés 48h do tratamento com NaCl. Onishi et al (2006)
relataram que a inducéo da transcricdo de GmOLPa no caule e nas folhas ocorre
devido ao acimulo de Na'/Cl" nesses 6rgdos, apos a saturagido da capacidade de
armazenamento desses ions na raiz. Os mesmos autores demonstraram que o
gene pode ser também induzido apds tratamento com ABA nas raizes e por seca
nos trés orgdos avaliados (raiz, caule e folha). Andlises de cis-elementos a
jusante do gene GmOLPa revelaram motivos de resposta a ABA e a seca, como
ABRE, MYB/MYC e LTRE. Apesar disso, Onishi et al. (2006) sugerem gque a
inducdo deste gene seja primeiramente via uma resposta transcricional
independente de ABA, pois neste tratamento quando comparado com o0s

tratamentos por sal e seca, o gene foi levemente induzido apenas nas raizes.

Em 2009, Tachi et al., identificaram a terceira e quarta osmotina de soja
(GmOLPb e P21-like) na cultivar Enrei submetida a tratamento por sal, metil
jasmonato (MeJA) e acido salicilico (AS). Diferentemente das outras osmotinas
identificadas em soja, a GmOLPb corresponde a uma proteina neutra (pl 6.0), que
apresenta uma porcédo C-terminal, possivelmente relacionada ao direcionamento
para o vacuolo. Analises da estrutura 3D das trés osmotinas de soja, P21,
GmOLPa e GmOLPb, mostraram a presenca dos trés dominios e da fenda &cida,
caracteristica das proteinas pertencentes a familia das thaumatins-like. Além
disso, Tachi et al. (2009) observaram diferencas no potencial eletrostatico na
superficie das trés proteinas, no sentido que a GmOLPb apresenta mais pontos
de carga positiva na sua superficie do que a P21 e a GmOLPa, a mais carregada
negativamente. Os autores sugeriram que as cargas negativas de GmOLPa
podem facilitar a sua atividade antifiUngica, através da interacdo de cations
inorganicos presentes em toda a superficie da proteina. Neste mesmo estudo, foi
observada a inducdo da expressao, principalmente, de GmOLPb e P21-like nas
folhas de plantas tratadas com MeJA, e de GmOLPa nas folhas baixas de plantas
tratadas com SA. Os trés genes foram induzidos nas folhas de plantas tratadas
com sal, porém em momentos diferentes. P21-like respondeu nos estagios mais

iniciais e subsequentemente o GmOLPb. GmOLPa, respondeu nos estagios mais
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tardios do estresse. Interessantemente, todos os trés apresentavam expressao

basal nas raizes de plantas nédo tratadas (Tachi et al., 2009).

A maioria dos estudos sobre a sinaliza¢do de respostas ao estresse hidrico se
concentrou no estresse salino, principalmente porque as respostas das plantas ao
sal e a seca estdo intimamente relacionadas e os mecanismos se sobrepdem
(Zhu, 2002). Como demonstrado pelos trabalhos citados anteriormente os trés
genes de osmotinas de soja respondem ao estresse por sal, porém seu papel na
resposta ao estresse hidrico e sua relevancia na tolerancia de plantas a seca

continua desconhecido.

2. OBJETIVOS
2.1  Objetivo geral

Investigar a origem e diversificacdo das osmotinas em plantas e entender

seu papel na resposta a seca em soja [Glycine max (L.) Merrill].
2.2  Objetivos especificos

a) Investigar a ocorréncia de genes que codificam osmotinas em plantas;

b) Elucidar o relacionamento filogenético e a origem evolutiva das osmotinas
dentro da familia das Thaumatins-like

c) Caracterizar as sequéncias génicas e proteicas dos potenciais homologos
das osmotinas;

d) Investigar o papel das osmotinas de soja na resposta a seca.
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Abstract

Osmotin is an important multifunctional protein related to plant stress responses and is
classified into the thaumatin-like protein (TLP) family. Using genome-wide and
phylogenetic approaches, we investigated osmotin origin and diversification across plant
TLP evolution. Genomic and protein in silico analysis tools were also accessed and
considered for the study conclusions. Phylogenetic analysis including a total of 722
sequences from 32 Viridiplantae species allowed the identification of an osmotin group
that includes all previously characterized osmotins. Based on the phylogenetic tree results,
it is evident that the osmotin group emerged from spermatophytes. Phylogenetic separation
and gene expansion could be accounted for by an exclusive motif composition and
organization that emerged and was maintained following tandem and block duplications as
well as natural selection. The TLP family conserved residues and structures that were also

identified in the sequences of the osmotin group, thus suggesting their maintenance for
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defense responses. The gene expression of Arabidopsis and rice putative osmotins

reinforces its roles during stress response.

Keywords: Evolution, Osmotin, Phylogenetic Analysis, PR-5, Thaumatin-like
Introduction

Osmotin is a protein first discovered in tobacco cells adapted to a low osmotic potential
environment. Notably, osmotin is a multifunctional protein that acts as an osmoregulator
and also provides plants with protection against pathogens (Abdin et al., 2011). The
osmotin/osmotin-like proteins (OLPs) are known to facilitate the compartmentation of ions
or solutes and exhibit antifungal activities (Kumar et al., 2015). Osmotin is classified into
the pathogenesis-related protein family 5 (PR-5), a family of proteins with high sequence
similarity to thaumatin, a sweet-tasting protein from the West African shrub
Thaumatococcus danielli (Cao et al., 2016). Most typical proteins from the PR-5 family—
also called thaumatin-like proteins (TLPs)—have molecular masses ranging from 21-26
kDa, and generally possess 16-cysteines residues. These residues can form eight disulfide
linkages that are related to their structural stability across various pH conditions, proteases,
and heat induced denaturation (Cao et al., 2016). Seven TLP structures have been solved to
date, revealing a strongly conserved 3D organization with three domains and a
characteristic cleft between domains I and Il. This cleft may have an acidic, neutral, or
basic nature for binding to different ligands/receptors. The acid cleft is known to confer
antifungal activity due to the REDDD motif (arginine, glutamic acid, and three aspartic
acid residues), a highly conserved amino acids that are dispersed in the primary sequence
(Petre et al., 2011).

In spite of the high sequence similarity of TLPs, even a small change in the amino acids of
these proteins leads to diverse functions (Kumar et al., 2015). TLPs are involved in plant
defense systems against various biotic and abiotic stresses, such as pathogen attack,
wounding, drought, salinity, and freezing. In addition, they have also been implicated in
physiological and developmental roles, including floral organ formation, fruit ripening,
seed germination, and senescence (Cao et al., 2016). Permatins are TLPs believed capable
of creating transmembrane pores. Examples of permatins that occur in cereal seeds include

the permatin from oat (Avena sativa) and the zeamatin from maize (Zea mays L.). Other
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TLPs exhibit a binding ability to the Ig-E of allergic individuals through the allergenic
motifs present in their protein structures. PruAV2 from cherry (Prunus avium L.) and
MalD2 from apple (Malus domestica), are reported as allergenic TLPs (Liu et al., 2010).
TLPs with kinase activity also exist, such as PR5K from Arabidopsis thaliana. This protein
possesses both an extracellular TLP domain and an intracellular kinase domain related to a
family of protein-serine/threonine Kkinases involved in the expression of self-
incompatibility and disease resistance (Wang et al., 1996).

TLPs are widely distributed in plants, including green algae, bryophytes, gymnosperms,
and angiosperms. Their antibiotic activities and physiological functions have aroused
interest for crop improvement due to their biotechnological applicability. This emerging
interest has contributed to the development of phylogenetic studies aimed at understanding
the origin and distribution of the TLP superfamily (Shatters et al., 2006; Liu et al., 2010;
Petre et al., 2011; Cao et al., 2016). In a phylogenetic study of plants, insects, and
nematode proteins, Shatters et al. (2006) suggested that plant TLPs (from A. thaliana,
Oryza sativa, and six proteins from N. tabacum, Pinus taeda, Triticum aestivum, T.
danielli, and Z. mays) are divided into 10 clades exclusive to plant sequences. On the other
hand, Liu et al. (2010) demonstrated that plant TLPs (A. thaliana, O. sativa, Pinus
monticola, Picea glauca, and Physcomitrella patens) are divided into five exclusive plant
groups across a total of ten groups formed in the phylogenetic tree of plants, fungi, and
animals (insects and nematodes). Moreover, Petre et al. (2011) performed a phylogenetic
study on 598 thaumatin domains of TLP sequences from 100 eukaryote species, including
410 sequences from 18 plant species and 188 sequences from fungi and invertebrates. The
neighbor-joining tree constructed from these eukaryote sequences revealed three major
monophyletic groups—one exclusive to plants and another two including animals, fungi,
and plant-specific subclades. In these TLPs studies, different names/annotation using for
plant TLPs (mainly osmotin and thaumatin-like) causes confusion regarding the
classification of these proteins in a single group or in subgroups. To date, no phylogenetic
studies have attempted to identify osmotin origin and diversification throughout
Viridiplantae TLP evolution to clarify this semantic confusion. We hypothesized that
osmotins emerged from a duplication event in ancestral land plants, and that they have
subsequently diversified into a separate group along Viridiplantae TLP evolution. To test

this hypothesis, the present study explored available data from public databases. A total of
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722 sequences presented the thaumatin domain (THN, the signature of TLPs), including
sequences from previously characterized thaumatin-like and osmotin proteins. These were
selected from 32 Viridiplantae species for the TLP phylogenetic tree reconstruction using a
Bayesian method. Analyses of gene and protein structure, gene duplication, and in silico

expression patterns were also accessed and considered in the present study.
Materials and methods
Database search and sequence retrieval

The previously identified osmotin-like protein from Solanum nigrum (AAL87640)
(Castillo et al., 2005) and the thaumatin code domain (Pfam-PF00314) present in all
thaumatin-like proteins were used as queries for BLASTp search using the public database
default. All 52 Viridiplantae species available in the public databases (Phytozome v.12.0,
http://www.phytozome.net/; Congenie, http://congenie.org/) were screened for TLPs, and
26 species representing the different taxonomic groups were selected for the analysis. The
queries sequence from S. nigrum and five previously characterized thaumatin-like protein
sequences (N. tabacum CAA43854, Petunia x hybrida AAK55411, A. sativa AAB02259,
P. avium P50694, and M. domestica Q9FSG7) were obtained from the NCBI database
(http://www.ncbi.nlm.nih.gov) and included in the phylogenetic analysis, resulting in a
total of 32 species. All sequences selected from BLASTp share the thaumatin domain,
suggesting that they are included in the thaumatin-like family. The protein isoforms were
excluded to refine the analysis. Taxa terminologies were abbreviated using the first letter
of the genus and the first two letters of the species name (e.g. Ath corresponds to
Arabidopsis thaliana). Information regarding the selected protein sequences is presented in
Table S1.

Multiple-sequence alignments and phylogenetic analyses

The retrieved full-length coding sequences (cds) were translated to amino acid sequences
and aligned using the muscle algorithm from MEGA?7 software (Molecular Evolutionary
Genetics Analysis) (Kumar et al., 2016). The thaumatin domain sequence of A. thaliana,
N. tabacum, and S. nigrum were identified by the Simple Modular Architecture Research
Tool (Letunic and Bork, 2017) and used as a reference to determine the thaumatin domain
region in the other aligned sequences. Only the thaumatin domain sequence was selected
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for phylogenetic analysis (File S1). The sequences were inspected manually and ProtTest
3.4 (Abascal et al.,, 2005) was used to select the amino acid substitution model for
Bayesian analysis. The final data set included a total of 722 sequences from 32 species.
The phylogeny was reconstructed using the Bayesian method in BEAST 1.8 (Drummond
et al., 2012). The WAG+G model was the optimal model for protein sequences dataset
according ProtTest (Abascal et al., 2005). The birth-death process was selected as a tree
prior to Bayesian analysis using 100,000,000 generations performed with Markov chain
Monte Carlo (MCMC) algorithms. Tracer 1.6 (Rambaut et al., 2014) was used to
effectivity verify the obtained data by the convergence of Markov chains and adequate
effective sample sizes (>200) following the first 10% of generations being deleted as burn-
in. The TreeAnnotator (BEAST 1.8 package) was used to access the maximum clade
credibility of the consensus tree. Trees were visualized and edited using FigTree v1.4.3
software (http:// tree.bio.ed.ac.uk/software/figtree/). Statistical support for the clades was
determined by accessing the Bayesian posterior probability. Further sequence editions

were performed by visual analysis of sequence organization in the reconstructed tree.
Structure analysis of putative osmotins

The gene and protein structure of sequences clustered in the osmotin group were analyzed.
The intron/exon structures and organization were determined using the Gene Structure
Display Server (GSDS) program (Hu et al., 2015). The subcellular location was predicted
using the TargetP 1.1 Server (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et
al., 2000). Protein structures were determined using the Simple Modular Architecture
Research Tool (SMART) (http://smart.embl-heidelberg.de/) and conserved residues were
accessed by a web-based sequence logo-generating application (WebLogo—
Weblogo.berkeley.edu). To identify shared motifs and structural divergences among
thaumatin-like proteins, the MEME online tool (http://meme.nbcr.net/meme/intro.html)
was used. Full-length protein sequences were subjected to the MEME tool using the
following parameters: number of repetitions: any; maximum number of motifs: 20;
minimum motif width: 6; and maximum motif width: 80. Motif localization was identified
in the inferred 3D Arabidopsis protein structures based on protein homology modeling in
the Swiss-model database (Dong et al., 2018). The theoretical isoelectric point of proteins
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and their acid cleft, as well as their molecular weight, were obtained using the online
computational tool IPC (Isoeletric Point Calculation) (Kozlowski, 2016).

Duplication pattern of putative osmotins

The duplication pattern of sequences clustered in the osmotin group was accessed in Plaza
3.0 database (http://bioinformatics.psb.ugent.be/plaza/). Synteny detection and duplication
patterns were accessed using MCScanX software (http://chibba.pgml.uga.edu/mcscan2/)
for A. thaliana and O. sativa possessing the genome at the pseudomolecule level (1
pseudomolecule = 1 chromosome). All gene sequences from each species were compared
against themselves (intra species analysis) using all-vs-all BLASTp with parameters V=35,
B=35, E-value<le-10 with the output format set as tabular (-m 8). The resulting BLAST
hits were incorporated along with the chromosome coordinates for all gene sequences as an
input for MCScanX analysis. The resulting hits (68,367 and 47,743 for O. sativa and A.
thaliana, respectively) were classified into five duplications patterns: singletons, dispersed
duplicates, proximal duplicates, tandem duplicates, and segmental/WGD duplicates,
depending on their copy number and genomic distribution. The analyses were conducted as

previously described by Wang et al. (2012).

In order to complement the A. thaliana gene duplication analysis, TAIR10 transposable
elements annotation (http://www.arabidopsis.org/) was accessed to identify possible

transposable elements surrounding the osmotin gene.
Gene ontology annotation and gene expression data mining

The QuickGO Annotation list (https://www.ebi.ac.uk/QuickGO/annotations) and the Rice
Genome Annotation Project (http://rice.plantbiology.msu.edu/analyses_search_blast.shtml)
were accessed for Arabidopsis and rice putative osmotin genes ontology (GO) annotations

including molecular function, biological process, and the cellular component.

In order to gain insights regarding osmotin gene expression under stress, expression data
(RNA-seq) from O. sativa and A. thaliana putative osmotins were searched in the Rice eFP
Browser (http://bar.utoronto.ca/efprice/cgi-bin/efpWeb.cgi?dataSource=ricestress_rma) in
the Rice Expression Profile Database (RiceXPro) (http://ricexpro.dna.affrc.go.jp/data-
set.html), and in ePlant database (http://bar.utoronto.ca/eplant/), respectively.



31

Results
Annotation and phylogenetic analyses

Public databases were screened for thaumatin-like sequences, and a total of 1518
sequences from 46 species were retrieved. Seven algae genomes available in Phytozome
were analyzed; however, only Chlamydomonas reinhardtii presented one TLP sequence.
For the executability of the next analyses, 26 species representing the different taxonomic
groups were selected and added to the six previously characterized thaumatin-like protein
sequences, resulting in a total of 850 sequences. After protein alignment, some sequences
showed missing data (multiple gaps). These sequences were excluded, resulting in a total
of 722 sequences being used for the analysis (Table S1). The group of surveyed species
included representatives of algae (one species), mosses (two species), pinales (two
species), monocots (six species), and eudicots (20 species). Only one putative thaumatin-
like sequence was retrieved for the chlorophyte algae C. reinhardtii. In the bryophyta P.
patens, six putative thaumatin-like sequences were identified, while 18 putative thaumatin-
like sequences were found for Sphagnum fallax. One member of the vascular plants and a
unique species that represents the lycopodiophyta group—Selaginella moellendorffii—
presents 14 putative thaumatin-like sequences. A total of 13 and 39 putative thaumatin-like
sequences were identified for Piceae abies and Pinus taeda (pinales), respectively. For
monocots, a minimum of 12 and a maximum of 34 putative thaumatin-like sequences were
found per species. The number of sequences in eudicots ranged from 15 (Amborella
trichopoda, most basal lineage in the clade of angiosperms) to 57 (Glycine max) in putative

thaumatin-like sequences (Figure 1).

The phylogenetic tree reconstructed with the selected 722 putative thaumatin-like
sequences allowed the identification of a group supported by posterior probabilities that
clustered all previously characterized osmotins, which was named the osmotin group
(Figure 2 and Figure S1).

The osmotin group clustered all previously characterized and other putative osmotins from
pinales, monocots, and eudicots species selected for this study (Figure 3). This indicates
that the duplication that had originated the osmotin group likely occurred in the

Spermatophyta ancestor. The number of sequences per species in this group ranged from
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one (A. thaliana and Spirodela polyrhiza) to twenty-six (P. taeda) (Figures 1 and 3). Two
subgroups were formed in the osmotin group: the first includes the two pinales
representatives, while the second includes the sequences of all analyzed angiosperms
(Figure 3). The majority of P. abies and P. taeda sequences grouped in the osmotin group
(Figure 1). In the monocot subgroups, the previously characterized permatin of A. sativa,
zeamatin of Z. mays (Vigers et al., 1991), and osmotin of O. sativa (Medina and Quatrano,
1996) were identified. Based on the phylogenetic tree, it was also possible to identify the
orthologous sequences of the three monocots characterized as permatin, zeamatin, and
osmotin (Bdi_Bradi4g05440 1, Sit Seita 2G365800 1, Zma GRMZM2G010048 TO01,
respectively). The eudicot representatives, the most basal species in the clade of
Angiosperms (A. trichopoda), and one sequence of the monocot S. polyrhiza formed a
subgroup. This subgroup also includes eight previously characterized osmotins:
Gma_Glyma 11G025600 1 GmOLPa, Gma_Glyma 05G204600 1 P21 (Onishi et al.,
2006), Sni_AAL87640 (AF450276)_SnOLP (Campos et al., 2002),

Nta_ CAA43854(X61679) OSM (Kumar and Spencer, 1992),
Stu_PGSC0003DMT400007869_OSM (Castillo et al., 2005),
Phy AAK55411(AF376058) osmotin (Kim et al., 2002),

Gma_Glyma 01G217700_1 GmOLPb (Tachi et al., 2009), and Ath_AT4G11650 1 OSM
(Capelli et al., 1997). The Sni_SnOLP, Nta_OSM, Stu_OSM, and Phy_osmotin grouped in
a Solanaceae subgroup, suggesting a possible duplication in the basis of Solanaceae. The
orthologous proteins of these sequences were identified in Solanum tuberosum and
Solanum lycopersicum. The characterized proteins from G. max (GmOLPa, GmOLPb, and
P21) were dispersed in three distinct subgroups. The A. thaliana osmotin (Ath_OSM) was
a unique sequence of this species found in the osmotin group. This sequence was grouped
in a subgroup of Brassicaceae that presents an orthologous sequence from Arabidopsis

lyrata.

Another three proteins, PruAV2 and MalD2—previously characterized as allergenic
(Inschlag et al., 1998; Gao et al., 2005)—and PR5K (Wang et al., 1996) from A. thaliana,
which presents a kinase domain, were included in other groups that diverged following the

emergence of the osmotin group (Figures 1 and S1).
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Structure analyses

Gene and protein structures were examined to explore possible mechanisms of osmotin
evolution and diversity. For this purpose, the exon—intron organization pattern, protein

primary structure, and conserved residues of the thaumatin domain were analyzed.

Exon—intron organization analysis revealed that nearly all pinales sequences were
disrupted by at least one intron, except for Pta_PITA 000000597, which did not present
introns (Figure 4a). Fourteen and six putative pinales osmotin sequences presented one and
two introns, respectively. The other sequences presented more than two introns, while most
monocot and eudicot putative osmotin sequences did not present introns. Five and three
monocot sequences presented one and two introns, respectively (Figure 4b). Fifteen and
two eudicot sequences presented one and two introns, respectively (Figure 4c). No introns
were observed for S. polyrhiza, Medicago truncatula, Salix purpurea, Mimulus guttatus,

and Solanum lycopersicum putative osmotin sequences.

The protein length of putative osmotins varied from 199 to 843 amino acids (Table 1). The
molecular weight (MW) was relative to protein length, which varied from 21.21 to 93.57
KDa. Nearly all sequences with a length and MW greater than 290 amino acids and 30
KDa, respectively, presented other domains beyond the thaumatin (THN) domain,
including an extra THN domain, phosphotransferases (STYKc, S _TKc), Kkinases
(SCOP digpca, Pkinase), and leucine-rich repeat (LRR) domains (Table 1). Six sequences
with two THN domains were observed in P. taeda, while one sequence was observed in S.
tuberosum. These sequences did not present transmembrane portions (Table 1). Sequences
with THN and phosphotransferase/kinase domains were observed in P. taeda, P. abies,
Setaria italica, Z. mays, Brachypodium distachyon, and O. sativa. Nearly all of these
sequences presented a transmembrane portion. In monocots, the sequences with THN and
phosphotransferase/kinase domains formed a subgroup in the phylogenetic tree (Figure
S1). A unique THN domain is generally not accompanied by a transmembrane portion.
Apart from THN, any other domain was observed in eudicot sequences of the osmotin
group, with the exception of Aco_Aqgcoe3G114200 1, which presents an internal repeat
(RPT1). Other domains, such as phosphotransferases and kinases, were also observed in
non-putative osmotin sequences along the phylogenetic tree (Table S2 and Figure S1). In
the non-putative osmotin  sequences, only eudicots presented THN and
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phosphotransferase/kinase domains. These sequences formed a group in the phylogenetic
tree in which the previously characterized PR5K protein is included. A transmembrane

portion was also observed in all of these sequences (Table S2 and Figure S1).

Most putative osmotin sequences presented a signal peptide. These proteins were predicted
to be targeted to the secretory pathway, with the exception of
Zma_GRMZM2G002555_TO01 and Pta_PITA 000020282, which were predicted to be
targeted to mitochondria (Table 1). Sequences that did not have a signal peptide were

predicted to be targeted to a secretory pathway, chloroplast, or mitochondria.

The total isoelectric point (pl) of the putative osmotin proteins varied from 3.83 to 8.32,
though most of these sequences were predicted not to present a net charge in acid pH
(p1<7.00) (Table 1 and Figure S2b). The non-putative osmotins exhibited a similar range of
pl values (Figure S2).

The presence of conserved amino acids described for the thaumatin domain was searched
in the aligned sequences of the osmotin group. Sixteen cysteine residues, REDDD and FF
hydrophobic motifs, and the acid cleft previously described in previous publications (Petre
et al., 2011; Ahmed et al., 2013) were identified in similar positions (Figure 5). Notably,
some putative osmotin sequences did not present all REDDD residues (Figure 5 and Table
1). In Aco_AqcoelG274500 1, Aco_AqcoelG274400 1, Pab_ MA 1042808590010,
Pab_MA 6968590010, and Pab_MA 1032708990010, the REDDD residues were altered
by other amino acids in the same alignment position (Table 1). In some cases, a change in
REDDD residues was accompanied by an alteration in acid cleft pl value (pl<7.00 to
pl>7.00). This situation was observed for Pta_PITA_000043543,
Zma_GRMZM2G010048_T01, and Mgu_Migut_E01128 1, which presented pl values of
8.58, 7.38, and 9.91, respectively (Table 1). A cleft with pI>7.00 was also observed in non-
putative osmotin sequences (Table S2). Most of the putative and non-putative osmotin

sequences presented an acid cleft with pl values of 3.45 or 3.83 (Table S2).

To identify structural features in the proteins, MEME was used for motif searching
(Figures 6 and S3). Combined block diagrams of signatures generated on the basis of the
MEME analysis indicated that thaumatin protein architectures are generally broadly

conserved in the motifs “e” (burnt yellow), “d” (purple), “i” (dark orange), “f” (pool
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green), “b” (light blue), and “a” (red) (Figure S3). Protein sequences localized in the
phylogenetic tree before osmotin group emergence were incomplete in motif composition,
as observed for the bryophytes and the green algae C. reinhardtii. Alternatively, they were
complete with motifs organized as e-h-d-i-f-b-g-c-a-t, with the “t” motif being exclusive to
such sequences (Figure S3c). The thaumatin sequences localized after the osmotin group
emergence presented the e-h(most)/I-d-i-f-b-g(most)/p-c-a-g/none-j motif composition
(Figure S3a). Some sequences that present other domains beyond THN possess additional
motifs identified as “s”, “m”, “n”, “0”, and “r”. The “0” motif is exclusive to thaumatin
sequences with the kinase domain, which were localized following osmotin group
emergence in the phylogenetic tree, including the previously characterized thaumatin
PR5K of A. thaliana. Most putative osmotin sequences presented the motifs e-1-d-i-f-b-k/g-
a-g-j (Figures 6 and S3b), with the “k” motif being exclusive to such proteins. Some
pinales and monocot putative osmotin sequences that presented other domains beyond

THN also possess the motifs s-m-n-r.

Motif “t” and the motifs “c” and “h” of non-putative osmotins were observed both before
and after osmotin group emergence, respectively. Additionally, the motifs “k” and “I” of
putative osmotins were identified in the inferred 3D proteins structures
Ath_AT5G40020_1, Ath AT4G11650 1 OSM, and Ath_AT2G28790 1 (Figure S4).
Motifs “t”, “I”, and “h” were observed in domain I, while motifs “k” and “c” were

identified in domain Il of the Arabidopsis proteins.
Gene duplication pattern

In order to study the contribution of gene duplication events in the expansion of the
osmotin group, Plaza 3.0 software was accessed using the ID of putative osmotin
sequences (Table 1). Some species that were not present in the Plaza database were
described as “not available”. A. trichopoda, B. distachyon, S. lycopersicum, and S.
tuberosum putative osmotin sequences were predicted to be tandem duplicated, while most
A. lyrata, E. grandis, G. max, M. esculenta, and M. truncatula sequences were predicted to
be tandem and block duplicated (Table 1).

The O. sativa and A. thaliana genomes (Phytozome v.12.0) were selected and analyzed by

MCScanX software to better understand the duplication patterns of putative osmotin genes.
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In the whole genome of O. sativa, 6,567 (15,56%) and 3,706 (8,78%) segmentally
(collinear genes in collinear blocks) and tandem duplicated genes were found, respectively.
Regarding putative O. sativa osmotins, four genes were found to be segmentally
duplicated, all which are located on duplicated segments of chromosomes 3 and 12 (Figure
7). The other two O. sativa putative osmotin genes, located in chromosomes 3 and 1, were
classified as tandem and dispersed duplications, respectively. Tandem duplicates are
consecutive genes repetition in the genome and are presumed to arise through unequal
crossing over or localized transposon activities. Dispersed duplicates are neither adjacent
to each other in the genome nor within homologous chromosome segments and may result
from transposition events. In the whole genome of A. thaliana, 10,367 (37,81%) and 8,039
(29,32%) genes were dispersed and segmentally duplicated, respectively. Moreover,
BLASTp hits from the unique Arabidopsis osmotin gene matched with other four
thaumatin-like genes (AT1G75050, AT1G75040, AT1G75030, and AT1G77700), though
the osmotin was classified as dispersed duplication due to their low similarity. Distant
single gene transposition may explain the widespread existence of dispersed duplicates
within and among genomes (Wang et al., 2011). Evaluation of the chromosome region
where the Arabidopsis osmotin gene is located confirmed the presence of several

transposable elements (Table S3).
Gene ontology annotation and gene expression pattern

The gene ontology (GO) assessment provided insights regarding the function of putative
Arabidopsis and rice osmotins (Table S4). According to these data, the putative osmotins
participate in abiotic and biotic stress responses. The LOC_0s01g02310 rice gene also was
predicted to be involved in other biological processes and molecular functions. This result

corroborates with the presence of other domains in this protein.

The relative expression profiles of putative osmotins under stress conditions were
investigated in O. sativa and A. thaliana using the RNA-seq BAR database and RiceXPro
(Figures 8 and 9). The putative rice osmotins LOC_0s01g02310, LOC_03g46060, and
LOC 0s12g43450 were highly expressed during drought stress (Figure 8a).
LOC 03946060 and LOC 12943490 were highly expressed during salt stress, while
LOC _03g46070 was highly expressed during salt and cold stresses. Upregulation was also
observed for LOC 12945960, LOC 03946070, LOC_ 03946060, LOC 12943490, and
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LOC_0s12g43450 putative osmotins in inoculated whole leaf with Magnaporthe oryzae
(Figure 8b). The A. thaliana osmotin was predicted to be highly expressed at different time
points during drought, salt, and osmotic stresses (Figure 9a). This osmotin was also

observed to be highly expressed during challenge with three types of fungi (Figure 9b).
Discussion

With the aim to identify the origin and diversification of osmotins throughout the evolution
of the TLP superfamily in Viridiplantae, the present study was performed using genomic
resources for 26 species. A total of 716 sequences were retrieved and added to six
previously characterized TLPs from six different species. The phylogenetic tree generated
using Bayesian analysis included a total of 722 sequences from 32 plant species, revealing
distinct groups that suggest a complex pattern of molecular evolution for this superfamily.
These groups of genes have likely originated by distinct gene duplication events during
plant evolution. Liu et al. (2010) suggested that the large number of groups in the TLP
phylogeny may have evolved through multiple rounds of gene duplication. Tandem and
block duplications have been also observed by Cao et al. (2016) during the expansion of
the TLP gene family. Additionally, the presence of multiple members from the same
species in the same group or subgroup suggests that gene duplication events continued to
occur throughout the evolution of plant species (Shatters et al., 2006). The distribution of
sequences from plants of distinct taxa among phylogenetic groups shows a highly complex
mechanism of gene gains and losses during TLP evolution. Confirming data reported by
Cao et al. (2016), C. reinhardtii and P. patens exhibited the lowest number of TLP
sequences (one and six, respectively). These results suggest that the expansion of the TLP
family occurred after the plant land conquest. An expressive increase in number of TLP
sequences in monocots and eudicots has also been observed. Moreover, Petre et al. (2011)
reported an important gene expansion in the transition from bryophytes to tracheophytes.
However, it is important to highlight that this study did not include the bryophyte S. fallax,

which has 18 thaumatin-like sequences according to our data.

According to the phylogenetic tree, an osmotin group clustering all previously
characterized osmotins was shown to have emerged from Spermatophyte taxon onwards
during the expansion of the TLP superfamily (Figures 1 and 2). This phylogenetic

separation could be accounted for by the diversification of some amino acid residues
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represented by the different motif compositions and organization shared by the putative
osmotins (e-1-d-i-f-b-k/g-a-qg-j) (Figures 6 and S3b). Amino acid substitutions followed by
natural selection may have resulted in a new group of proteins and adaptive functional
alterations for some plant PR proteins (Liu et al., 2010). Moreover, the motif analysis
contributed to understanding the phylogenetic tree topology and structural characteristics
of putative osmotin sequences, as well as the identification of a specific osmotin motif
(*k”). Notably, this motif—alongside motifs “t” and “c”, which were identified in non-
putative osmotins before and after osmotin group emergence, respectively—were localized
in domain | of the Arabidopsis proteins (Figure S4). Previous studies have suggested that
the antifungal activity of some TLPs could be associated to the domain | of these proteins
(Mani et al., 2011; Chen et al., 1999). The osmotin protein could possess many domains
that may individually fulfill their own function or in combination with neighbors (Hakim et
al., 2017). Some specific motifs were also identified for proteins with
phosphotransferases/kinases domains beyond THN, such as s-m-n-r for some pinales and
monocot putative osmotins, as well as s-m-n-o-r for eudicot non-putative osmotins. This
kinase domain has been cited as the most useful neighbor or partner of osmotin, which is
involved in the phosphotransfer reaction and is considered essential for most eukaryotic
cell signaling and regulatory procedures (Hakim et al., 2017). These structures were
generally accompanied by a transmembrane domain, as observed for the previously
characterized PR5K protein. According to Wang et al. (1996), the functional PR5K
receptor kinase has an extracellular THN domain responsible for interaction with microbial
targets, a central transmembrane-spanning domain, and an intracellular kinase domain
related to a family of protein-serine/threonine kinases involved in the expression of self-
incompatibility and disease resistance. Both the osmotin protein and kinase-like protein
adjust a wide variety of cellular procedures; consequently, the modular nature of osmotin

suggests that it serves multiple roles (Hakim et al., 2017).

Notably, the shared motifs among nearly all thaumatin-like proteins were related to the
conserved amino acid residues characteristic of the TLP family (REDDD motif in the acid
cleft). As demonstrated by Petre at al. (2011), the amino acids forming the TLP acidic cleft
are under negative selection for maintaining antifungal activity. On the other hand, some
exposed amino acids are under positive selection to avoid pathogen enzyme inhibitors or
protease recognition. In the present study, it was observed that nearly all thaumatin-like
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proteins—including putative osmotins—conserved a pl<7.00 in the cleft region, which
implies that the cleft charge is stabilized in acid pH environments (Tables 1 and S2). The
acid cleft was predicted to favor the antifungal activity of these proteins (Salzman et al.,
2004). Regarding this aspect, high expression of the Arabidopsis osmotin during fungal
challenge was observed (Figure 9b). Previous studies have demonstrated an upregulation
of Arabidopsis osmotin during Alternaria brassicicola and Pseudomonas syringae pv.
tomato infection (Mukherjee et al., 2010; Mohr and Cabhill, 2007). Rice gene expression
data also indicates an upregulation of putative osmotins during M. oryzae challenge
(Figure 8b). Moreover, osmotins are also known to be expressed during abiotic stresses
(Kumar et al., 2015). Putative Arabidopsis and rice osmotins were expressed during
drought, salt, and osmaotic stresses (Figures 8 and 9). Notably, Jiang et al. (2007) observed
a differential expression of osmotin in Arabidopsis roots under salt stress. Transgenic
Solanum tuberosum plants overexpressing the osmotin encoding gene from Arabidopsis
provides evidence for the involvement of this protein in the mechanisms of salt tolerance
(Evers et al., 1999). Upregulation was also observed in five putative rice osmotins
(LOC_0s03g46070, LOC_0s03g45960, LOC_0s12g43490, LOC_0s12g43450, and
LOC_0s03g46060) during drought stress in available RNAseq data from Zong et al.
(2013) (Table S3).

Most putative osmotins were observed to present total pl >7. This could be also related to
the fact that most of these proteins were predicted to be targeted to the secretory pathway.
This subcellular location was also proposed by Lehtonen et al. (2014) and Petre et al.
(2011), and the results of the present study reinforce the participation of these proteins in
defense mechanisms. As previously suggested, angiosperms display defense mechanisms
against pathogen infection that are conserved. Some genes related to defense were acquired
by duplication events and later underwent diversification and functional specialization
(Ledn and Montesano, 2017). As consequence of plant-pathogen co-evolution, the size of
some multigene families involved in resistance increased greatly, as observed for the TLP
family (Petre et al., 2011).

Gene duplications have had an important contribution to the expansion and emergence of
new groups inside the thaumatin-like gene family. Polyploidy or large segment duplication

is one manner in which family member copy numbers increase, though tandem or local
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gene duplication due to unequal crossover or conversion events may also be an important
mode of family member expansion (Cannon et al., 2004). In the present study, an uneven
chromosome distribution of putative osmotin genes accompanied by tandem and block
duplications was observed for different plant species. Tandem and block duplications have
been also highlighted by Cao et al. (2016) during the expansion of the TLP gene family.
According to Cannon et al. (2004), the Arabidopsis TLP gene family has been estimated to
have undergone five large-scale segmental duplications and two local duplication events.
As such, it was demonstrated that the Arabidopsis osmotin gene was dispersed, and locally
duplicated (likely due to transposable element action). Associated to TLP family evolution,
gene intron gains and losses were identified (Table S1). The number of introns per gene
varied among putative osmotins. Briefly, it was observed that nearly all pinales sequences
were disrupted by at least one intron, while most monocots and eudicots did not present
introns (Figure 4). According to Koonin (2006), introns are important components of
eukaryotic genes, and their gain or loss affect the complexity of genetic structure. It has
been hypothesized that intron loss could lead to more efficient transcription and subsequent
gene expression (Wang et al., 2014). This is an interesting hypothesis for genes related to
abiotic and biotic stress responses, such as those observed for putative osmotin-encoding

genes.

In conclusion, the present study provides a robust phylogenetic analysis of TLPs in
Viridiplantae and new information regarding osmotin evolution. In addition, the analyses
of gene and protein structure facilitated an improved understanding of the emergence and
expansion of the osmotin group formed during TLP evolution. This is the first study to
report a monophyletic group for osmotins and its origin in Spermatophytes. Our results
indicate that tandem and block duplications events lead to the gene expansion and
diversification of the osmotin group. Conserved residues related to defense response were
maintained during TLP evolution, while different amino acids represented by specific

motif compositions provided the emergence of new groups, including the osmotin group.
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Bayesian Evolutionary Analysis Sampling Trees (BEAST) - http://beast.community/
Figtree - http:// tree.bio.ed.ac.uk/software/figtree/

Gene Structure Display Server (GSDS) - http://gsds.cbi.pku.edu.cn/

TargetP 1.1 Server - http://www.cbs.dtu.dk/services/TargetP/

WebLogo - https://weblogo.berkeley.edu/logo.cgi

WGmapping available in Plaza 3.0 - http://bioinformatics.psb.ugent.be/plaza/

MCScanX software - http://chibba.pgml.uga.edu/mcscan2/
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Swiss-model - https://swissmodel.expasy.org/
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Table
Table 1

. 1
Heguences according tree position Duplication pattern Lenght (II:ID‘;:; pselizcaile Sll:;;;l;::r Tran;;nr:irzzrane Domains? REDDD motif :Ei;
Sty PGECO003DMTA00007260 _O3M tandem 247 2680 72 YER 24N HO THN E EDUDTD 34
Sy Solyel2g020640 1 1 tandem 247 2664 T04 YEI X 4Y] HO THN E EDUD D 345
Fhy AAKSS(AF3TADSE)_osmotin not available 246 2640 TO5 YER 24N HO THN E EDUD D 345
Sty PGECO003DMT400007270 tandem 246 2666 616 YEI 24N HO THN E EDUD D 345
Sy _Solye02g020650_1_1 tandem 246 2670 616 YE3 3D HO THN E EDDTD 34
Sy _Solyel2g020620_1_1 tandem 226 24358 733 YER 24N HO THN E EDUD D 345
Hta CAAAIRSACIE1ETH_O3M not available 245 2660 T25 YE3 24N HO THN E EDUD D 345
Sty PGECO003DMTA00007262 tandem 247 2662 604 YEI 3 julo] THN E EDUDD 345
Htu_PO3CO003DMT400007365 tandem 226 2461 316 YE3 3D HO THN E EDUDTD34
Snd AALETEA0CAFAS02TE)_SnOLP not available 246 2663 556 YEI 24N HO THN E EDUD D 2095
Sty PGECO003DMTA00034305 any information 216 2338 679 YE3 24N HO THN E EDE D 35
Sty PGECO003DNTA00007905 tatidetm 250 4733 583 YER 2 HO THHN E EDUDTD 34
Sy Solyel2g020660_1 1 tandem 250 748 584 YER X 4Y] HO THN E EDUD D 345
Sy _Solye02g020670_1_1 tandem 250 2749 55 YER 24N HO THN E EDUD D 345
Sty PGECO003DMT400007906 tandem 250 2744 55 YER 24N HO THN E EDUD D 345
Egr Eucgr DO1225_1 tandem and block 241 2617 65 YE3 3 HO THN E EDDTD 34
Sy Solyel2g056300_1_1 tandem 227 2498 515 HO 24N HO THN E EDUD D 345
Sty PGECO003DMTA00010856 tandem 227 2500 515 HO 24N HO THN E EDUD D 345
Mgu_Migut_E01125_1 not available 220 2480 585 YE3 3 julo] THN E EDUDD 345
Stu POSCO003DLT400010220 tandem 426 4643 631 YES X0y HO THH,THN E EDDDZ34&
Spu_SapurV1A_23570010_1 not available 235 2420 436 YE3 24N HO THN E EDUD D 345
Spu_SapuarV1A_0507s0110_1 not available 235 2420 436 YE3 24N HO THN E EDUD D 345
Mes Manes 020G025100_1 tandem and block 226 2465 483 VES 2 HO THHN R EDUDD 353
Mes_Manes_(20G028300_1 tandem and block 225 2443 51T YES 24N HO THN E EDUD D 383
Egt Eucgr DO122T_1 tandem and block 227 24328 453 YES 24N HO THN E EDUD D 345
Egt Eucgr D012093_1 tandem and block 223 2374 497 VES 2 HO THN E ED N D 403
Egr Eucgr D01399_1 tandem and block 211 2253 464 HNO _® HO THN E EDHND 403
Spu_SapurV1A_0507s0100_1 not available 246 2647 608 YE3 24N HO THN E EDUD D 345
Spu_SapurV1A_23570020_1 not available 246 26353 608 YE3 24N HO THN E EDUD D 345
Spu_SapurV1A_009250100_1 not available 246 2648 646 YER X 4N HO THN E EDUDD 345
Spu_SBapaV1A 3592500101 not available 246 2642 673 YES X0y HO THN E EDDDZ34&
Pyvu_Phvul_ 00201 55500_1 not available 243 2610 587 YE3 24N HO THN E EDUD D 345
Cma_Glyma 01G217700_1_GmOLPh tandem and block 240 2721 406 NO EXC] HO THN E EDUD D 345
Mty Dledtsdo10635_1 tandem and block 241 2622 557 VER 2 HO THHN E EDUDTD 34
Mes_Manes_01G064300_1 tandem and block 247 2711 36 YES 24N HO THN E EDUD D 345
Mes_Manes_01G064200_1 tandem and block 247 2712 64T VES 24N HO THN E EDUD D 345
Mes_Manes_01G064400_1 tandem and block 217 2326 457 VES 24N HO THN E EDUD D 345
Ath ATAGI1650_1_O3M hlock 44 2663 57T YE3 3 HO THN E EDDTD 34
Ay ALAGAE240_t1 tandem and block 244 2664 557 VES 24N HO THN E EDUD D 345
Cgr_Cagra 19120003 _1 not available 244 26358 577 YER 24N HO THN E EDUD D 345
Ay ALAGAE230_t1 tandem and block 223 2427 551 YES X 4N HO THN E EDUDD 345
Cgr Cagra 1912s0002_1 not available 223 2441 693 YE3 24N HO THN E EDUD D 345
Bra Brara BO2758_1 any information 244 2435 483 YER 24N HO THN E EDUD D 345
Mgu_Migut_E01123_1 not available 230 2492 533 YE3 24N HO THN E EDUD D 345
Aco_AgeoeTG040700_1 not available 01 2142 32 HO _™ HO THN E EDDTD 34
Aco_Agqeoe?G040600_1 not available 224 2435 553 YE3 24N HO THN E EDUD D 345
Aco_Ageoe3G114200_1 not available 92 3157 642 YER 24N HO THN;RFT1 E EDUD D 345
Aco_Ageoe7G040400_1 not available 37 2601 644 YEI 24N HO THN E EDUDDZ3T
Atr ewm 27 _model_AmTr vl _0_scaffoldd0032_13 tandem 231 2479 692 YE3 3D HO THN E EDUDD3:
Aty evm_27_model_AmTr vl _0_scaffoldd0032_17 tandem 217 2330 38 HO Cid HO THN A& ED DD 345
Aty evm_27_model_AmTr vl _0_scaffoldd0032_19 tandem 190 2121 444 YES 24N HO THN E ED E D 429
Egr Eucgr D01904_1 tandem and block 225 2420 701 YES 24N HO THN R EDUDD 383
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Osa_LOC_Os12g43450_1 tandem and block 238 2500 72 YES 3D HO THN REDD
Zma_CRMZMIG092474_T01 anyinformation 230 2306 707 YER (D) NO THHN REDD
Sit_Seita SCE55700_1 anyinformation 232 2289 459 YER (D) HO THN REDD
Bdi_Bradidg03zon_1 tandem 236 23322 645 YEE 3D HO THN REDD
Bdi_Eradidg5430_2 tandem 25 2632 667 NO @ NO THN REDD
Pta_PITA_000010735 anyinformation 233 2481 707 YER (D) HO THN REDD
Pta_PITA_000010737 anyinformation 234 2475 72 YER (D) HO THN REDD
Pta_PITA_ 000010735 anyinformation 510 5405 71 YER® (D) HO THHN;THN REDD
Pta_PITA_000010740 anyinformation 234 2478 707 YER (D HO THHN EREDD
Pta_PITA_000000597 anyinformation 208 2188 407 O @ HO THN REDE
Pta_PITA_ 000041533 anyinformation 444 46322 553 YER S HO THN;THN REDD
Pta_PIT4_000069097 anyinformation 234 2391 402 YER (D) HO THN REDD
Pta_PITA_000070327 anyinformation 379 3204 414 YER S HO THN;THN REDD
Fah_hlA_10420511 0010 anyinformation 245 2603 477 NO e HO THN REDD
Pah_hlA_650520010 anyinformation 245 2601 439 NO E1C) HO THH REDD
Pta_PITA_ (00024408 anyinformation 242 2571 577 YER (D) HO THN REDD
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Eubcellular locations are mumbered according to the TargetP server, from one to five, where one indicates the strongest prediction. C, chloroplast; M, mitochondsia; 3, secretory
pathwray, _, any other location

Domains predicted by SMART: THHN, Thaumatin, RPTI, Internal Repeat 1, 3TYEe, phosphotransferases, possible dual-specificity SenThe!/T yr kinase;, SCO0P dlgpes, protein-kinase like;

H_TKe, phosphotransferases, serine or threonine-specific kinase; Pkinase, protein kinase domain, LRE. &, leucine-tich repeat domain.
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Figures

Sticeied Osmotin Total. of_
group  Thaumatin-likes

Chlamydomonas reinhardtii - 1
Sphagnum fallax - 18
Physcomitrella patens = 6
Selaginella moellendorffii - 14
Pinus faeda 26 39
Picea abies 9 13
Amborella trichopoda 3 15
Aquilegia coerulea 7 28
Eucalyptus grandis 18 50
Brassica rapa 2 34
Capsella grandiflora 3 26
Arabidopsis lyrata 3 25
Arabidopsis thaliana 1 22
Medicago truncatula 3 37
Phaseolus vulgaris 4 25
Glycine max 5 57
Salix purpurea 13 53
Manihot esculenta 7 36
Mimulus gutiaius 4 32
Solanum tuberosum 10 27
Solanum fycopersicum 8 28
. Spivodlela polyrhiza 1 12
Brachypodium distachvon 9 26
M Oryza sativa 6 27
Zea mays 6 34
Setaria italica 6 31

Fig. 1 Number of total TLP sequences and putative osmotins according to the phylogenetic
tree for 26 species selected from the Phytozome v.12.0 and Congenie databases. Species
are organized according to their taxonomic distribution in the species tree. Species in
green, purple, red, and blue represent the bryophytes, pinales, eudicots, and monocots,
respectively. The names of internal nodes are abbreviated (V=Viridiplantae,
E=Embryophyte, B=Bryophytes, T=Tracheophytes, S=Spermatophytes, P=Pinales,
A=Angiosperm, M=Monocots, and D=Eudicots). The previously characterized sequences
selected from the NCBI database (Solanum nigrum, Nicotiana tabacum, Petunia x hybrida,

Avena sativa, Prunus avium, and Malus domestica) were not included in the figure.
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Legend

‘@ Chlamydomonas reinhardtii

== Bryophytes

== S moelilendorffii {Tracheophytes)
Pinales

== A. trichopoda (Angiosperm}

== Eudicots

/ - Menocots

Osmotin group

AN

* * * Ll
Fig. 2 Phylogenetic tree comprising 722 thaumatin domains from 32 plant species. Pink,
blue, yellow, and orange stars indicate the previously characterized permatin, osmotin,
allergenic, and kinase proteins, respectively. Blue arrow indicates the osmotin group. For
clarity, protein names and posterior probabilities are not indicated, but can be retrieved in
Figure S1.
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Legend

Pinales
A, trichopoda (Angiosperm)
* == Fudicots

= Monocots

Fig. 3 Detailed representation of the phylogenetic relationship among thaumatin domains
within the osmotin group. Branch lengths are proportional to phylogenetic distances.
Previously characterized permatins and osmotins are indicated by blue and pink stars,

respectively.
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Fig. 4 Gene structure of putative osmotins according to the phylogenetic tree organization.
(a) Pinales, (b) monocots, and (c) eudicots, and Spirodela polyrhiza.



56

— amino acids forming the bottom of the acid cleft

4 REDDD motif

[ conserved domains

* FF hydrophobic motif

* conserved cysteines

Fig. 5 Logo of thaumatin domain sequence alignments of the osmotin group. The logo

alignment residue numeration does not represent the canonical domain sequence

numbering. Conserved residues and protein secondary structure are indicated according to

Petre et al. (2011). Amino acid frequency was analyzed using WebLogo 2.8.2 online

software.
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Fig. 6 Architecture of conserved protein motifs in putative osmotin sequences identified
using the MEME tool. Each motif is represented by a colored block with a letter below.
The lengths and positions of the blocks correspond to the lengths and positions of motifs in
the individual protein sequences. The height of each block is proportional to its —log (p
value), truncated at the height corresponding to a motif with a p value of 1e —10. The gene
names and combined p values are shown on the left side of the figure. The scale indicates
the lengths of the proteins as well as the motifs. (a) Pinales, (b) monocots, (c) eudicots, and

Spirodela polyrhiza.

@) oschva (b)

& r
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x\ //j * \\ ; /’//
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Fig. 7 Collinear gene pairs for osmotin genes on (a) 12 O. sativa chromosomes and (b) 5
A. thaliana chromosomes. Grey lines indicate the collinear gene pairs in the whole
genome, while red lines indicate the collinear gene pairs for osmotin genes. An asterisk (*)

indicates the non-duplicated region where A. thaliana osmotin is localized.
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Fig. 8 Relative expression profile of O. sativa putative osmotin genes. (a) As plotted in the
bar scale, red and blue colors indicate up- and downregulated genes (Log 2 ratio) under
abiotic stresses. (b) Signal intensity data based on 75 percentile normalization and log2
transformation for the average relative value to H,O treatment (blast / H,O) of 3 replicates
among susceptible (Pish, Oryza sativa cv Nipponbare - P91-15B, Magnaporthe oryzae
strain; APish, Oryza sativa cv Nipponbare - Kyu77-07A, Magnaporthe oryzae strain) and
resistant lines (Pia, Pish- P91-15B, Pish-Kyu77-07A).
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Fig. 9 Relative expression profile of a putative A. thaliana osmotin gene. As plotted in the

bar scale, red and blue color indicate up- and downregulated genes (Log 2 ratio) under (a)

abiotic stresses and (b) biotic stresses.
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Supplementary material

Legend

‘42> Chlamydomonas reinhardtii
Bryophytes

== S, moellendorffii (Tracheophytes)
Pinales
A. trichopoda (Angiosperm)

=== Eudicots

Monocots = L——

Osmotin group

%

Fig. S1 Phylogenetic tree comprising 722 thaumatin domains from 32 plant species with
labels and posterior probability values. Branch lengths are proportional to phylogenetic
distances. Pink, blue, yellow, and orange stars indicate the previously characterized
permatin, osmotin, allergenic, and kinase proteins, respectively. Blue arrow indicates the
osmotin group. The small blue triangle and dark grey circle next to the labels indicate the

presence of a transmembrane domain and different domains beyond THN, respectively.
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Fig. S2 Isoelectric points vs molecular weight for protein sequences (a) after osmotin
group emergence, (b) for the osmotin group, and (c) before osmotin group emergence.



(a) = sein (b) == e oA (C) -

S Sapuia 0140200 5 s St _PGSCOOBINTAO0TSES O5H (rseiss TG iy aso1inze
US4 SEITIOLI0 T S0ze138 Siy_Sslyc08g080640_3_t w135 e _AT3G20390_1
Hes_anen_116098503_1 esseiss Pry_AAKSELL(APITAOE0) svnetn Tatan <or_Cogra 430000081
Gemo_Siyms_125032200_1 17t P asean P

P Phcd_0116034285,_1 sasets iy ML AT Zasiam agrans Gonion 1

e reacegeTaTan. 1 2acetss s —_— o Sepurtsa 34004503
e ey vt Ssetss SO W s Sp Sepucisa 10420103
S PasCobMICHTSIO0RS20Z 22202 B — - S 0901203

i Snu_pascooncnacooEE e R
2470e14e Sni_pALaTEsD(ARISAT7S) Shewr Taeein Siy_Selye11g086136_1.1

Sh_soheengiatise i s Lstetis A RO st p—

s vigu oo 2300148 PUpnw——— Loswsis oo snconisiezzce £ toens PRI

A 10850 s - Si_Socongoseeat_t ot R eoseics  MATTE

[—— P P—— Lhens - isseice - IMITEIE

Cgr_Cogra_1383:0050_1 238148 Stu_PGSCO0IIONTA00007906 1958120 Pyu_Pnvul 0110985300 1 3000107 IO

A1 srac3seso t 2uge147 Egr Bucge boions L 2280145 Osh_LOC 04019622601 sosetzy PRARCED

5p0_Spipe1G0085500 a7 Siy_Selycazgose3s0. 1t Saee13s B Braczasisno 1 2aneryy (TR

T e snu_pascooncranooiosss 2s301m S6 st sa378080.1 s3seics TRNATEOED

Ao 27 e AT 41 9 seMOO0G5L 116 36401152 Mo g 11351 2000128 e 23_oel e v o seatodoosi3 34 siess NI

geettiia1903 saoeter FUpEN—— e o e A2 T

Gon e 140124306_1 sst-t38 Spu Sasurtsh 225100810 3 sarvan - s

R ——— — BT A e A i

[ — s e s s20038100.3 v P——

[rAe— ssserss — seewse JpEg— T

oma Giyma G3G188409 ¢ 195t Eor_Eucge Do1R7 L 245097 Atr_evm_27_modl AmTT_vi, B scaltoldo0124. 20

G Gyma_ 1100778001 s30mi43 Sar suep osens + P [T

Pea P poaca07e00 3 Loeetes et oo sy 2 oamamzocsenn Ta:

Mtr_Medtr8g0223850_1 Spa_Beapurt1h_8a7s0100, Sakecids EMa_GRMZNIGI08IN._TO1

gt o1t S50 samurvia 1ism0ns 3 sassase

Mgt 100701 B —— o

P Seu sesurria 33301t £ sasesss

ez Haraz 210146500 1 Pua_Phvul 00261555001

Spo_SapurviA_D1I0S410_3. AL LA _romnTEm -
sar s nzess 1 PEP— ] =
Hes_Manes.156212800_5 ez Mares 0160643001 T Stg_Spptsnonatuoocs. 1
Hes, Mares 0564450005 ez Manas_ 016064200 4 T sta_SplrhizCs 11560011
Egr Buegy_ o074 Mas_Manes_016054400_1 R i Sphltiatia 00
S ik B - commmm sfe_seanoastses 1
Spu_SApUrVIA_385190010_1 Aly_ALEC46240_t1 e SISO,
Spu_SepurvlA_O304s0080 1 Cgr_Chgre_191280002_1 e el o bt
Mg Migut No3188_1 2560145 y_ALsc46230 0 ThTIE Mo Sppidtenmt 1
Mgu_Migut_C00850_t 2330141 gr_Cogra_151250002_1 e lenl Sta_SpAfal 034090007 1
Gma,_Glyma_17G258600_t 5550148 Bra_Brmra BO275E 1 Rl i Sfe_SpAfaixGO7080097 1
pou. Pt coxGoaso0_1 saseiss g g Sa1233.1 sosers AL Sf_SpHfat240:006.1
e ATHG24200_3 520128 hto_Aaeea7G040700_1 T SRt sion i
P e 40901 PR ) s syeaanconsmess
Corcoga_1126am00a 1 cererss ORI st sprencaTenea
Bra_Srare_KOO744 L AT Fpa_fp3ch_14030V).
o3 _Brarm_A0IS23 1 TMATE Fpa_polcii_S160v_1
SO T e oz o1z
s e Dom m1 oa przce 2103013 +
Zma_GRHIMAGOHOR_T02 TR s ITent QPG
St seka c8i00 1 ] Gma_Giyma,_sogeszia
05.L0C 08680435101 e Leal ] Mer_Macr1g062350_1
—— oA ace ageoniG126700.1
5f_Sets 26289100 1 S34e-148. TR ST
2ms. GRMZMIGIS4543 O 12143 T WA TEAL LY
Osm_LoC 0m9g36520_ 1 st IR n AT,
B0 Braagasato.s 206023 e ucy Hosaes.4 AN sme 25550 asirs B
=i sota_sa208500 ¢ sz oo Sucp st e Moo 89055900.1 toss I
2ma GRIDIGIIS TOR a0 e sucgr_posson T e Hanas_ 136305980 1 LT 5—'—-—“ e
2m_cRRDIGIRLE TOL e e suegr Lorezs 1 i Hen_Harws 126303700 1 1oter
S —— rsryy AN et e Spu_Sapurvia_L3c0n10_L rease s nmmm_m
Bal_Braditg21100.1 3380138 S5 S5 1A O1834G830_1 B B ida0e | irero ML OmEm__
51_sea 5471001 3ssertis Spu_sapurVIAPEISEI0_L Lisers; ONEER o8 LOC Ciegisas 2 e
2ma_aRagsasse: Tox szt S Sepucera_o7se0340_1 sasetss TR G0 Giadsae 5 L5t
2ia_SRNZHIG1S788_TOL ateasz Sou_Sopur14_0183aC040_1 TR AR SR,
B4l Brsdi1ce0s3n 1 Bose-133 Sou.Sopurla 027150350 1 .
O Lo cunigrenan 1 e S Sapuri 0183000801 i
2me_cmamacnsese ToL seress P, pmvu_cozaz88s00. 4 IR
1 sota 26289000 1 25000131 Pru_Pvul 00263866001 TR
Ba_Bracigaseon t sisns R Liel ]
Gaa_LoC_Om09526660_1 1368040 e el )
[T—— Sadersn e
5_Soen 504718001 P, o _m_
2ma_GRMZMIGI4S009.TOL 7se19 .
2me GRMZMIGISSLIO TOL Ml &y
st sata_sG3ELATE st o
2rma_GAMZIIGATIIS o1 prone I
ors_toc._catogosesn 1 Laiesis Ay Argzna0 o1 el
2ma_cemRE7I 03 —— S Pl S _memA
Ep—— - P
O _LoC_Ox06gS0200 L Mios_Mares_570025206_1 A
PE—— 5 Eucar Koudat_1 et
Sit_Seftm_16148006_1 Egr_Eucgr_E00SEL L e
Tma_GRMIMIGOI682e_TO1 Mir_MadirEg096500_1 - ErE
St Seta 16140200 L Sy_Seyerzgnsaten s o AN
Zma_CAMZH2G0B8410_TOL St POSCOCEIOMTAO00I0ESL i aar
51 som_to157500.1 sy soyeisgosesso i mmnnE
NPT ama iy o1azi7800 o
2ma_GRMZMIGE23655_Ta1 e _Giyma_11G025600_1_GeOLPS P
S84 Spips1G0065500 P Phvel_O92G358400_1 smern TR
Spo_Spipot 160041300 Har_iadtrsgatoeso_1 2aenso - FHNENE Mo
ser_pen 37 ol AT 16 scaffadconan 117 2oge-sze  — MUEL g s0crss_t P ]
Mau_Miga L09802 3 7o6e23 THETH BN Mau_Migut_E0L128 1 serese MR
Mou_Migut L9322 arsen AR St Sana 560762003 saer; RIAM_ 0B
Pu_Phil_BISGA4100_t e Sit_Saita 560783001 visery  (TMAMEL 0
e, Ghyma_ 051390001 sy TEETRIE P ——— oz MMIBIME MR
ama_yma,cacz8800.1 Siies ML — PRSI 1T T T .
Pyu_Phvul_008G188000_1 ipiegze TEEDIMIEL 2ma_GRMIZMIGI0IS55_TET sosens (MMM 1 NEMEE @
Gma_Giyme_026220900_1 1srenss  TREITEONG Zive_GRIIMIGA5592_T0L yreezns TENINE 0 (EEEE_ @
Sma_Gyra 1463354001 asecryy NN BoL_bradizgories_t Seeeca: -MPEWIN 4 (EMEM A
Egr_Eucgr KDOTE_1 3zsei TSN Bl Bizg01i00.2 sozezn TURNRL__(ERE__H
aco, Aecoaraasse0a,_ ¢ R Sk et sou7R0 t sowa  TMRIRE NEER @
‘Spu_ Sapurita_ 3608s0020,1 2aseaze  [HEAIMDML zazeips TTMARM.. NNER
Shu_SapuriiA 151900060 1 2apezzs  (HMAMADEL 20ee-134  EMIGEE
Sou_SapurviA_1648:0040 1 tavenyy  TEEATEOED B
e Haows_01G950400_1 130w13¢ - SEMNERENL Loseizs - MDNME
toqu_sip_Foosze 1 doerss  JESEHIE B
S SoOI0TI 2 L e toseizs TN M
Stu_PGECODOIDHTAROO0!S4 13204 - TATMENL azena:  NIREE
Sy seiycosgo 00,2t 2tz IR sezeszs ORIOHLE
P —— sopiae IO Zrma_BAMEMAGITA9T: TEL Zesmatin tsoerzs NI M)
seeerss TEMEOMOER Zma_GRNZN2G010048_TO1 N et
soseise TERIDEOED oea_L0¢_Cxbiguios0_t_os Sremce PRI
Cyr_Caqr_30175000_1 17oersy TS Asn_ASBOZ2SH(US77S7)_parmed esoerzy  TEMBIENG
s smsazesios rzenss TR Ba_smasgosein stz TGN
A aum_27_odel_ATTL_vi & scaffocucazs 55 Lose-rss  — MM @8 100 0212342490 1 rases EAAEEL
R TR s TMIEOR PR———. isesn  TMANENG
i E— ies: TERIEDER Zra aRUIIS02473 Ten oy VORI e
Dia_LOC_Oel$g32280_1. sedeiyy  ERUIANNe +_Sota_SGIE8700_1 sageais - TITH e
[T, sy —MIDEL s gz
Sit Se%a_ 66214000 1 seaiey THMINENRL £6_Breaigusazn 2
Ot LaE_Cadeg40600 3 B PeaPITA 000010735
Bei_Braci3gansse_3 titerss (RN P4 000010737
Spo_Soipol850022500 fbe-iza  TEEITEIER
Pra_PrTA_on0087078 seses;  TEMITNINEL
Pan A 13219990010 sgseie  THRRITHINL
Peb_Ma_13306490010 1rtezs  THRATTEL
ooy Snnaans risa TERITIOED
ear_susypaasn.3 Leseic  THRLBORL
Egr_Buegr J03042 1 1oty MEIMMOML Pan_MA_1042951150010
o1 Bucgr_J02445_1 bszersy MR Pan_Ma_ 650850010
g1 Bucgr_J02443_1 sase-tos  IMBMINL Pra_PTTa 000024408

Egr By Lzdst L PR Pra_PITa_cosose7en



Stu_PeSCOOUIDHTSICAS1SE
51y Solycorgomrzsn 2 1
Siy_Solyc03g033450_1_1
Mg Migut L0763t

M Mgt Looss0_1
Gma_Glyma_L36u77700
Gme_Slyma_n15185809_1
P Phal_0025107500_1
P P 302610780 £
e padragozes 3

e vaarrsgosseza ¢

M Madirsg0zadie 1
Gena_Giyima_1661271001
M padtrsgoTsssa 1
0161468051

Ao, Agccest11700_t
Seu_sspurvia
#iy_aL3asose0 11

ns0420. 1

cor_agr_snaioate 1

ar cagra_z2seseone 1
o Bars r01620 1
Gma_Giyma,_115108:00_¢
Gma_Gyema_33G031000. 1
Py vl 5130934160_1
N parigo73730_3

A ALTGLusR 11

e 6T4G308701
‘car_Cagr_tavammast 1

Ero Brars AvonL 1

Sou_ Sopustia D514:0280 1
Mas Manez BAGETITIE L
Sar_Sucgr_101396_¢
Siy_seheoigaiszao 2
St_PASCO00IDMT400T1 SBT3
Ma_ Mgt 80099
Brma_Giyma_04G329700_t

Gma_Giyma_oeGt2700 1
Gma_Gyma GecpzIa L
P Pl 0056017700_1
e M 1g3s40 5

e Mastsg114030_¢
Gma_Gyma_ 175258809
Gme_Gma_ 1462194001
Gme. Glyme_t83275200_1
Siy_Solycoagonisse 2 1
Shu_PGECOOIIONTABONIEEAT
Sgr_sucgr_rois70_t
Sar_sucgr_Hoaszs s

Hes Manes 9562452021
s Mares_18G012708 1
S5_Sapuciia 8302109401
Spu_Sapuciie 6014502001
Mgu_bigia_Coonds_t

e grars Gon 1

& enrs B0zt 1
ay_azsisren s
th_ATiG75500_1

s sTisz0030 2

Ay_ALiGa

.
Cor.cagra 196150004 3
Mt 23088030_3
Mer_Matiragos7ase 3

Mt Mastr2gon7990_3

e pattrzpessess 2
Gme. Glyme 045175200 1
G Slyme 085183100
S Saauria 132350020, 1
Spo_Saporvia 1323600803
ap_aL7G36100_11

ath ATAGLIS0 1
Cor_Cogra 1852500251
Ero Brars Acosan ¢

o Cogr_tsssen0zd 1

B s 10ases

Aty_au7G82530.

an_ATSG30200 1 PRSK:
Cqr_Cagr_13820010_1
Cgr_cogm_anaEmnonL 1

Ay_ALIGs2840 01

Gma_Giima_10G061000
Gma_Glyma_10611700_1

G Giyma_106060300_1
br_backrig042896_1
Her_ackri g062380_1

sor_vacerigoszaze_t

rar_vamrigoezie 1
var pamrigoszseo t
Vor_Hackrignezs30_t
Hedo_a415845,_PaiD2.
Mo 751023801
Pav_PR0s Pruava

Ear_busor_Eo1tes 1
e Bucor E133 ¢
Egr_Bucgr_E0383 1
Ear_Bucgr E0438s t
e Bucsr B3
Eor_Bucse_£01392 3
prees

e Bucar
P Hares 526135605 1

Sou_SepuLA_ B9T0010_1
S Sapuriia_t8si0020_1
Su_Sapurvia 146910070 1
S Sapusvie 081980310 1
Sou_Sepuri1a_1es5m010_1L
Sl Sepuri1a 08770201

Sou_Sapariia_146se0040 1

Spu_Sapury
Spu_Sapuryia 097780040t
e Gy 1862547001
Gma_Giyra 9861727001

1 1969800501

M bectr2gnes6ea.
Mg gt 300460, 1
Mgt Juodst 3
P Migis_so04ed_t
Mo Migia Fn4e2 1
S SoheaTg0LTIm_L 1
038,108 28773470t
S Sete 261133001
St S0 201133001
St_sune 2614001

Oa_LOC_Ost723730_t

o AqcoetGaseans 1
co_Aqeoe1 5135000 1

seserso  TEITEIEL Fra_BITA_050087912

L Fra_PITA_030091230
T T Pea_PITA_0DUOTES22
- rEmmanm ao 1043863100020
T Pab_MA_3785g0020 2014118
sy TR [ Lo
2sseray - EEINMINL Fta_PITA_060038032 1.06e95
iserss RN [ Lase101
B Pra_PITA_G00004845 aazez0t
saieqse TR FHa_PITA_CO00I7145 Lesez0s
I P ——
Ssrerss  EMITEMDM__ Pa 148 47330750010
saseise TR R ——
sress;  EMIDEL a_pima_ooanarses
B Pra_PITA_Co00307%
Josesss  THEUDMIED B —
RS ——— B ] L ]
a3ieses  TEEENEIRD Pra_POTA_ 000000202 IR W
[ —— [y pr— ]
saaeps;  TREINEMAL
Jsiese  TREIMOML Motif legend
Faintiy I Weor M oter pusvre [ acksacenrrzvecsaars [ o R o
| | B 1L5GAGSPRLS rars W [ seaevmiTrce [l GCCRGIRCTADINGQCPNELKAPGGCNNPCTVK
[ wossrriopsaswTLWPAG [ KL .
Ll M costecsaamsverservi [l STRTCe [ KKMVLYALWCIQTEPSDRPPHSIVWENLE
[ ATNSFANKLGKGGFGSUYKGK [I] HECSSPRELKVIFCH
La i}
sesersn TN
-
L .
DL .
O
I
e
T
L .
T T T
T
A
AT
.
- .
O nmmmm
L T M nmmm
T
i

T, IR
TN T T
LW ED MW
PR TR N T N
TEME W OACE O
NomORm e

33110
4giid
343100
2400121
2010122
778e138
saseszr

66



hco_ageonssasomoo_1
Ao, Aqeoei34200_2
Bes_Saroe1133800_1

A Aqeoe16333800_t

fea Aqreaicadsn0 1
e sqssescassone 1
ea_AqeoeiG125100_1
Zma GRMZMZGI0TT TO2
2ma GRMZMIG3854S_TOL
B6_srasgonsso s
2pe_5po0169019200
GGy 140077400 1

G Gy 17624030

S Gyma_peGT00 1
o pacaragiiz0 L
Pou_Prval_oa1Ga1E708 1
S Sapuria 071540040 1
M Marws_18G030030_1
beg_igue_Coonss_
Hai_Higid_Ho0s15_1

s AqeoeBG108500._1
Spo_ Spipo2ni13560
sip_selpeadgnrseso 2 1
S5 PaSCO0IDMTACA0A3456
Ege_Sucar_A0aT 3

St See 964832001
2ma_GAMZH2E333507_TOL

85_trsangestsr.

o Loc_peagraenn t
Mg g aps23s 1
Mg gt 831336 1
At ATIG7Sa30_1
[UTEL T
car_cagrs_oaza0ne 1
Bra B G232 1
Ay AGID 1

A_ATIGTSO80 1

Ak _aTiaTs0

cpr_cagra_sea

5 _snr coamL ¢
&r_Brara_Foazes 1
e e Foazes 1

ath_aTiG19320_1

A9t 1
o cages testances 1
Foa_PrTA 000042205
Peo_PrTa_oncoTassD.
Peo_PrTa_onconeerL
P e 13553g0020
Fua_prra_nocoiasze.

Foa_prTa_acoss0ss.

Pra_prTa_oacon:
o
e Glyma 126230800 1

er_dtragosezis_t

5

rra oeszs

S8 PGSCO0IDMT000E500:
Stv_Sohve0ng086940 21
H_Migid_razo15_1
Mg_igue_Xo08S2_3
Sta_spréaiaor3eaoTa..

st sphvaaczeanes

st sprratianrseases

St Soraiaazsssanes
Fou_Badeis 1730011
ate25 4080031

pice 11480031

o Spivoln0se0s. ¢
Smo 4545

Su_Sapusvia 00500800 1
Su_Sapiie 0010007901
Seu_Sapunia 0O10I0700 1
S5u_ SspuiLe DIE0010 1
Sou_Sopirta_126850060 1
Ear Bucgr o771

Ay azeES20 11

s ATiaITI00 3

Car Cagrn_oumeadnes 1
Bee_racn G032 1
Bt 8022521
Sy_secisgotzon 11

St PGSCOOIOHTHI0HETE
Bai Brasizgzrien 2
o Loe_ 00439370
4_Saita_36003900_1
Zme_GRNZMIGE 28818 T02

_Brasiagiess

S sem 900 2
HerMasrsgasszon 1

e Glyma_13502700 1
P Peal_D08G156500_1
ma_Glyma_146183700

M Miut He331 L
Spa_sopascanic

M Hanaz 6261603001
Bir_aur_37_modl_AmTe_v2_0_scafodonor? 121
S4r_wurn_27_mesdal_AmT_v2_D,_scalad06ats 123
P Preal_0036250400_1
Gms_Gyma_osG1eETan 1
Gma_Gyma_oeG128090 1
S Sohe01g104290.1 1
St_PGSCODOIOTAO001 160
Mau_Migua_B00B4S. 1

o e 106100700 1
Mas_Hares_7G914300_1
Eor_Bucor Gags0r
Pra_PITA go0n33083
Pra_PITA g0004140:

Pan b4 10823T08g0AD

i wers_23_roce_AmTTr_y1_0_scaffoldonoss_132
iy atiGa0e0. 01
cor_cagnn_osesennes &

B Baa Fonzs
ApALs 340011
ath_iTia7a620_L
or_cagra_ze13u0003 1

Siv saveozqtieren 2.1

St FGSCOBOIDHTHI0GEAT4T
Mg Mgt 0018581

Pen Aqeas2011290_3

e Manes._ 146170800 3

asseiis

e
L2bezs
2mes

prrey

asserzs

sgserss

amens

e

188113

303137

118

34

238338

135330

1530128

55

113

s70eaa

Frine)

7750100

213

a1

2150305
5480325
seeian

senias

0,300

128

2800123

asesin

7avs37

[Es

13m

s3teiz

28134

sk

s
s

59t

7
12
128

Fatez2

Lneeszs

Lo

Lt
2180

19
s
117

e

S

Lo

e
L5

2
s
17

sxers

Lsein

s towioe

Laens

armeias

sost7

24ses

S15e307

28300

Losess

s67e100

aseerts

Losetss

0401tz

o708

paes
s

pEes
Lan

FEPR

126
12

134
133

14
e
=

sisen

67



68

Fig. S3 Architecture of conserved protein motifs in protein sequences localized (a) after
osmotin group emergence, (b) for the osmotin group, and (c) before osmotin group
emergence according to the ordering of the phylogenetic tree. Each motif is represented by
a colored block. The lengths and positions of the blocks correspond to the lengths and
positions of motifs in the individual protein sequences. The height of each block is
proportional to its —log (p value), truncated at the height corresponding to a motif with a p
value of 1e —10. The gene names and combined p values are shown on the left side of the

figure.
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Fig. S4 Motif localization in homologous modeling of Arabidopsis protein for (a) non-

putative osmotin localized after osmotin group emergence, (b) osmotin, and (c) non-
putative osmotin localized before osmotin group emergence. The green, purple, and red
background in the sequence model-template alignment represent the stranded B-sheet, o-
helix, and motif sequences, respectively. The red circles in the 3D proteins represent the
region of each motif. (d) Domain localization in TLP 3D protein.
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Table S1 Summary of all plant, gene, and protein sequences employed in this study.
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Table S2 TLP structural information.
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Signal Transmembrane Pl acid
Sequences according tree position peptide portion Dormains' cleft
Spu_ SapurV1A 051450200 1 YES YES THN 3.45
Spu_SapurV1A 011730110 1 YES YES THN 3.45
Mes Manes 11G095900 1 YES NO THN 3.45
Cma_Glyma 12G031200 1 YES NO THN 3.45
Pvu Phvul 01135034200 1 YES NO THN 3.45
Mir Medtrdg073720 1 YES NO THN 3.45
Egr Bucgr GO1772 1 YES NO THN 3.45
Stu PGSCO0003DMT400009202 YES NO THN 3.45
Sly_Solyc02g083760 2 1 YES NO THN 3.45
Stu PGSCO0003DMT400015871 YES NO THN 3.45
Sly_Solyc01g111330 2 1 YES NO THN 3.45
Mgu Migut B0009S 1 NO YES (2) THN 3.45
Aly ALTGL0550 ¢l YES NO THN 3.45
Bra Brara HO01849 1 YES YES THN 3.45
Cgr Cagra_1383s0050 1 YES NO THN 3.45
Ath AT4G38660 1 YES NO THN 3.45
Spo_SpipelGO065600 YES NO THN 3.45
Egr Eucgr 102339 1 NO NO THN 3.45
Atr evm 27 model AmTr vl 0 scaffold00041 116 YES YES THN 3.45
Aco AqeoecG212100 1 YES NO THN 3.45
Cma Glyma 16G126900 1 YES NO THN 3.45
Gma_Glyma_02G047400 1 YES YES THN 3.45
Pvu Phvul 003G263400 1 YES NO THN 3.45
Mitr Medtr8g075510 1 NO YES THN 3.45
Cma Glyma 013165400 1 YES YES THN 3.45
Cma_Glyma 11G077800 1 YES NO THN 3.45
Pvu Phvul 002G107800 1 NO YES THN 3.45
Mtr Medtr5g022350 1 NO YES THN 3.83
Mgu Migut L00673 1 YES NO THN 3.45
Mgu Migut L00700 1 YES NO THN 3.45
Mes Manes 02G105400 1 YES YES THN 3.45
Mes Manes 01G146900 1 YES YES THN 3.45
Spu_SapurV1A 013050410 1 YES NO THN 3.45
Egr Eucgr 102446 1 NO YES (2) THN 3.45
Mes Manes 18G012600 1 NO YES THN 3.45
Mes Manes 05G146000 1 NO YES THN 3.45
Egr Eucgr H00974 1 YES NO THN 3.83
Spu_SapurV1A_ 002530190 1 YES YES THN 3.45
Spu_SapurV1A_ 485150010 1 YES YES THN 3.45
Spu SapurV1A 038450050 1 NO NO THN 3.45
Mgu_Migut N03166 1 NO NO THN 3.45
Mgu Migut C00850 1 NO YES THN 3.45
Gma_Glyma_17G258600 1 YES NO THN 3.45
Pvu Phvul 001G005100 1 YES NO THN 3.45
Ath AT4G24180 1 YES NO THN 3.45
Aly ALTG29100 (2 NO YES THN 3.45
Cgr Cagra 122630084 1 YES NO THN 3.45
Bra Brara K00744 1 NO NO THN 3.45
Bra Brara A01423 1 NO NO THN 3.45



Sly_Solyc04g081560 2 1
Zma GRMZM2G138896 T03
Zma_GRMZM2G049057_T02
Sit_Seita 63239100 1

Osa L.OC_0s08g43510 1
Bdi Bradidgd2380 2
Sit_Seita 2G289100_1

Zma GRMZM2G154449 To1
Osa_L.OC 0Os09g36580 1
Bdi Bradidg36410 1
Sit_Seita_9G288500 1
Zma_GRMZM2G148536_T03
Zma GRMZM2G151589 To1
Osa_LOC_Os10g05600_1
Bdi Bradi3g21100_1
Sit_Seita_ 9G471900_1

Zma GRMZM2G346861 T02
Zma_GRMZM2G149798_T01
Bdi Bradilg68330_1
Osa_L.OC_0s03g14030 1
Zma GRMZM2G038490 T01
Sit_Seita_2G289000_1

Bdi Bradidg36400_1
Osa_L.OC Os09g36560 1
Bdi Bradilg68340 1
Sit_Seita_9G471800_1

Zma GRMZM2G149809 T01
Zma GRMZM2G159110 T01
Sit_Seita 9G288400 1
Zma_GRMZM2G477139_T01
Osa_LOC_Os10g05660 1
Zma_ GRMZM2G541730_T01
Sit_Seita_4G281400_1
Osa_LOC_Os06g50240 1
Bdi Bradilg30117 1

Sit_Seita 1G148000 1
Zma_GRMZM2G036826_T01
Sit_Seita_1G148300 1

Zma GRMZM2G086410 T01
Sit_Seita 1G157500 1
Sit_Seita_1G148900_1

Zma GRMZM2G023655 T01
Spo_Spipol G0065500
Spo_Spipol 1G0042300

Atr evin 27 model AmTr vl 0 scaffold00041 117

Mgu Migut_L00502 1
Mgu Migut_L00322 1
Pvu_Phvul_009G040100_1
Gma_Glyma_06G139000 1
Cma_Clyma_04G225800 1
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YES
YES
YES
YES
YES
YES
YES
NO
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YES
YES
YES
YES
YES
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YES
YES
YES
YES
NO
YES
YES
YES
YES
YES
YES
YES
YES
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
NO
NO
NO
YES
NO
NO
YES

YES
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
YES (2)
NO
NO
NO
NO
YES

THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
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THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
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THN
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THN; §_TKc¢
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3.45
3.45
345
3.45
3.45
345
345
3.45
345
345
345
3.45
3.45
345
345
3.45
3.45
345
3.45
3.45
345
345
3.45
345
345
345
3.45
3.45
3.45
345
3.45
345
345
3.45
3.45
345
3.45
3.45
3.66
3.45
345
3.45
3.45
3.45
345
3.02
3.63
345
3.45
2.97
345



Gma_Glyma_02G220900_1
Gma_Glyma_14G188400 1

Egr Eucgr K00478 1

Aco Aqcoe7G295800 1
Spu_SapurV1A 360450020 1
Spu_SapurV1A 151830060 1
Spu_SapurV1A 166850040 1
Mes Manes 01G050400_1
Mgu Migut F00124 1
Sly_Solyc03g079960_2 1

Stu PGSC0003DMT400001544
Sly_Solyc06g073000_2 1
Stu_PGSC0003DMT400069224
Bra Brara B03671 1

Bra Brara F02676_1

Cgr Cagra 901750003 1

Ath AT5G24620 1

Atr_evm_27 model AmTr vl 0 scaffold00025 195

Zma_ GRMZM2G340534_T01
Sit Seita 2G260400 1
Osa_LOC_0Os09g32280 1
Bdi Braditg34180_1

Sit Seita 6G214000 1

Osa LOC_0s08g40600_1
Bdi Bradi3gd0596 2
Spo_Spipo28G0022500

Pta PITA 000087079

Pab MA_132199g0010
Pab MA 13386420010
Egr Eucgr J02440 1

Egr Eucgr J02439_1

Egr Eucgr J02442 1

Egr Eucgr J02445 1

Egr Eucgr J02443 1

Egr Eucgr 102491 1

Stu PGSC0003DMT400009196
Sly_Solyc02g083790_2 1
Sly Solyc03g033490 1 1
Mgu Migut 100701 1
Mgu_ Migut_L00960_1
Gma_Glyma_11G077700_1
Gma_Glyma_01Gl65600_1
Pvu Phvul 002G107900 1
Mitr_Medtr8g037890_1

Mir Medir8g056820 1
Mtr_Medtr5g022310_1
Gma_Glyma_16G127100_1
Mtr_Medtr8g075550_1
Mes Manes 01G146800_1
Mes Manes 02G105300_1

NO
YES
YES
YES
YES
YES
YES
YES
YES
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YES

NO
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YES
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YES
YES
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YES
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YES
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YES
YES
YES
YES
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NO
NO
NO
YES
YES
YES
NO
NO
NO
NO
NO
NO
YES
YES
NO
NO
NO
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YES
YES
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NO
NO
NO
NO
NO
YES

THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN; 2 RPT1
THN; 2ZRPT1
THN; 2 RPT1
THN; 2ZRPT1
THN
THN
THN
THN
THN
THN
THN; 2ZRPT1
THN; 2 RPT1
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THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
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345
3.45
345
3.45
345
345
345
3.45
3.45
345
3.45
345
345
345
3.45
345
345
3.45
345
3.45
345
345
345
3.45
3.45
345
3.45
345
336
345
3.45
3.45
3.45
35

345
3.45
345
345
345
3.45
345
3.45
3.45
342
345
345
3.45
345
3.45
345
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Aco Aqeoe6G211700 1 YES YES THN 3.45
Spu_SapurV1A 013050420 1 NO NO THN 3.45
Aly AL3GS50900 t1 YES NO THN 3.45
Cgr Cagra 3126s0018 1 YES NO THN 3.45
Ath_AT2G17860_1 YES NO THN 3.45
Bra_Brara_G00232_1 YES NO THN 3.45
Ath_ATAG36010_1 YES NO THN 3.45
Aly AL7G15040_t1 YES NO THN 3.45
Cgr Cagra_ 223650010 1 YES NO THN 3.45
Bra Brara H01620 1 YES NO THN 3.45
Gma_Glyma_11G106100_1 YES YES THN 3.83
Gma_Glyma_12G031000_1 YES YES THN 3.83
Pvu_Phvul 011G034100 1 YES NO THN 3.83
Mtr Medtrdg073730 3 YES YES THN 3.83
Aly AL7G10560_t1 YES NO THN 3.83
Ath ATAG38670 1 YES NO THN 3.83
Cer Cagra_ 138330051 1 YES NO THN 3.83
Bra Brara A00011 1 YES NO THN 3.83
Spu_SapurV1A 051450180 1 YES YES THN 3.83
Mes Manes_04G072700_1 YES NO THN 3.83
Ber Fucgr 101396 1 YES YES THN 3.83
Sly_Solyc01g111320 2 1 YES NO THN 3.83
Stu_PGSC0003DMT400015872 YES NO THN 3.83
Mgu Migut B00099 1 YES NO THN 3.83
Gma_Glyma_04G023700_1 YES NO THN 3.83
Gma_Glyma_06G023900 1 YES NO THN 3.83
Pvu_Phvul 009G017700 1 YES NO THN 3.83
Mir Medtr1g025420 1 YES NO THN 3.83
Mir Medir3g114030_1 NO NO THN 3.83
Pvu_Phvul_001G005000_1 NO NO THN 3.83
Gma_Glyma_17G258500_1 YES NO THN 3.83
Gma_Glyma_14G219600_1 YES NO THN 3.83
Gma Glyma 15G275200 1 NO NO THN 38
Sly_Solyc04g081550 2 1 YES NO THN 3.83
Stu_PGSC0003DMT400025547 YES NO THN 3.83
Egr Eucgr F01670 1 YES NO THN 3.45
Egr Eucgr H00975 1 YES NO THN 3.45
Mes Manes 05G146200 1 YES NO THN 3.83
Mes Manes 18G012700 1 NO YES (2) THN 3.83
Spu_SapurV1A 038430040 1 YES NO THN 3.83
Spu_SapurV1A 002550200 1 NO NO THN 3.83
Mgu Migut C00849 1 YES NO THN 3.83
Bra_Brara G03379_1 YES NO THN 3.45
Bra Brara B02213 1 YES NO THN 3.45
Aly AL2G35790_t1 YES NO THN 3.45
Ath_AT1G75800 1 YES NO THN 3.45
Ath AT1G20030 2 YES NO THN 3.83
Aly AL1G32810_t1 NO NO THN 3.83
Cgr Cagra 196150004 1 YES NO THN 3.83
Mir Medir2g068030 1 YES NO THN 4.03

Mitr_Medtr2g067980_1 YES YES THN; B lectin; S_TKc 3.83



Mir Medir2g067990 1

Mir Medir2g068655 1
Gma_Glyma_04G176200_1
Gma_Glyma_06G189100_1
Spu_SapurV1A 132350020 1
Spu_SapurV1A 1323s0060 1
Aly AT.7G36160_t1

Ath AT4G18250 1

Cgr Cagra 159550025 1

Bra Brara A00940 1

Cgr Cagra 159580024 1

Bra Brara K00455 1

Bra Brara J01946 1

Aly AL7GS52530 tl

Ath AT5G38280_1 PRSK
Cgr Cagra 3138s0010 1

Cgr Cagra 313830011 1

Aly AL7GS52540 t1

Bra Brara D02646 1

Cgr Cagra 17854s0001 1
Cgr Cagra 370650043 1

Aly ALA4GA2380 tl

Ath AT1G70250 1

Aly AL2G29540 (2
Gma_Glyma_10G060800_1
Gma Glyma 10G061000 1
Gma_Glyma_10G061800_1
Gma Glyma 10G061700 1
Gma_Glyma_10G060300_1
Mir Medirlg062590 1
Mtr_Medtrlg062350_1

Mir Medirlg062370 1
Mtr_Medtrlg062340_1

Mir Medirlg0e2660 1
Mtr_Medtrlg062630_1

Mdo AAXI19849 MalD2
Mtr_Medtr7gl02380_1

Pav P50694 PruAv2

Egr Eucgr E01384 1

Egr Eucgr E01382 1

Egr Eucgr E01389_1

Egr Eucgr E01385 1

Egr Eucgr E01381 1

Egr Eucgr E01392 1

Egr Eucgr A01612 1

Mes Manes 02G199600 1
Spu_SapurV1A 097730010 1
Spu_SapurV1A 165830020 1
Spu_SapurV1A 146950070 1
Spu_SapurV1A 051950110 1
Spu_ SapurV1A 165850010 1
Spu_SapurV 1A 097730020 1
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NO
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NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

THN; B lectin; 8 TKc
THN
THN
THN

THN; S TKc
THN; S TKc
2 THN; Pkinase
2 THN; Pkinasge
THN; S TKc
THN
THN; § TKc
THN; Pkinase
THN; S TKc
THN; S TKc
THN; Pkinase
THN; $_TKc
THN
THN; S TKc
THN; § TKc
THN; $_TKc
THN; 8 TKc
THN; S TKc
LPT 2; THN; Pkinase
AATL THN; S TKc
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
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4.2
6.47
4.36
8.75
3.82
4.03
5.03
3.6¢4
3.29
4.93
3.79
3.95
3.66
3.45
3.45

3.5
3.36
3.45
3.13

3.8

38
3.13

38

35
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.59
3.83
3.83
4.18
3.45
3.45
3.45
3.45
3.45
3.83
3.83
3.83
3.83
3.83
3.83
3.45
3.83
3.83



Spu_SapurV1A 146950040 1
Spu_SapurV1A 146930050 1
Spu_SapurV1A 097750040 1
Gma Glyma 15G254700 1
Gma Glyma 08G172700 1
Mitr_Medtr2g069660_1

Mes Manes 5049600 1
Mgu Migut J00460 1

Mgu Migut J00461 1
Mgu_Migut_J00463_1

Mgu Migut_J00462 1

Sly Solyc07g017970 1 1

Osa LOC 0s07g23470 1
Sit_Seita 2G113200 1
Sit_Seita 2G113300_1

Sit Seita 2G114300 1

Osa LOC 0s07g23730 1
Aco_AqcoelG490800 1

Aco AqeoelG125000 1

Aco AqcoelG490700 1

Aco AqcoelG134200 1
Aco_AqcoelG133900 1

Aco AqcoelG133800 1

Aco _AqeoelGl125400 1

Aco Aqcoe5G259000 1

Aco _AqeoelGl125100 1
Zma GRMZM?2G100747_T02
Zma GRMZMZ2G038846_TO1
Sit_Seita7G019500 1

Bdi Bradi5g00550 1
Spo_Spipol G0019200
Gma_Glyma_14G077400_1
Gma_Glyma_17G248300_1
Mir Medirlg021945 1
Gma_Glyma_14G077300_1
Pvu_Phvul 001G016600_1
Gma_Glyma_04G034300_1
Mir Medir3gl11620 1
Pvu_Phvul 001G016700_1
Spu_SapurV1A 071530040 1
Mes Manes 18G030000 1
Mgu Migut C00688 1
Mgu_Migut N00519_1
Aco_AqcoesGl08900 1
Spo_Spipo2G0113900

Sly Solyc04g079890 2 1
Stu_PGSC0003DMT400043456
Egr Eucgr A00487_1
Sit_Seita9G483200_1

Zma GRMZM?2G393507 TO1
Bdi Bradilg69277 2

Osa LOC _0s03g13070_1
Mgu_ Migut B01335_1

Mgu Migut B01336 1
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YES
NO
YES
YES
YES
YES
NO
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YES
NO
YES
YES
NO
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YES
YES
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YES
NO
NO
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YES
NO
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YES
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NO
YES
NO
YES
YES
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YES
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YES
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NO
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NO
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NO
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NO
NO
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NO
NO
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THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
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THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
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3.69
3.45
3.83
3.83
4.03
3.83
3.45
3.83
3.83
3.92
3.83
342
3.45
3.83
3.45
3.83
3.83
3.83
3.83
6.56
3.83
3.83
3.83
3.83
3.83
3.83
2.95
2.95
2.95
2.95
3.45
3.45
3.45
3.45
3.45
3.83
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.83
3.83



Sragmur ssmun e vaseu s

Ath ATIG75030 1
Aly AL2G34910_t1

Cgr Cagra 040280026 1

Bra Brara B02149 1
Bra Brara G03322 1
Aly AT.2G34940_t1
Ath AT1G75050 1

Cgr Cagra 040250024 1

Bra Brara G03323 1
Aly AT.2G34930_t1
Ath AT1G75040 1

Cgr Cagra 040250025 1

Bra Brara G03321 1
Bra Brara F0l1364 1
Bra Brara F01366 1
Bra Brara H02374 1
Bra Brara 104743 1
Ath AT1G19320 1
Aly AL1G31910 tl

Cgr Cagra 196150069 1

Pta PITA_ 000042205
Pta_PITA_000074950
Pta PITA 000008671
Pab MA_19953g0020
Pta PITA 000012478
Pta_PITA_000039064
Pta PITA_ 000093129
Pta_PITA_000042353

Cma_Glyma_ 120238900 1

Mtr Medtr8g036215 1

Mes Manes 12G003800 1

Atr evm 27 model AmTr vl 0 scaffold00022 297
Stu PGSC0003DM T400065004
Sly_Solyc01g086840_1_1

Mgu Migut 7102015 1
Mgu Migut_K00892 1

Sfa_Sphfalx0073s0078_1
Sfa_Sphfalx0092s0064 1
Sfa_Sphfalx0075s0069 1
Sfa_Sphfalx025930005_1
Ppa_Pp3cl6_17280V3_1

Ppa_Pp3c25 4860V3 1
Ppa Pp3c6 11450V3 1

Sfa_Sphfalk000630097 1

Smo_419433

Spu_SapurV1A 001050800 1
Spu_SapurV1A 0010s0790 1
Spu_SapurV1A 001080780 1
Spu_SapurV1A 010550010 1
Spu_SapurV1A 126550060 1

Bgr Eucgr F03757 1

Mes Manes 02G160200 1
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YES
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
NO
NO
YES
YES
YES
YES
NO
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YES
YES
YES
NO
NO
YES
YES
YES
YES
YES
YES
YES

NO
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NO
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NO
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NO
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NO
YES
NO
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3.45
3.45
3.45
3.45
3.59
3.45
3.45
3.45
3.45
342
342
342
3.45
3.45
3.83
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.83
3.59
342
3.45
3.45
3.45
3.45
3.45
4.49
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.94
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
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Aly AT.2G37920_t1 YES NO THN 3.45

Ath AT1G77700_1 NO YES THN 3.45
Cgr Cagra 009630064 1 YES NO THN 3.45
Bra_Brara G03527_1 YES NO THN 3.45
Bra_Brara B02282 1 YES NO THN 3.45
Bra_Brara G02134_1 YES NO THN 3.45
Sly Solyc11g013300 1 1 YES YES THN 3.45
Stu_PGSCO003DMT400016741 NO NO THN 3.45
Aco_Agcoe5G278000_1 YES NO THN 3.45
Bdi Bradi5g27280 3 YES NO THN 3.45
Osa LOC OsMg359370 1 YES NO THN 3.45
Sit_Seita_3G003900_1 YES NO THN 3.45
Zma GRMZM2G125918 T02 YES NO THN 3.45
Bdi Bradi3g0d4330_2 NO YES THN 3.45
Sit Seita 6G194300 1 NO NO THN 3.83
Mtr_Medtr5g059200_1 YES NO THN 3.45
Gma_Glyma_13G082700_1 YES YES THN 3.45
Pvu_Phvul 008G166500_1 YES NO THN 3.45
Gma Glyma 14G163700 1 YES YES THN 3.45
Mgu Migut N03301 1 YES NO THN 3.45
Spo_ SpipodG0041100 YES NO THN 3.45
Mes_Manes 02G160300_1 YES NO THN 3.45
Atr evm_ 27 model AmTr vl 0 scaffold00017 121 NO NO THN 3.59
Atr evm 27 model AmTr vl 0 scaffold00017 123 YES NO THN 345
Pvu_Phvul 002G250400_1 YES NO THN 35
Gma_Glyma_05G169700_1 YES NO THN 3.39
Gma Glyma 08G128000 1 YES NO THN 3.39
Sly Solyc01g104290 1 1 NO NO THN 3.45
Stu_PGSCO003DMT400061140 YES NO THN 3.45
Mgu_ Migut B00845_1 YES NO THN 3.45
Mes_Manes 10G130700_1 YES YES THN 3.83
Mes Manes 07G014800 1 NO NO THN 3.45
Egr Eucgr GO0607_1 YES YES THN 4.53
Pta_PITA_000033863 YES NO THN 3.83
Pta_PITA_000041401 YES NO THN 3.45
Pab MA 10432704g0010 YES NO THN 3.45
Atr evm 27 model AmTr vl 0 scaffold00059 132 YES NO THN 3.76
Aly AT1G30620_t1 YES NO THN 3.45
Ath AT1G18250_2 YES NO THN 3.45
Cgr Cagra 090930003 1 YES NO THN 3.45
Bra_Brara F01282 1 YES NO THN 3.45
Aly AT2G33400 t1 YES NO THN 3.45
Ath AT1G73620_1 YES NO THN 3.45
Bra Brara G03254 1 YES NO THN 3.45
Cgr_Cagra_ 291330003 _1 NO NO THN 3.45
Sly Solyc03g118780 2 1 YES NO THN 3.45
Stu_PGSC0003DMT400014747 YES NO THN 3.45
Mgu Migut D01556 1 YES NO THN 3.45
Aco_Ageoe3G011200_1 YES NO THN 3.45
Mes Manes 14G170800 1 YES NO THN 3.45

Mes_Manes_06G007400_1 YES NO THN 3.45



Spu_SapurV1A 1146s0050 1
Spu_SapurV1A 269850020 1
Egr Eucgr B00944 1
Gma_Glyma_05G245800_1
Pvu Phvul 002G329400 1
Gma_Glyma_08G053600_1
Mitr_Medtr8g107140_1
Pvu_Phvul 004G151550_1
Mir Medtrog079580 1
Sit_Seita_4G252200 1

Zma GRMZM?2G476523_ToO1
Osa LOC_0Os06g47600_1

Bdi Bradilg33540 1
Spo_Spipo20G0017700

Atr evm 27 model AmTr vl 0 scaffold00010 64
Pta_PITA_ 000051863

Pta PITA 000080209

Cgr Cagra 18132s0003 1
Bra Brara D01016 1

Aly AT7G49980_t1

Ath AT5G40020 1
Mtr_Medtr6g009480_1
Aco_Aqcoe3G317400 1

Mes Manes 15G175600 1
Spu_SapurV1A 256950010 1
Atr evm 27 model AmTr vl 0 scaffold00002 295
Mgu_Migut HO0882 1
Stu_PGSC0003DMT400003284
Sly Solyc02g087520 2 1
Pvu_Phvul 004G024600_1
Gma Glyma 19G018400 1
Egr Eucgr F03937_1

Egr Eucgr F03940 1

Egr Eucgr F03936_1

Egr Eucgr 101898 1
Sit_Seita9G261300_1

Zma GRMZM2G064605 TO01
Osa LOC _0Osl0g27280 1

Bdi Bradi3g26630 2
Spo_Spipo2G0061400
Smo_404034

Smo_404385

Smo 271835

Smo 426298

Smo_402999

Smo_ 236128

Smo 422821

Smo 81648

Smo_ 230073

Smo_410984

Smo 105934
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3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.66
3.66
3.66
38
3.59
3.66
3.66
3.66
4.02
3.59
3.59
3.59
3.59
3.59
5.03
7.36
5.03
3.66
3.59
3.59
4.03
3.59
4.03
3.45
3.45
3.45
3.45
3.45
3.45
3.85
8.76
6.13
4,29
3.82



Stu PGSC0003DMT400007869 OSM
Sly_Solyc08g080640_1 1

Phy AAKSS5411(AF376058) osmotin
Stu PGSC0003DMT400007870

Sly Solyc08g080650 1 1
Sly_Solyc08g080620_1 1

Nta CAA43854(X61679)_OSM

Stu PGSC0003DMT400007868

Stu PGSC0003DMT400007865

Sni AAL87640(AF450276) SnOLP
Stu PGSCO0003DMT400034395

Stu PGSC0003DMT400007905

Sly Solyc08g080660 1 1

Sly Solyc08g080670 1 1

Stu PGSCO0003DMT400007906

Egr Eucgr D01888_1

Sly Solyc12g056390 1 1

Stu PGSC0003DMT400010886

Mgu Migut E01125_1

Stu PGSC0003DMT400010890
Spu_SapurV1A 235750010 1
Spu_SapurV1A 050750110 1

Mes Manes 02G025100 1

Mes Manes 02G028300 1

Egr Eucgr D01887 1

Egr Eucgr D01893 1

Egr Eucgr D01899 1

Spu_SapurV1lA 050750100 1
Spu_SapurV1A 235750020 1
Spu_SapurV1A 009850100 1
Spu_SapurV1A 359850010 1
Pvu_Phvul_002G155500_1

Gma Glyma 01G217700 1 GmOLPb
Mtr_Medtr5g010635_1

Mes Manes 01G064300 1

Mes_ Manes 01G064200 1

Mes Manes 01G064400 1

Ath AT4G11650_1 OSM

Aly AL6G46240 11

Cgr Cagra 191250003 1

Aly AL6G46230 11

Cegr Cagra 191250002 1

Bra Brara B02738 1

Mgu Migut E01123_1
Aco_Aqcoe7G040700_1
Aco_Aqcoe7G040600_1

Aco Aqcoe3(G114200 1
Aco_Aqcoe7G040400_1

Atr evim 27 model AmTr vl 0 scaffold00032_
Atr evim 27 model AmTr vl 0 scaffold00032_
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3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
3.45
2.95
3.53
3.45
3.45
3.45
3.45
3.45
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3.45
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3.45
3.45
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LEALL UV ARE s ARAVUICE SRARI L L T U W MAR AL U N U e

Atr evim 27 model AmTr vl 0 scaffold00032
Egr Eucgr D01904 1

Egr Eucgr 102566 1

Egr Eucgr D01892 1

Egr Eucgr H03864 1

Egr Eucgr D01898 1

Egr Eucgr H03865 1

Egr Eucgr 102568 1

Egr Eucgr H03863 1

Egr Eucgr D01894 1

Egr Eucgr D01900 1

Egr Eucgr 103623 1

Egr Eucgr 1.01962 1
Spu_SapurV1A 018350030 1
Spu_ SapurV1A 027150330 1
Spu_SapurV1A 027150340 1
Spu_ SapurV1A 018350040 1
Spu_SapurV1lA 027150350 1
Spu_SapurV1A 018350050 1
Pvu_Phvul_002G286500_1
Pvu Phvul 002G286600 1
Gma_Glyma 05G204600_1_ P21
Gma Glyma 05G204800 1
Spo_Spipo32G0003200

Aco AqecoelG274500 1
Aco_Aqcoel(G274400 1

Aco Aqcoe3G114100 1

Mes Manes 02G028400 1
Bra Brara A01323 1

Aly AL7G30420 t1

Cer Cagra 15158s0009 1
Spu_SapurV1lA 076150080 1
Mes Manes 02G025200 1
Egr Eucgr E00560 1

Egr Eucgr E00561 1
Mitr_Medtr8g096500_1
Sly_Solyc12g056360_1 1
StuPGSC0003DMT400010891
Sly Solyc12g056380 1 1
Gma_Glyma 01G217600_1
Gma _Glyma 11G025600_ 1 GmOLPa
Pvu_Phvul_002G155400_1
Mtr MedirSg010640 1

Mgu Migut A00799 1

Mgu Migut E01128_1
Sit_Seita SG078100_1

Sit Seita SG078300 1

Osa LOC 0s01g02310_1
Bdi Bradi2g01217 1

Zma GRMZM2G002555 To01
Zma GRMZM2G435592_T02

Luss

YES
YES
YES
YES
YES
YES
YES
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
NO
YES
NO
YES
NO
YES
YES
YES
YES
YES
NO
NO
YES
NO
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

Luss

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
YES
YES
YES
YES
YES

Lix1v

THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN;STYKc
THN;SCOP dlgpca
THN;S TKc
THN;Pkinase
THN:Pkinase
THN;S TKc
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o M)

4.29
3.83
3.83
3.83
3.83
4.03
3.83
3.83
3.83
345
3.83
3.83
3.83
3.76
3.76
345
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
4.93
4.93
3.45
342
4.18
3.83
3.83
3.83
3.83
3.83
4.29
3.83
3.83
3.53
38
3.3%9
3.45
345
4.03
3.93
9.91
3.83
3.83
4.03
38
38
3.59



Bdi_Bradi2g01146_1
Bdi Bradi2g01200 2
Sit_Seita SG078200_1
Bdi Bradi2g01228 1
Sit_Seita 9G148300_1
Zma GRMZM2G039639_T01
Bdi_Bradilgl3060_1

Bdi Bradilg13070 1

Osa LOC 0Os03g46070_1

Osa LOC 0Os03g45960 1

Sit_Seita 2G365800_1

Zma GRMZM2G374971_T01_Zeamatin
Zma GRMZM2G010048 TO01

Osa LOC 0Os03g46060_ 1 OSM

Asa AABO02259%(US7787) permatin
Bdi_Bradidg05440_1

Osa L.OC Os12g43490 1

Osa LOC 0s12g43450 1

Zma GRMZM2G092474 T01
Sit_Seita SG355700_1

Bdi Bradidg03290 1
Bdi_Bradidg05430_2

Pta PITA 000010735

Pta PITA 000010737

Pta PITA 000010739

Pta PITA_ 000010740

Pta PITA 000000597

Pta PITA 000041533

Pta PITA 000069097

Pta PITA_ 000070827

Pab_MA 10429511g0010

Pab_MA_ 6505g0010

Pta PITA 000024408

Pta PITA_ 000066768

Pta PITA 000087912

Pta PITA 000058482

Pta PITA 000002550

Pta PITA 000069801

Pta PITA 000020282

Pta PITA 000091230

Pta PITA 000078522

Pab_MA 10435621g0020

Pab_MA 3795g0010

Pab MA 10428085g0010

Pta PITA 000018832

Pta PITA_ 000093937

Pta PITA_ 000004949

Pta PITA 000037146

Pta PITA 000051324

Pab MA 473307g0010
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YES
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THN;S TKc
THN;S_TKc
THN;S TKe
THN;S_TKe

THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN; THN
THN
THN
THN, THN
THN
THN; THN
THN
THN
THN
THN
THN;S_TKc
THN;S TKe
THN
THN;S TKc
THN;S_TKc
THN
THN
THN;S_TKe
THN
THN;RPT 1; LRR_8; § TKc
THN; THN
THN; THN
THN;S_TKc
THN;S TKe
THN;THN;S TKc
THN;STYKc
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4.2
3.59
2.95
3.59
3.83
3.83
3.83
3.83
3.83
3.83
3.83
3.83
7.38
4.03
3.83
3.83
3.83
4.18
3.83
4.18
3.83
3.83
3.83
3.83
3.83
3.83
3.92
3.45
3.83
3.83
3.83
3.83
3.83
3.83
3.45
3.45
38
3.45
3.83
3.45
3.09
3.45
3.53
6.56
4.49
4.03
37
38
4.4
4.4



Pab MA 69685g0010

Pta PITA_ 000043543

Pta PITA 000038798

Pta PITA 000038163
Pab_MA_ 10327089g0010
Pta PITA_ 000000202
Pab_MA_ 133779g0010

Aly AL4G23320 tl

Ath AT2G28790_1

Cgr Cagra 4538s0005 1

Bra Brara D01724 1

Bra Brara G01401 1
Spu_SapurV1A 00400150 1
Spu_SapurV1A 1042s0010 1
Spu_SapurV1A 00081120 1
Mes Manes 11G132100 1
Sly_Solyc11g066130_1_1

Stu PGSCO0003DMT400001066
Aco_AqcoelG465700 1
Gma_Glyma_12G064300_1
Gma_Glyma_11G140800_1
Pvu Phvul 011G065300 1
Osa LOC_0Os01g62260 1
Bdi Bradi2g54560_1
Sit_Seita_5G375800_1

Atr evm 27 model AmTr v1 0 scaffoldo0012 94
Mgu_ Migut A01135_1

Egr Eucgr J02061_1

Mir Medirdg063630 1

Spo_ Spipo23G0021200
Pta_PITA 000013861

Atr evm 27 model AmTr vl 0 scaffoldd0124 20
Osa LOC 0Os12g38170 1
Zma GRMZM?2G066602 T01
Zma GRMZMZ2G1083%6_Tol
Gma_Glyma_10G061100_1
Gma Glyma 10G060900 1
Zma GRMZM5G861959 T02
Zma GRMZMZ2G050867_Tol
Zma AC207628 4 FGP003
Osa LOC 0Os07g04730 1
Sfa_Sphfalx0188s0003_1
Sfa_Sphfalx0431s0001_1

Sfa Sphfalk0261s0001 1
Sfa_Sphfalx0261s0004 1
Sfa_Sphfalx0057s0089_1

Sfa Sphfalk0046s0111 1

Sfa Sphfalk0163s0028 1
Sfa_Sphfalx0140s0007_1
Sfa_Sphfalx0078s0097_1

Sfa Sphfalx0140s0006 1

NO
NO
YES
YES
YES
NO
YES
YES
YES
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
NO
NO
YES
YES
YES
YES
YES
YES
YES
NO
NO
NO
NO
NO
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

THN
THN;STYKc
THN;THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN; Nup%6

'HN; 5 PPR; PPR_2; DYW_deaminas

2RPT1; THN; 2RPT2
THN
THN
THN
THN
THN
THN
THN
THN
THN
THN
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6.64
8.58
3.53
4.19
3.96
3.83
3.83
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
5.67
7.35
393
4.2
4.79
4.4
4.17
8.58
8.58
4.15
4.22
4.52
5.03
345
345
3.59
3.59
3.92
3.59
6.39
382
3.95
3.59
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Sfa Sphfalx0113s0056 1
Sfa_Sphfalx0016s0013_1
Sfa Sphfalx0287s0019 1
Ppa_Pp3c9_14830V3_1
Ppa Pp3cl7 5160V3 1
Cre_Cre02 g102300_t1 2
Ppa Pp3c9 21030V3 1
Mes Manes 08G013800 1
Gma Glyma 10G062100 1
Mtr_Medtrlg062390_1
Aco AqcoelG124700 1
Mtr_Medtr2g063150_1
Aco _AqeoelG125200 1
Smo 118249

Smo 26188

Mes Manes 13G003800 1
Mes Manes 13G003900 1
Mes Manes 12G003700 1
Spu_SapurV1A 132350010 1
Spu_SapurV1A 006750640 1
Osa LOC_0Os06gl19250 1
Osa LOC Os04g24130 1
Gma Glyma 15G258400 1

PRl

YES
YES
YES
YES
YES
NO
YES
YES
YES
YES
NO
YES
YES
NO
NO
YES
YES
YES
YES
YES
NO
YES
NO

L

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
YES
NO
NO
YES

44444

THN
THN; S TKc
THN; § TKc
THN
THN
THN; B lectin; Pkinase

99

[

345
3.59
3.59
3.02
345
3.59
5.17
4.49
5.69
5.69
5.11
521
8.76
9.04
5.7
4.19
4.36
7.21
4.69
4.84
9.02
7.81
7.89

'Domains predicted by SMART: THN, Thaumatin; RPT1, Internal Repeat 1; STY Kc, phosphotrans ferases, possible dual-
specificity Ser/Thr/ Tyr kinase; SCOP dlqpea, protein-kinase like; S TKc, phosphotransferases, serine or threonine-specific

kinase; Pkinase, protein kinase domain; LRR_8, leucine-rich repeat domain.

Osmotin sequences are in bold
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Table S3 Transposable elements that surround the Arabidopsis thaliana osmotin gene.

Data accessed in TAIR10 (Wang et al., 2012).

Transposon_Name orientation is_Sprime Transposon_min Start Transposon max End Transposon_Family Transposon_Super Family

AT4TE30225
AT4TE30230
AT4TE30235
AT4TES0270
AT4TE30310
AT4TE30315

AT4TE30390
AT4TE30395
ATATEIN400
ATATEZN405
AT4TE30410
ATATE3N415
ATATEIN420
ATATEIN42S
AT4TE30430
ATATE3N435
ATATEZN440
ATATE 0445
ATATE3N450
ATATEIN455
ATATEIN460
AT4TE30470
ATATE3N47S
ATATEZN480
ATATE30485

FALZE
TRUE
FALZE
FALSE
FALZE
FALZE

FALZE
FALZE
TRUE
FALZE
TRUE
FALSE
FALZE
FALZE
FALZE
FALZE
FALZE
FALZE
TRUE
FALSE
TRUE
FALZE
FALZE
FALZE
TRUE

6992629
6993330
6995629
F003461
T011697
012857

7027939
7028335
7028430
T028540
7029423
7029509
7030209
7030312
7030897
7031033
7051138
7032482
7032553
7034348
T034985
T037328
7037988
7038890
T040259

6994363
6994045
6995303
7003936
T012556
7012910

7028334
7028429
7028539
TOZET08
T029476
7029939
7030311
7030464
7031032
7031138
7032281
7032552
7034348
7034954
7035399
J03T798T
7033080
7039272
7040335

ATCOPLAST
ARNOLDZ
ATLIMEIII

ATREP3
VANDALNIEZ
ATDNAITIC

ATREP10A
BRODYAGALA
ATREP4
ATDNAIZTTIBE
ATDMAIZETI
ATDNATZTTIC
WANDALSA
VANDALS
VANDALA
WANDALSA
WANDALSA
VANDALS
ATREP4
ATREP2
ATREP4
ATREP1S
ATHILABA
ATREFP1?
RathEZ_cons

LTR/Copia
DMAMuDE
LIME/LL
RC/Helitron
DHAMUDE
DM AMuDE

RC/Helitron
DMAMuDE
RC/Helitron
DHAMUDR
DMAMuDE
DHNAMuDR
DHAMuDR
DHAMUDE
DMAMuDE
DHNAMuDR
DHAMUDR
DMAMuDE
RC/Helitron
RC/Helitron
RC/Helitron
E.CiHelitron
LTR/Gypsy
DNa
RathEZ cons
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Table S4 Ontology annotation for putative Arabidopsis thaliana and Oryza sativa osmotin

genes.

ID GO accession Type Name With
GO:0009651  biological_process  response to salt stress

AT4G11650 GO0009816  biological process  defense response to bacterum, meompatble mteraction
GO:0009817  biological process  defense response to fungus, meoompatible mteraction
GO:0008152  biological process  metabolic process TAIR:ATSG33280
GO:0009987  biological process  cellular process TAIR:ATSG33280
GO:0007165  biological process  signal transduction TAIR:ATSG33280
GO:0009607  biological process  response to biotic stirulus TAIR:ATSG33280

LOC_0Os01g02310.1 GO:0005575  cellular component cellular component TAIR:ATSG38280
G0:0016301  molecular function  konase activity TAIR:ATSG38280
GO:0006464  biological process  protemn modification process TAIR:ATSG38280
GO:0004872  molecular function receptor activity TAIR:ATSG38280
G0:0004871  molecular function  signal transducer activity TAIFATSGEI8ZE0
G0:0005623  cellular component cell TAIRAT4G11650

LOC_Os03246070.1 G0:0006950 b%olog::mal_process response to st.re.ss _ TAIRAT4G11650
G0:0009607  biological process  response to biotic stunulus TAIRAT4G11650
GO:00096258  biological process  response to abiotic stmulus TAIR:AT4G11650
GO:0005623  cellular_component cell TAIR:AT4G11650

LOC_Os03245960.1 GO:0006950 b%ologn:cal_process response to st.re.ss _ TAIR:AT4G11650
GO:0009607  biological process  response to biotic strnulus TAIR:AT4G11650
GO:0009625  biological process  response to abiotic stimulus TAIR:AT4G11650
GO:0005623  cellilar component cell TAIR:AT4G11650

LOC_Os03a46060.1 GO:0006950 b%olog:?u:al_process response to stlrelss . TAIR:AT4G11650
GO:0009607  biological process  response to biotic stirulus TAIR:AT4G11650
GO:0009628  biological process  response to abiotic stmulus TAIR:AT43G11650
G0:0005623  cellular component cell TAIRAT4G11650

LOC_0s12g43490.1 GO:0006950 b%olog;:cal_process response to st.re.ss _ TAIRAT4G11650
GO:0009607  biological process  response to biotic stumulus TAIRAT4G11650
G0:0009628  biological process  response to abiotic stumulus TAIFAT4GL1650
G0:0005623  cellular component cell TAIRAT4G11650

LOC_0s12g43450.1 G0:0006950 b%olog::mal_process response to st.re.ss _ TAIRAT4G11650
G0:0009607  biological process  response to biotic stunulus TAIRAT4G11650
GO:0009628  biological process  response to abiotic stmulus TAIR:AT4G11650

File S1 Amino acid sequence alignment in FASTA format.

File S2 Phylogenetic tree in Newick format.
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Abstract

Osmotins are multifunctional proteins belonging to the thaumatin-like family related to
plant stress responses. To better understand the functions of soybean osmotins in drought
stress response, the current study presents the characterisation of four previously described
proteins and a novel putative soybean osmotin (GmOLPc). Gene and protein structure as
well as gene expression analyses were conducted on different tissues and developmental
stages of two soybean cultivars with varying dehydration sensitivities (BR16 and EMB48
are highly and slightly sensitive, respectively). The analysed osmotin sequences share the
conserved amino acid signature and 3D structure of the thaumatin-like family. Some
differences were observed in the conserved regions of protein sequences and in the
electrostatic surface potential. P21-like present the most similar electrostatic potential to
osmotins previously characterised as promoters of drought tolerance in Nicotiana tabacum
and Solanum nigrum. Gene expression analysis indicated that soybean osmotins were
differentially expressed in different organs (leaves and roots), developmental stages (R1
and V3), and cultivars in response to dehydration. In addition, under dehydration
conditions, the highest level of gene expression was detected for GmOLPc and P21-like
osmotins in the leaves and roots, respectively, of the less drought sensitive cultivar.

Altogether, the results suggest an involvement of these genes in drought stress tolerance.
Abbreviations

ABA, abscisic acid; AT, air temperature; aa, amino acids; bp, base pairs; EMB4S,
EMBRAPA48; GSDS, gene structure display server; PGDD, genome duplication database;
IRR, irrigated; MCMC, markov chain monte carlo; MEGA7, molecular evolutionary
genetics analysis; MS medium, Murashige and Skoog basal salt mixture; NIRR, non-
irrigated; PR, pathogenesis-related; PEG, polyethylene glycol; RWC, relative leaf water
content; R2, reproductive stage; SMART, simple modular architecture research tool; TLPs,
thaumatin-like proteins; 3D, three-dimensional; TFs, transcript factors; TSS, transcription
start site; Wy, water potential; WGD, whole genome duplication.
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Introduction

Due to plants being sessile organisms, they are often exposed to various abiotic stresses
such as drought, cold, and soil salinity. These environmental stresses result in osmotic
changes that can lead to the disruption of normal cellular activities, thus affecting plant
growth and development. In crop plants, these effects could also hamper productivity
(Husaini and Rafigi, 2012). To avoid the consequences of multiple stresses, plants have
evolved highly complex and sophisticated defence mechanisms such as the production of
various defence-related proteins known as pathogenesis-related (PR) proteins. PRs are
classified into 17 families (PR1 to PR17) based on their amino acid composition, structure,

and biochemical function (Misra et al., 2016).

Osmotins are stress responsive multifunctional proteins belonging to the PR5 family (also
known as the thaumatin-like family) due to their high sequence similarity to thaumatin, a
sweet-tasting protein from the West African shrub Thaumatococcus danielli (Abdin et al.,
2011). Osmotins were first isolated and characterised in tobacco cells adapted to a low
osmotic potential, but also have been induced in several plant species - including Glycine
max (soybean) - in response to various abiotic and biotic stresses (Parkhi et al., 2009;
Weber et al., 2014). In view of their involvement in stress responses, many studies have
aimed to overexpress osmotin in agronomically important crops (Barthakur et al., 2001;
Parkhi et al., 2009; Goel et al., 2010; Annon et al., 2014; Weber et al., 2014). Transgenic
plants overexpressing osmotin-like proteins have been shown to confer tolerance to salt,
drought, freezing, as well as fungal and bacterial infection (Kumar et al., 2016).

As a primary contributor to global food production, soybean is one of the most important
commodities. Current and predicted climate change, which suggests increased frequency,
duration, and severity of drought periods, or intense heat, represent a serious challenge for
agricultural production in Brazil and worldwide (Cunha et al., 2014; Chen et al., 2016).
The evaluation of the relative effect of climate and agricultural technology on soybean
productivity in Brazil indicated that some regions can be more heavily affected by climate
change. Although the environmental suitability of some areas would increase, an overall
decrease in environmental suitability was observed, indicating that soybean cultivation in

Brazil could be highly threatened in the future (Caetano et al., 2018).
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Drought is one of the most relevant environmental factors that dramatically limits soybean
grain yield. Over the years, the development of drought-tolerant cultivars has served as a
solution to yield losses (Shin et al., 2015). Moreover, a promising strategy to develop
tolerance against abiotic stress is based on the overexpression of PR proteins - such as
osmotins - in transgenic plants (Ahmed et al., 2013). Notably, Weber et al. (2014)
demonstrated that the expression of Solanum nigrum osmotin in soybeans improved the
physiological responses and yield components of transgenic plants subjected to water
deficit. However, the molecular basis of osmotin action in response to drought remains
unclear. In this sense, any attempt to improve stress tolerance first requires an improved
understanding of the underlying physiological, biochemical, and molecular events (Abdin
etal., 2011).

To date, soybean presents four identified osmotins: P21, GmOLPa, GmOLPb, and P21le
(P21-like). P21 protein was the first osmotin identified in soybean, and has been purified
from mature leaves without any stress treatments (Graham et al.,, 1992). GmOLPa,
GmOLPb, and P21e isoforms were further characterised as being involved in high-salt
stress and hormonal responses (Onishi et al., 2006; Tachi et al., 2009). Despite their high
sequence similarities, some differences in three-dimensional (3D) structure, electrostatic
potential, subcellular location, and gene expression suggested that each soybean osmotin
could play a distinctive role in defence against high salt stress (Tachi et al., 2009).
Although three soybean osmotins have been suggested as being related to salinity

response, the roles of soybean osmotins in drought stress and tolerance remain unclear.

To better understand the functions of soybean osmotins in drought stress response, we
present the characterisation of four previously described proteins and a novel putative
soybean osmotin. The analysis included the protein sequence, subcellular location,
individual 3D protein structure, electrostatic potential, gene structure, chromosomal
position, gene duplication, putative cis-elements, and expression pattern of these osmotins
in different tissues and developmental stages of two soybean cultivars with different

sensitivities to dehydration.
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Materials and Methods
Data mining and phylogenetic analyses

Data mining was performed to identify osmotins that have been expressed in transgenic
plants and have demonstrated a relationship to drought tolerance. Previously identified
osmotins from Nicotiana tabacum (X61679) (Das et al., 2011) and Solanum nigrum
(AF450276) (Weber et al., 2014) were used as queries for a blastp search against the
Glycine max full genome available at Phytozome v.012. Two other previously
characterised S. nigrum osmotins (AF473702 and KC292261) were also included in the
analysis. All soybean sequences retrieved from blastp share the thaumatin domain, thus
suggesting that they belong to the thaumatin-like family. Protein isoforms were excluded
to refine the analysis. The full-length coding sequences (cds) were translated into amino
acid sequences and aligned using the Muscle algorithm from MEGA7 (Molecular
Evolutionary Genetics Analysis) software (Kumar et al., 2016). The thaumatin domain
sequences of N. tabacum and S. nigrum were identified by the Simple Modular
Architecture Research Tool (SMART) (Letunic and Bork, 2017) and used as a reference to
determine the thaumatin domain region of the other aligned sequences. The thaumatin
domain sequence was then used for phylogenetic analysis. The sequences were manually
edited, and the Prottest 3.4 program (Abascal et al., 2005) was used to identify the optimal
protein evolution model for Bayesian analysis. The phylogenetic analysis was
reconstructed using the Bayesian method in the Beast 1.8 package (Drummond et al.,
2012). WAG+G was the best model for protein sequences dataset according Prottest
(Abascal et al., 2005). The Birth-Death process was selected as a tree prior to Bayesian
analysis, and 50,000,000 generations were performed with the Markov Chain Monte Carlo
(MCMC) algorithms. Tracer 1.6 (Rambaut et al., 2014) was used to verify the effectivity of
obtained data by the convergence of Markov chains and adequate effective sample sizes
(>200) after the first 10% of generations had been deleted as burn-in. The TreeAnnotator
(Beast 1.8 package) was used to access the maximum clade credibility of the consensus
tree. The tree was visualised and edited wusing FigTree v1.4.3 (http://
tree.bio.ed.ac.uk/software/figtree/). Statistical support for the clades was determined by
accessing the Bayesian posterior probability. Further editions were performed by visual

analysis of sequence organisation in the reconstructed tree.
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Gene and protein structure analysis

Osmotin sequences were analysed for gene and protein structures as well as signal peptide
information. Intron/exon structures and organisation were determined from the Gene
Structure Display Server (GSDS) program, developed by the Centre of Bioinformatics
(CBI), Peking University (Hu et al., 2015). The protein structures, signal peptides, and
subcellular locations were predicted using SMART (Letunic and Bork, 2017), SignalP 4.1
Server  (http://www.cbs.dtu.dk/services/SignalP/), and  TargetP 1.1  Server
(http://www.cbs.dtu.dk/services/TargetP/), respectively. To verify the conserved residues,
protein sequences were aligned using MEGA 7 software, and the alignments were further
visually inspected using GeneDoc (Nicholas et al., 1997). The conserved residues were
identified according to Petre et al. (2011) and Ahmed et al. (2013).

Chromosomal localisation and duplication pattern

The chromosomal localisation and gene duplication patterns were determined for soybean
osmotin sequences using the Genome Duplication Database (PGDD), considering a 100kb
syntenic region (http://chibba.agtec.uga.edu/duplication/) (Lee et al., 2013) and MCScanX
software (http://chibba.pgml.uga.edu/mcscan2/) (Wang et al., 2012).

Bioinformatic sequences analysis and comparative modelling protocol

The SignalP 4.1 sequence analysis (Petersen et al., 2011) revealed that the first 20 amino
acids were identified as a signal peptide. Hence, these residues were excluded from the
molecular modelling procedure. We used the comparative modelling approach, and
implemented in the MODELLER 9v19 program (Sali and Blundell, 1993) to construct 3D
models of osmotins Gma OLPb, Gma_P21llike, Gma P21, Gma GmOLPc, and
Gma_OLPa based on the 3D structure of grape thaumatin-like protein (PDB ID 4L5H)
(Marangon et al., 2014). For Sni_SnOLP, Sni_SindOLP and Sni_Jami models were based
on the 3D structure of NP24-1 from Solanum lycopersicum (PDB ID: 2I10W) (Ghosh and
Chakrabarti, 2008).

The protocol used to perform molecular modelling experiments was: generation of 10
models, from which one model for each osmotin sequence was selected. All models were

submitted to the DOPE energy scoring function (Shen and Sali, 2006) implemented in
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MODELLER 9v19 to select the best structures. The MOLPROBITY webserver (Chen et
al., 2010) and PROCHECK (Laskowski et al., 1993) were used to verify and validate the
stereochemical quality of the models. Electrostatic surface potential were calculated using
the program APBS and displayed with the PyMOL program (The PyMOL Molecular
Graphics System, Version 1.5.0.4 Schrddinger, LLC). All images were generated using the
PyMOL program. Multiple sequence alignment comparisons were performed using
ClustalW (Combet et al., 2000) using the Blosum matrix for amino acid substitutions and

the default parameters to infer possible structural similarities.
Gene expression data mining

In order to gain insights regarding gene expression, soybean osmotin RNA-seq expression
data were searched in the Soybean eFP Browser (http://bar.utoronto.ca/efpsoybean/cgi-
bin/efpWeb.cgi) (Libault et al., 2010), RNA-Seq Atlas of Glycine max (Severin et al.,
2010), and data from drought stress experiments (Le et al., 2012; Belamkar et al., 2014;
Shin et al., 2015; Chen et al.,2016).

Soybean dehydration assay for gene expression analysis

To improve the investigation on soybean osmotin expression in response to drought stress,
two experiments were performed using the BR16 and EMBRAPA48 (EMBA48) soybean
cultivars, which are highly and slightly sensitive to dehydration stress (Oya et al., 2004),

respectively.

The first experiment was performed under greenhouse conditions at an air temperature of
28+5°C using natural illumination. Plants were grown in 5L-plastic pots filled with a
substrate/soil mixture. Eight seeds were sown per pot, and four plants remained after
thinning following plant emergence. Prior to sowing, seeds were inoculated with two
Bradyrhizobium strains (B. elkanii and B. japonicum). Once a week, Hoagland solution
was applied to each pot. Treatments consisted of two water regimes (control/irrigated and
drought stress/non-irrigated), and were imposed for 38 days after sowing, when plants
were at R1 growth stage (onset of flowering) (Fehr and Caviness, 1977). From plant
emergence until the R1 growth stage, pots were weighed daily and irrigated with water (if
necessary) to maintain soil moisture at approximately 90% of field capacity. The
experiment was performed using a randomised block design with four biological replicates.
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Each pot was considered an experimental unit. In order to characterise drought stress and
physiological responses, relative leaf water content (RWC), minimum leaf water potential,
leaf temperature, and the quantum yield of photosystem PSIl were determined at 8
(moderate stress) and 10 (severe stress) days after watering suspension. The uppermost
fully expanded leaves were used for data collection. Leaves from both cultivars with four
biological replicates were also collected and frozen in liquid nitrogen for gene expression

analysis. Samples were stored at -80°C until the analyses were performed.

In the second experiment, plants from the two cultivars (BR16 and EMB48) were grown in
pots containing vermiculite supplemented with half strength MS medium (Murashige and
Skoog Basal Salt Mixture) once per week. The pots were maintained under growth
chamber conditions (26 £ 1°C with a 16/8 h light/dark cycle at a light intensity of 22.5

21y and irrigated once per day. At the /3 stage, plants were removed from pots, roots

pEm
were washed, and entire plants were exposed to air. Leaves and roots were collected from
both cultivars with five biological replicates at three time points (0, 6, and 12 hours).

Samples were frozen in liquid nitrogen and stored at -80°C.
Physiological analysis

Relative leaf water content (RWC) estimates the current water content of sampled leaf
tissue relative to the maximum water content it can hold at full turgidity, which was
determined by the following relationship: RWC(%)=[(fresh weight — dry weight)/(turgid
weight — dry weight)]*100. Firstly, the fresh weight of two leaves per plant and per
treatment was determined. Thereafter, leaves were left floating in distilled water in Petri
dishes for 24 hours, and the turgid weight was then recorded. Finally, leaves were dried in
an oven at 65°C for 48 hours, and their dry weight was measured (Salvador et al., 2012).
Minimum leaf water potential was measured at 1:00pm using a Scholander-type pressure
chamber (Model 3000, Soil Moisture Co., EUA) (Scholander et al., 1965; Boyer, 1967).

Leaf temperature was measured remotely by an infrared thermometer (Incoterm Co., Séo
Paulo, Brazil) with temperature range of -10 to 60°C, emissivity of 0.98 W m, and a field
of view of 2.80°. Readings were performed at the same time (11:00am) and at same
distance (15 cm) between the leaf and thermometer on the adaxial surface of the uppermost

fully expanded leaf in four plants per replicate. At this distance, the measured area on leaf
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surface is approximately 9 mm?. During measurements, air temperature was recorded, and
the difference between both variables (AT) was calculated by the following relationship:
ATIeaf—air-

The quantum yield of photosystem 11 was determined under natural light conditions with a
portable pulse modulation fluorometer (Model OS1-FL, Opti-Sciences, Hudson, USA).
Measurements were performed at 11:00am on the adaxial surface of the uppermost fully
expanded leaf in four leaves per replicate.

Gene expression analysis

Total RNA was extracted with a Trizol reagent (ThermoScientific) and treated with DNase
I (ThermoScientific) according to the manufacturer’s instructions. First-strand cDNAs
were obtained using 1 pg of DNA-free RNA, M-MLV Reverse Transcriptase System™
(ThermoScientific) and oligo(dT) primers. To evaluate relative gene expression, the first-

strand cDNA reaction product was diluted at 1:100.

Gene expression was analysed using real-time quantitative polymerase chain reaction (RT-
gPCR). Primers were designed using Primer3 software (http://frodo.wi.mit.edu/)
(Koressaar and Remm, 2007; Untergasser et al., 2012) according to the gene sequences
(Table S1). The reactions were performed in a 25 pL volume containing 10 uM of each
primer, 12.5 puL of diluted cDNA sample (1:100), 1 x PCR buffer, 50 mM MgCl,, 10 mM
of each ANTP, 2.5 uLL SYBR-Green solution (1:100,000, Molecular Probes Inc., Eugene,
OR), and 0.06 U Platinum Tag DNA Polymerase (ThermoScientific). The RT-gPCR was
performed using a StepOne Applied Real-Time Cycler in a 96-well plate. Cycling
conditions were implemented as follows: 5 min at 94 °C for an initial denaturation, 40
cycles of a 10 s denaturation step at 94 °C, a 15 s annealing step at 60 °C, and a 15 s
extension step at 72 °C ending with 2 min at 72 °C for a final extension. Melting curve
analysis was performed at the end of the PCR run over a range of 55-99 °C, increasing the
temperature stepwise by 0.1 °C/s. Technical triplicate reactions were performed for each
sample. The CYP2 and ELF1A genes were used as references for expression
normalisation. Relative expression fold changes were determined using the 27**“' method
described by Livak and Schmittgen (2001).
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Statistical analysis

Physiological data from the two soybean cultivars, which were submitted or not to drought
stress at the R1 reproductive stage, were subjected to analysis of variance (ANOVA).
When the F-test was significant (p<0.05), a comparison of means was performed by
Duncan’s test (p=0.05) using the software SPSS Statistics version 17.0. Gene expression
data were subjected to a log, transformation prior to analysis in order to make data
distribution more symmetrical (less skewed), since log-transformed data have less extreme
values compared to untransformed data (Willems et al., 2008; Zwiener et al., 2014).

In silico promoter analysis

The putative promoter region - located 2,000 base pairs (bp) upstream of the transcription
start site (TSS) of each soybean osmotin gene - was used to search for putative cis-
elements. The analysis was performed wusing the Plant Pan Database
(http://plantpan2.itps.ncku.edu.tw/) (Chang et al., 2008). In addition, the transcript factors
(TFs) identified by Plant Pan Database were searched in the RNA-seq data available from
the literature on soybean submitted to drought stress. Only upregulated TFs genes were

included.
Results
Data mining and phylogenetic analysis

Transgenic plants of different species expressing N. tabacum and S. nigrum osmotin genes
have been shown to exhibit enhanced drought stress tolerance (Table 1). Two previously
characterised osmotins (Nta_X61679 OSM and Sni_AF450276_SnOLP) were used as
query sequences for blastp in soybean genome. A total of 61 soybean sequences were
retrieved. The four N. tabacum and S. nigrum osmotin sequences (Nta X61679 OSM,
Sni_AF450276_SnOLP, Sni_AF473702_Jami, and Sni_KC292261 SindOLP) (Table 1)
were included in further analyses. Following protein alignment, six sequences showed

missing data, and therefore were excluded.

A phylogenetic tree reconstructed with the remaining 59 thaumatin-like sequences allowed
the identification of an osmotin monophyletic clade including the eight previously

identified osmotins from N. tabacum, S. nigrum, G. max (Nta_OSM, Sni_SnOLP,
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Sni_SindOLP, Sni_Jami, Gma_01G217700_GmOLPb, Gma_05G204600_P21,
Gma_05G204800 P21-like, and Gma_ 11G025600 GmOLPa), and a fifth soybean
osmotin (Gma_Glyma_01G217600, GmOLPc) that has yet to be characterised (Fig. S1).
GmOLPc was identified as a homologous sequence of GmOLPa (Fig. 1a). A subclade for
the Solanaceae sequences (N. tabacum and S. nigrum) was formed inside the osmotin
group. Moreover, a common ancestor was shared by the Solanaceae subclade and the
GmOLPb sequence. Furthermore, the homologous sequences P21 and P21-like share a
common ancestor with GmOLPb and the Solanaceae subclade, indicating more similarities

among these sequences than GmOLPa and GmOLPc (Fig. 1a).
Gene and protein structure

In order to identify similarities between the osmotins, gene and protein structures were
analysed for exon-intron organisation pattern, protein length, domain, signal peptide, and

conserved residues.

Gene and protein structures were very similar among osmotins, which generally have no
introns along the gene sequence and present a signal peptide followed by the thaumatin
domain (Fig. 1a). GmOLPb was the unique exception, presenting two introns in its
sequence and no signal peptide. Osmotin protein length varied from 222 (P21like) to 249
(GmOLPDb) amino acids (aa). All osmotin proteins presented a thaumatin domain, and are
predicted to be targeted to the secretory pathway. The three S. nigrum osmotins presented

the same gene and protein structures, THN domain, and signal peptide length (Fig. 1a).

In general, the conserved amino acids described for the thaumatin domain - 16 cysteine
residues, REDDD, and FF hydrophobic motifs - were identified in the osmotin sequences
in similar positions to those described in previous publications (Petre et al., 2011; Ahmed
et al., 2013), with the exception of Nta_OSM - which lost a cysteine residue - and for
GmOLPc, which presents the aspartate'® residue (D) instead of the glutamate™® (E) in the
REDDD motif (Fig. 1b). Despite this change, the two amino acids (D and E) have the same
characteristics (polar, hydrophilic, and negatively charged), implying a substitution without
different properties. Other amino acid substitutions were observed in the acid cleft
position, some of which between amino acids with similar properties and others with

different properties. For example, the substitution of methionine?® (M) in GmOLPa and
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GmOLPc by lysine?’® (K) in P21 and P21-like, and the substitution of glutamine?’® (Q) in
Nta_OSM, Sni_SnOLP, Sni_SindOLP, Sni_Jami, and GmOLPb. Methionine residue is
hydrophobic and neutral, while lysine is hydrophilic, polar, and negatively charged, and
glutamine is hydrophilic, polar, and neutral. Other substitutions between amino acids with
different properties were observed in the methionine®*® (M) of GmOLPc and GmOLPa

216

sequences. This residue was replaced by a threonine=™ (T) in the other osmotins, which is

a polar, hydrophilic, and neutral amino acid (Fig. 1b).
Chromosomal localisation and duplication pattern

The chromosomal localisation of soybean osmotin-encoding genes and the putative
mechanism of their duplication are illustrated in Figure 1c. The soybean osmotin-encoding
genes are distributed on chromosomes 1, 5, and 11. On chromosome 1, two osmotin genes
are identified (GmOLPc and GmOLPb), which are classified as WGD (whole genome
duplication) and tandem duplication. P21 and P21-like, WGD and proximally duplicated,
respectively, are localised on chromosome 5. In addition, the osmotin gene GmOLPa was
identified on chromosome 11 and classified as WGD. All soybean osmotin genes were
localised at the end of chromosomes (Fig. 1c). A synteny analysis confirmed the WGD
classification of the paralogous soybean osmotin genes GmOLPc, P21, and GmOLPa (Fig.
2).

Protein sequence analysis and comparative modelling

Although significant differences have not been observed in amino acid content, sequence
analysis of osmotins revealed differences in net charge. The net charges of S. nigrum
(Sni_SnOLP, Sni_SindOLP, and Sni_Jami) and N. tabacum (Nta_OSM) proteins ranged
from 0 to +5, whereas those of G. max (GmOLPa, Gma_P2llike, Gma_ P21,
Gma_GmOLPc, and Gma_OLPb) varied from -5 to +4 (Table 2). Notably, only the
Gma_P21-like osmotin has a positive net charge (+4), which is similar to the cationic

osmotins of S. nigrum and N. tabacum.

In order to characterise differences among the osmotins of N. tabacum, S. nigrum, and G.
max, three-dimensional (3D) structures for all proteins were built. The analysis revealed a
conserved overall architecture of the osmotin proteins Nta_OSM, Sni_SnOLP,
Sni_SindOLP, Sni_Jami, Gma _OLPa, Gma_GmOLPc, Gma P21, Gma_P21-like, and
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Gma_OLPb, which is also preserved among the thaumatin protein family (Anzlovar et al.,
2003). The modelled structures comprise three domains: (i) domain I, containing 11
stranded PB-sheets organised as a [B-barrel, forming the protein core; (ii) domain II,
containing an a-helix and a set of disulphide rich-loops; and (iii) domain Il1, containing a

B-hairpin and a coil motif, both maintained by a disulphide bond (Fig. 3).

Since the fold is conserved, the distribution of charges in the protein surface was evaluated
based on the electrostatic potential surface, which aimed to identify different patterns
among proteins. It was observed that all osmotins displayed a negatively charged cavity
(Fig. 4). However, the N. tabacum and S. nigrum proteins presented a predominantly
positively charged posterior region, whereas for G. max that region is predominantly

negatively charged, with the exception of Gma_P21-like osmotin (Fig. 4c).
Gene expression data mining

In order to gain insights regarding soybean osmotins expression, RNA-seq data available
from different sources were investigated. Among soybean osmotins, only the P21, P21-
like, and GmOLPa relative expression was observed in the investigated sources (Fig. 5 and
Table 3). Using the Soybean eFP Browser, an up regulation of P21like and GmOLPa was
detected in roots, while P21 up-regulation was detected in leaves. A slightly increased
expression of the three genes was also observed in soybean flowers (Fig. 5a). Using the
RNA-Seq Atlas of Glycine max, a greater number of read counts in flowers was detected in
the three genes, especially P21. P21 also exhibited a high number of read counts in young
leaves and pods, while GmOLPa showed higher counts in roots. GmOLPa and P21-like

were also expressed in nodules (Fig. 5b).

Considering RNA-seq data, the differential expression of osmotin genes in response to
dehydration and developmental stage has been verified (Table 3). P21 has shown to be
upregulated in response to drought stress in leaves, during reproductive stage (R2), and 6
hours after treatment in the Pl 416937 genotype (slightly sensitive to dehydration stress)
(Shin et al., 2015) and 6 days after treatment in the Williams 82 cultivar (highly sensitive
to drought) (Ha et al., 2015). Data from Belamkar et al. (2014) and Shin et al. (2015),
showed that P21-like and GmOLPa osmotins were upregulated 6 and 12 hours after

drought treatment in the roots of Williams 82 during the vegetative stage, and 6, 12, and 24
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hours after treatment in leaves of the Pl 416937 and Benning cultivars (highly sensitive to
dehydration stress) during the reproductive stage. According to Le et al. (2012) data, P21-
like osmotin was upregulated and downregulated 6 days after drought treatment in the
leaves of Williams 82 during the reproductive and vegetative stages, respectively.

However, the response was the reverse for GmOLPa (Table 3).
Gene expression analyses

Plants of the two soybean cultivars BR16 and EMB48 have been described as highly and
slightly sensitive to dehydration stress (Oya et al., 2004), and were used in two different

experiments to investigate soybean osmotin expression in response to drought stress.

In the first experiment physiological variables were determined and gene expression was

evaluated (Table 4 and Fig. 6, respectively).

Relative water content (RWC) and leaf water potential can be used to determine plant
water status, and integrates the effects of several drought adaptive traits (Mir et al., 2012).
In the present study, the greatest difference in RWC was observed in the severe water
stress regime (Table 4). At this point, the irrigated (IRR) plants of both cultivars exhibited
higher RWC compared to the non-irrigated (NIRR) plants. Moreover, EMB48 NIRR plants
presented higher RWC than BR16 NIRR. Differences among treatments in the same
cultivar under moderate and severe stress were detected for minimum leaf water potential
(Ymin)- NIRR plants of both cultivars exhibited a decrease in leaf water potential,

indicating their efforts to cope with water deficit.

Leaf temperature could also be indicative of plant stress (Martynenko et al., 2016). Plants
of both cultivars exhibited increased leaf temperature in relation to air temperature (AT)
under drought stress conditions. However, under severe stress, EMB48 NIRR plants
exhibited a lower AT compared to BR16 NIRR plants (Table 4).

The quantum yield of photosystem Il reinforces the differences between the two cultivars
under drought stress. Under both stress conditions (moderate and severe), EMB48 plants
responded better than BR16 plants, and did not present significant differences between
IRR and NIRR plants.
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The gene expression of soybean osmotins and ABA response markers genes were also
accessed in plants involved in this first experiment (Fig. 6). All transcript levels were
calibrated in relation to the expression level of BR16 IRR plants under moderate stress.
The expression of three ABA response markers (GmABI1, GmBZIP1, and GmDREB?2)
increased in BR16 NIRR plants under moderate stress. Under this stress condition, no
differences were observed between cultivars in the expression patterns of GmAB1 and
GmBZIP1. However, in BR16 NIRR plants, the expression of GmMDREB2 was greater than
in EMB48 NIRR plants. An increment in the expression of GmAB1 and GmDREB2 was
observed in EMB48 NIRR plants. Under severe stress, no differences were detected in
GmAB1 and GmBZIP1 expression. Under this condition, the induction of GmDREB2 was
observed for both cultivars in NIRR plants. BR16 NIRR plants presented higher expression
of GmMDREBZ2 than EMB48 NIRR plants under both moderate and severe stress levels.

In addition, the expression profiles of osmotin genes were also evaluated (Fig. 6). No
differences were observed for GmOLPb or P21-like osmotins under moderate stress. BR16
NIRR plants exhibited incremental expression of GmOLPa and GmOLPc under both stress
conditions, while EMB48 NIRR exhibited an increment only in GmOLPc expression under
severe stress. An increment of P21-like expression was observed in NIRR plants for both
cultivars under severe stress. When differences were detected between cultivars, BR16
plants generally presented higher expression of osmotin encoding-genes than EMBA48
plants.

In the second experiment, BR16 and EMB48 plants were grown in a growth chamber until
the V3 stage. At this stage, plants were removed from vermiculite and exposed to air at 0,
6, and 12 hours. Leaves and roots were collected, and osmotin gene expression was
evaluated. All transcript levels were calibrated in relation to the expression level of BR16
roots at Oh. At Oh, no expression was detected for osmotins in the leaves of both cultivars,
except slight expression of GmOLPb in BR16. At the same time point, all genes presented
expression in the roots of both cultivars. GmOLPa expression was regularly observed in
roots of both cultivars. Its expression increased until 12h in leaves and until 6h in roots.
The highest expression of GmOLPa was observed in EMB48 roots at 6h. The expression
of GmOLPc also increased until 12h in leaves and until 6h in the roots of both cultivars.

The highest level of GmOLPc expression was observed in EMB48 leaves at 12h, while
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EMBA48 leaves and roots presented higher GmOLPc expression than BR16 at 6h. GmOLPb
also presented higher expression in BR16 leaves at 6 and 12h. In EMBA48, slight expression
was detected for this gene in leaves at 12h and roots at 0 and 12h. P21-like osmotin
expression was detected only in roots at 0 and 6h. The highest expression level for this

gene was observed in the roots of EMB48 at 6h.
In silico promoter analysis

Temporal and spatial gene expression is influenced by the presence of different cis-
regulatory elements in the promoter region, where transcription factors can bind. The cis-
elements analysis revealed a strong presence of binding motifs for AT-Hook and
homeodomain transcriptional factors family (Table 5). Myb cis-elements were the third-
most present among all soybean osmotin promoter regions. NAC and bZIP cis-elements
were also well represented. Analysis of the available RNA-seq data (Le et al., 2012;
Belamkar et al., 2014; Chen et al., 2016) from drought stressed soybean did not identify
the upregulation of AT-Hook genes. However, homeodomain and Myb genes were among

the most abundant upregulated transcription factors recorded under drought conditions.
Discussion

Various osmotin proteins have been identified from a variety of plants and characterised
based on their potential subcellular location, pl value, and gene expression in response to
biotic and abiotic stresses (Tachi et al., 2009; Chowdhury et al., 2015; Ullah et al., 2017).
Furthermore, studies on transgenic plants overexpressing osmotins have demonstrated the
potential of this overexpression to protect plants against different stresses (Weber et al.,
2014; Kumar et al., 2016). In the present study, we aim to elucidate the roles of soybean
osmotin in drought stress response, and the structural and transcriptional characteristics of
four previously described proteins and a novel putative soybean osmotin. N. tabacum and
S. nigrum osmotins, previously characterised as providers of drought tolerance in plants,
were used as references (Table 1). A phylogenetic tree was reconstructed and an osmotin
clade was formed, thus allowing the identification of a novel soybean osmotin sequence
(GmOLPc) (Figs 1 and S1). The GmOLPb soybean sequence was shown to be the most
similar sequence to the Solanaceae osmotins, although it is a unique osmotin sequence that

has two introns and no signal peptide (Fig. 1a). In this context, Xu et al. (2012) highlighted
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that exon-intron structure alterations are prevalent in duplicated genes and, in many cases,

have led to the generation of functionally distinct paralogs.

Duplication of genomic content can occur by many independent mechanisms, such as
tandem duplication (consecutive duplications involving one or two genes), proximal
duplications (duplications near one another but separated by a few genes), and whole-
genome duplications (WGD; originate by polyploidy events) (Flagel and Wendel, 2009;
Wang et al., 2012). GmOLPb previously characterised as a neutral osmotin (Tachi et al.,
2009) was here classified as a tandem duplication found in chromosome 1 proximal to
GmOLPc (Fig 1c), the novel putative osmotin sequence. GmOLPc is homologous to the
acidic GmOLPa previously characterised by Onishi et al. (2006). The duplication pattern
of GmOLPc, GmOLPa, and P21 was classified as WGD (Fig. 1c). P21-like osmotin was
located near P21 (its homologous sequence) on chromosome 5 and was classified as a
proximal duplication. Duplicated genes can undergo neofunctionalisation (when one copy
acquires a novel function) or subfunctionalisation (when both copies are mutated and adopt

complementary functions) (Lynch and Conery, 2000; Lynch and Force, 2000).

Responses to stress generally involve integrated circuits involving multiple pathways and
cellular compartments. The subcellular localisation of a protein can provide important
information regarding its function within the cell (Abdin et al., 2011). The score location
assignment program suggests that all osmotin sequences are secretory proteins (Fig. 1a).
Osmotins could also be synthesised as precursors presenting a C-terminal elongation that
mediates their transport to the vacuole. This vacuole targeting was already identified for
the N. tabacum and S. nigrum osmotins (Fig. 1b) (Campos et al., 2002). A C-terminal
elongation was also identified in GmOLPb and proposed as vacuole targeting (Tachi et al.,
2009). The acidic isoforms GmOLPa and P21 as well as P21-like and GmOLPc osmotins
lack C-terminal elongation (Fig. 1b). Osmotin proteins that lack C-terminal elongation
have been predicted to be released into an extracellular space by the direct effects of the N-
terminal signal peptide (Onishi et al., 2006). The secretory nature and multiple location
targeting of osmotins are in agreement with their multifunctional role in plant responses to
biotic and abiotic stresses (Abdin et al., 2011). Furthermore, it has been also demonstrated
that both intracellular and extracellular osmotins may be involved in plant drought
tolerance (Onishi et al., 2006; Parkhi et al. 2009). According to Chowdhury et al. (2017),
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higher concentrations of glycine, proline, and threonine in the interior of the cell might
play an important role in the control of abiotic stress. However, in the present study, no
significant differences in these amino acid contents among osmotin sequences were
observed (Table 2).

The nine protein sequences here analysed (Nta OSM, Sni_SnOLP, Sni_SindOLP,
Sni_Jami, Gma_OLPa, Gma_GmOLPc, Gma_P21, Gma_P21-like, and Gma_OLPb) share
the conserved amino acid signature and 3D structure of the thaumatin family, indicating
their inclusion in this protein family (Figs 1b and 3). Despite their similarities, some
differences were observed in the conserved regions of protein sequences and in
electrostatic surface potential. The GmOLPc and GmOLPa sequences have two important
substitutions involving amino acids with different properties in the acidic cleft region.
These substitutions change a hydrophilic amino acid by a hydrophobic methionine®%21®)

in both sequences. GmOLPc also has an aspartate'® 109

residue (D) instead of the glutamate
residue (E) in the REDDD motif, which is an important sequence in the acidic cleft related
to PR5 antifungal activity (Koiwa et al., 1999). According to the authors, in addition to its
acidic nature, the cleft region is rich in hydrophilic residues, which is a characteristic fairly
typical of carbohydrate-binding sites. Therefore, the acidic REDDD motif and the
hydrophilic residues of the acidic cleft region are important in determining protein
antifungal activity (Jami et al., 2007). In addition, a study conducted on the basic osmotin
of tobacco suggests that the acidic cleft of this protein forms a hollow for Ca*? electrostatic
binding that facilitates the interaction to glycans on the surface of fungal cells, thereby
leading to plasma membrane permeabilisation and damage (Salzman et al., 2004). Notably,
as shown for some osmotins, Ca*? is also related to enhanced plant drought tolerance by
protecting the structure and stability of cellular plasma membranes against lipid
peroxidation, elevating proline content, and maintaining normal photosynthesis (Song et
al., 2008; Kumar et al., 2015). In spite of all nine analysed osmotins presenting a negative
cavity, some differences in electrostatic potential were observed in the posterior region of
the proteins and in their net charge. All soybean osmotins are negatively charged, except
for P21-like, which has a positive net charge and a posterior region that is predominantly
positively charged. The charge characteristics of P21-like are similar to those of N.

tabacum and S. nigrum osmotins (Table 2 and Fig. 4). Differences in the topology and
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surface electrostatic potential surrounding the cleft are thought to determine the specificity
of TLPs to their target proteins and ligands (Min et al., 2004).

The two cultivars BR16 and EMB48 - highly and slightly sensitive to dehydration,
respectively - were evaluated for physiological variables to determine plant stress status.
Differences between the two cultivars were observed for RWC, ATies - air, and quantum
yield of photosystem Il (Table 4). EMB48 retained more water in its leaves than BR16,
maintaining a lower leaf temperature and photosystem Il integrity, thereby reinforcing its
characterisation as slightly sensitive to dehydration. A previous study showed that drought
tolerant soybean genotypes were able to maintain RWC values and chlorophyll content at
steady-state levels, even under stress conditions (Hossain et al., 2014). These physiological
adaptive traits are frequently associated with abscisic acid (ABA) phytohormone signalling
(Mir et al., 2012; Hossain et al., 2014; Martynenko et al., 2016). The results presented in
the current study indicated that GmDREB2 ABA marker gene expression generally
increased in both BR16 and EMBA48 cultivars under moderate and severe water stress (Fig.
6). GmDREBZ2 was previously described as being responsive to ABA signalling and being
involved in ABA-dependent signal pathways in soybean (Chen et al., 2007). According to
the authors, GmMDREB2 acts as an important transcriptional activator and may be useful in
improving plant tolerance to abiotic stresses. It has also been revealed that tobacco osmotin
is induced in cultured cells and roots in response to ABA treatment and under polyethylene
glycol (PEG)-mediated water or salt stresses (Ullah et al., 2017). According to Onishi et al.
(2006), the expression of GmOLPa osmotin in response to ABA and dehydration may be
primarily induced via an ABA-independent transcriptional pathway. The in silico promoter
analysis of osmotins performed in the present study revealed a strong presence of AT-
Hook, homeodomain, and Myb cis-elements (Table 5). The presence of Myb cis-elements
(involved in dehydration and abscisic acid (ABA) response) upstream to the GmOLPa
coding sequence was also reported by Onishi et al. (2006). Although NAC and bZIP cis-
elements have not been as numerous in the promoter region of soybean osmotins, their
encoding genes have been frequently identified as being upregulated under drought stress
conditions. Notably, the GmOLPc and GmOLPa promoter region also have a small number
of WRKY cis-elements. Moreover, the upregulation of WRKY-encoding genes has been

related to drought stress response (Dias et al., 2016).
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As previously mentioned, the overexpression of osmotins could also promote abiotic stress
tolerance in transgenic plants (Ahmed et al., 2013). The present study demonstrated that
soybean osmotins (GmOLPa, GmOLPb, P21-like, and GmOLPc) were differentially
expressed in different organs (leaves and roots), developmental stages (V3 and R1),
cultivars (BR16 and EMB48), and in response to dehydration (Figs 6 and 7). In the first
experiment, in which the leaves of soybean cultivars were collected at the R1
developmental stage, BR16 osmotins were more induced compared to EMB48 osmotins
(Fig. 6). However, in the second experiment, in which soybean plants were sampled at V3
stage, the GmOLPa, GmOLPc, and P21-like osmotins of EMBA48 exhibited higher
expression than those of BR16 at certain time points and organs (Fig. 7). The expression of
these three osmotins at Oh (control) was exclusive to roots. GmOLPa and GmOLPc
exhibited expression in leaves following dehydration treatment, while P21-like osmotin
showed expression only in roots (Fig. 7). These results are congruent with in silico data
that supports the expression of P21-like and GmOLPa osmotins being observed only in the
roots of non-stressed soybean plants (Fig. 5a). Onishi et al. (2006) also reported that
dehydration for 24 h markedly increased expression of the GmOLPa gene in roots, and

also induced low levels of expression in stems and leaves.

In conclusion, in the present work we characterized a new soybean osmotin-encoding gene
(GmOLPc) and its expression pattern and putative product were compared to the already
known osmotin isoforms (P21, GmOLPb, GmOLPa and P21-like). Our results show that
the soybean osmotins expression pattern is organ and developmental stage dependent. The
highest level of gene expression was detected for GmOLPc and P21-like osmotins in
leaves and roots, respectively, of the less drought sensitive cultivar. We have also
demonstrated that P21-like osmotin presents the most similar net charge to those osmotins
previously characterised as promoters of drought tolerance in N. tabacum and S. nigrum.
Overall, the results suggest the involvement of GmOLPc and P21-like osmotins in drought

stress tolerance.
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Tables

Table 1 Transgenic plants overexpressing osmotins that confer drought tolerance.

Gene name ID Donor Transgenic plant Reference
- Nicotiana tabacum Barthakur et al. (2001)
- Gossypium hirsutum L.  Parkhi et al. (2009)
- Solanum lycopersicum  Goel et al. (2010)

Osmotin X61679 Nicotiana tabacum  Morus indica Das et al. (2011)
- Daucus carota L. Annon et al. (2014)
M29279 Camellia sinensis L. Bhattacharya et al. (2014)
- Olea europaea L. Silvestri et al. (2017)
SnOLP AF450276 Glycine max Weber et al. (2014)
OLP AF473702 Solanum nigrum Solanum lycopersicum  Kumar et al. (2016)
SindOLP KC292261 Sesamum indicum Chowdhury et al. (2017)

"-" indicates that the sequence ID was not available in the manuscript.

Table 2 Glycine, proline, and threonine amino acids content in Nicotiana tabacum, Solanum

nigrum, and Glycine max osmotin sequences.

Glycine Proline  Threonine Net charge

Nta_OSM 11.4 % 8.2% 9.4 % 5
Sni_SnOLP 10.5 % 8.5% 10.1 % 0
Sni_SindOLP 10.9 % 8.5% 9.7 % 2
Sni_SnJami 10.5 % 8.5% 9.7 % 0
Gma_GmOLPb 12.0 % 7.6 % 7.2% -1
Gma_GmP2llike  10.8% 6.3% 9.5% 4
Gma_GmP21 12.1% 6.2 % 8.5% -1
Gma_GmOLPc 9% 5.8% 10.3% -4

Gma_GmOLPa 9.8 % 5.8 % 9.4 % -5
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Table 3 Microarray and RNA-seq data from soybean submitted to drought stress experiments.

Developmental

Reference Genotype Time stage Organ P21-like P21 GmOLPa
Williams 6 R2 Leaves
1
Leetal., 2012 82 days V6 Leaves
Belamkar et al Williams 1h
12h
6h
Pl 12h R2 Leaves
Shin et al., 20152 24h
6h
Benning  12h R2 Leaves
24h
Williams 7
Chen et al., 20162 82 days va Leaves
L Microarray
analysis

2 RNA-seq analysis

Red and green rectangles indicate upregulation and downregulation, respectively.
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Table 4 Physiological variables of two soybean cultivars (BR16 and EMB48) at the R1
developmental stage under moderate and severe water stress.

Physiological variable  Stress Treatment BR16 EMB48
IRR 86.3 Ab 90.7 Aa
Moderate (+4.5) (+0.8)
NIRR L7 A 741 A
RWC (%) (+5.0) (+5.2)
IRR 908 A 911,
Severe (+0.4) (+0.9)
54.9 70.6
NIRR Bb Ab
(+0.8) (+3.6)
-0.67 -0.77
IRR Aa Ag
Moderate (+0.05) (+0.05)
131 -1.24
NIRR Ab Ab
Puin (MPa) (+0.18) (+0.28)
IRR 0.73  aq 070 AL
Severe (+0.03) (+0.05)
NIRR 195 ap 159 ap
(+0.27) (+0.23)
IRR 257 ap 183 A
Moderate (+0.79) (+0.97)
0.77 0.67
NIRR Aa Ad
AT eas - air (°C) (+0.90) (+ 1.07)
-2.25 -3.13
IRR Ab Bb
Severe (+0.28) (+0.65)
0.74 -0.66
NIRR Aa Ba
(+0.64) (+0.35)
IRR 060  Aq 053 a4
Moderate (+0.04) (+0.05)
NIRR +0(-)435 Bb +o(.)633 Aa
PSII quantum yield (+0.05) (+0.03)
IRR 066 a4 0.68  aq
Severe (+0.01) (+0.003)
NIRR 050 gy 0.67
(+ 0.06) (+0.02)

IRR, irrigated.

NIRR, non-irrigated.

RWC, relative water content.

Yyine Minimum leaf water potential.

AT et air, I€af temperature in relation to air temperature.

PSII, photosystem 11

Capital letters correspond to the comparison among means of cultivars within the same
treatment.

Small letters correspond to the comparison among means of irrigation treatments within the
same cultivar.

Means followed by the same letter do not differ significantly (Duncan’s test, p < 0.05). Values



between parentheses represent the standard error of the mean.
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Table 5 Transcription factor binding sites (TFBS) identified in the promoter sequences of soybean

osmotin genes and the number of TFs upregulated in expression data.

Number of cis-elements

Upregulated TFs in drought stressed

soybeant

- GMOLPa GmOLPc GmMOLPb P21 P21- | Leetal, Chenetal, Belamkaretal,
TF family like 2012 2016 2014
AP2 8 3 17 19 35
AP2; B3 7 12 3 8 10
AT-Hook 135 93 143 67 74 1
bHLH 9 9 3 5 5 9 50 24
bZIP 13 27 23 33 21 9 32 9
C2H2 8 2 13 8 17 6 20 10
bZIP; homeodomain; HD-ZIP 2 4 2 2 3
EIN3 6 5 3 8 11 2 2
GATA 22 6 2 7 5 11 2
Sox 2 2 2 1
Homeodomain 59 58 79 70 54 2 20 7
MADF 6 2 13 12 14 1
MADS box 9 6 4 12 8 1 4 3
Myb/SANT 53 40 48 55 37 27 89 28
NAC; NAM 20 22 14 10 14 30 54 10
SBP 35 52 1 14 1 1
TBP 25 47 83 40 25 4
TCP 1 1 1 6 2 3 1
TCR 12 7 40 12 10
WRKY 21 34 1 2 2 39 56 6
CG-1 2 6 2
GRAS 2 13 5
B3 1 2 6
Motif sequence only 82 96 75 99 68 - - -
Others 1 1 1 1 - - -

1 Available expression data with gene function annotation. Number of TFs upregulated genes according to each study.
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Fig. 1. Osmotin in silico analysis. (a) Detailed representation of the phylogenetic

relationship among the thaumatin domain within the osmotin monophyletic clade with

corresponding gene and protein structure information. Subcellular locations are humbered
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according to the TargetP server from one to five, where one indicates the strongest
prediction. S, secretory pathway. (b) Alignment of osmotin protein sequences. Conserved
residues and protein secondary structure are indicated according to Petre et al. [23].
Orange letter background corresponds to conserved amino acids (aa) among the nine
analysed sequences. Blue and red arrows indicate aa substitutions with similar and
different properties, respectively. (c) Chromosomal location and duplication of soybean
osmotins. Black vertical lines represent the chromosomes with their numbers at the top.

WGD, whole-genome duplication.
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Fig. 2. Syntenic regions between paralogous soybean osmotin genes. Green horizontal

lines represent the chromosomes. Blue and red vertical lines and arrows represent the
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duplicated paralogous genes. The red lines represent the sequence used as the search query
(indicated at the top of each syntenic region). The white arrow indicates no duplicated

genes. The e-value for each syntenic region is shown.

Fig. 3. Three-dimensional structure of Gma_P21. The protein structure is coloured
based on its domains: (i) domain I (red), consisting of a 11 stranded B-sheet organised as a
B-barrel that forms the protein core; (ii) domain Il (green), consisting of an a-helix and a
set of disulphide-rich loops; and (iii) domain 11l (blue), presenting a B-hairpin and a coil
region, which are both maintained by one disulphide bond each. The main chain is
represented as an illustration and the disulphide bonds are presented as sticks. The
Sni_SnOLP, Sni_SindOLP, Sni_Jami, Gma_OLPb, Gma_P21like, Gma_P21, Gma_OLPc,
and Gma_OLPb structures share the same topology. The image was generated with

PyMOL Molecular Graphics System version 1.5.0.4 (Schrédinger, LLC).
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(b)

Fig. 4. Electrostatic surface potential of osmotin proteins. The colours indicate charges
in the electrostatic surface potential; where red, blue, and white represent negative,
positive, and neutral regions, respectively. (a) Sni_SnOLP image representing the
electrostatic surface potential of Solanum nigrum and Nicotiana tabacum osmotins. (b)
Gma_OLPb image representing the electrostatic surface potential of Glycine max
osmotins, except Gm_P21-like. (c) Gma_P21-like. Images generated with PyMOL

Molecular Graphics System version 1.5.0.4 (Schrddinger, LLC).
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Fig. 5. In silico gene expression analysis. (a) Relative expression profile of soybean
osmotin genes from the RNA-seq BAR database. Red and blue colours indicate
upregulated and downregulated genes, respectively (Log ° ratio) in different organs/tissues
as plotted in the bar scale. (b) Digital gene expression counts of the uniquely mappable
reads from RNA-Seq Atlas of Glycine max raw data. RNA-seq reads were only mapped to

the initial genome assembly (i.e. Wm82.al.v1).
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Fig. 6. Gene expression analyses in a greenhouse experiment involving plants at the
R1 development stage submitted to moderate and severe stress. The relative expression
levels of genes in leaves were measured by RT-gPCR. NIRR, non-irrigated plants.
Irrigated (IRR) plants of each cultivar were used as control. CYP2 and ELF1A reference
genes were used as internal controls to normalise the amount of mRNA present in each
sample. All transcript levels were calibrated in relation to the expression level of BR16
IRR plants under moderate water stress. Data represent the means of four biological
replicates with three technical replicates each. Capital letters correspond to the comparison
among means of cultivars within the same treatment. Small letters correspond to the
comparison among means of treatments within the same cultivar. Means labeled with the
same letter do not differ significantly (Duncan’s test, p < 0.05). Error bars represent the

standard error of the mean.
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Fig. 7. Gene expression analyses in a growth chamber experiment of plants at the V3
development stage submitted to drought stress. The relative expression levels of genes
in leaves and roots were measured by RT-gPCR at 0 (control), 6, and 12 hours after
dehydration treatment. CYP2 and ELF1A reference genes were used as internal controls to
normalise the amount of mMRNA present in each sample. All transcript levels were
calibrated in relation to the expression level of BR16 roots at Oh. Data represent the means
of five biological replicates with three technical replicates each. Means labeled with the
same letter do not differ significantly (Duncan’s test, p <0.05). Error bars represent the

standard error of the mean. Nd, not detected.



Supporting information

Table S1 Primer set designed for RT-qPCR.

Genes Primers (5'—3") References

GmOLPb Forward CCAATTTGGCAACCAGGATTT
Reverse TTGTGACACCCACCGTTTAG

GmOLPc Forward GTGCGGTCCCACAGATTATT
Reverse TTGCATCGTCCATAGGGTAAC

GmOLPa Forward GTTGCGGTCCCACTGATTAT This study
Reverse GCGTCATCCATAGGGTAACTAAA

P21like Forward TTGTTCTTTGTGACCGCTCTAT
Reverse GGGTATGAGCATCGGTTTGT

P21 Forward AAAGCCGTGTTCTTTGTAATCG
Reverse GTGTATGTGCATCGGTTTGTG

GmDREB2 Forward GCTGACGTGGCTGGAACTAA Chen et al. (2007)
Reverse TTCCGCTCGCCTTAACTTCC

GmABI1  Forward TGTGCCAGAGAAGTAAGCGC Wang et al. (2010)
Reverse GCAAGAATTGAGGCTGCTGG

GmbZIP1 Forward ATTGCCACCACTTCCACCAT

Reverse

Gao et al. (2011)
GCAGGAGGAGTAGAAGGCCA
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max and previously characterised N. tabacum and S. nigrum osmotins. Osmotin group is

pink coloured according to posterior probability values.
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CONSIDERACOES FINAIS

Desde sua identificacdo em 1987, as osmotinas vem sendo estudadas
devido ao seu grande potencial biotecnolégico para o desenvolvimento de
cultivares mais tolerantes a estresses bidticos e abidticos. Ao longo desses anos,
muito se descobriu sobre sua distribuicdo em diferentes organismos e espécies,
sobre sua estrutura e funcdo, seu mecanismo de expressdo e acao, e sua
utilidade biotecnologica. Porém, até entdo, nenhum estudo havia focado na
origem evolutiva das osmotinas e na sua diversificacdo dentro da familia

Thaumatins-like proteins (TLPS).

No presente estudo, reconstruimos a histéria evolutiva das TLPs e
identificamos a origem do grupo das osmotinas. A partir da arvore filogenética
gerada, observamos um complexo padrdo de evolucdo molecular, no qual
eventos de duplicacdo distintos e mecanismos de ganhos e perdas de genes
dirigiram a evolugdo e diversificagdo da familia génica. A partir das analises,
identificamos que as duplicacbes em tandem e em bloco tiveram um importante
papel na expansdo das TLPs a partir das embridfitas. Organizacdes e motivos
especificos para alguns subgrupos de proteinas também foram encontrados. Os
resultados obtidos permitem hipotetizar que a adaptacdo a novos ambientes levou
a fixacdo de diferentes aminoacidos e a consequente formacdo de diferentes
subgrupos de proteinas dentro desta familia. Para confirmar esta hipotese
analises futuras de residuos de aminoacidos sob selecdo positiva devem ser
realizadas, no intuito de melhor compreender a evolucao e possivel diversificacao

funcional dessas proteinas.

Dentre os subgrupos identificados na arvore filogenética encontra-se o
subgrupo das osmotinas, que tiveram sua origem a partir das espermatofitas.
Neste subgrupo, encontram-se todas as sequéncias de proteinas ja
caracterizadas como osmotinas e outras identificadas como possiveis osmotinas.
O acesso a bancos de dados de ontologia e expressdo génica das possiveis
osmotinas de Arabidopsis e arroz contribuiu para a caracterizagdo do subgrupo
das osmotinas. Apesar disso, ainda se fazem necessarias novas analises de

expressdo e estudos funcionais das osmotinas de diferentes espécies em



146

resposta a estresses, a fim de melhor caracterizar funcionalmente este subgrupo

de proteinas.

Osmotinas de espécies vegetais distintas ja foram relacionadas com
repostas a estresses. Dentre elas encontram-se as osmotinas de tabaco e
Solanum nigrum. Estudos de superexpressdo de osmotinas de tabaco
demonstraram que as mesmas podem conferir tolerdncia a seca em plantas
transgénicas de variadas espécies vegetais: Nicotiana tabacum (Barthakur et al.,
2001), Gossypium hirsutum L. (Parkhi et al., 2009), Solanum lycopersicum (Goel
et al., 2010), Morus indica (Das et al., 2011), Daucus carota L. (Annon et al.,
2014), Camellia sinensis L. (Bhattacharya et al., 2014), Olea europaea L. (Silvestri
et al.,, 2017). Da mesma forma, osmotinas de Solanum nigrum tornaram as
plantas de Glycine max (Weber et al., 2014), Solanum lycopersicum (Kumar et al,.
2016) e Sesamum indicum (Chowdhury et al., 2017) menos sensiveis a falta de

agua.

A soja apresenta quatro osmotinas ja caracterizadas e denominadas P21,
GmOLPa, GmOLPDb e P21-like. A partir de nossa andlise filogenética confirmamos
a presenca destas sequéncias no subgrupo das osmotinas e identificar uma nova

sequéncia até entdo desconhecida, a qual denominamos GmOLPCc.

Estudos prévios com as osmotinas de soja descritas até entéo,
demonstraram seu envolvimento nas respostas ao estresse salino (Onishi et al.,
2006; Tachi et al., 2009). Sabe-se que as respostas das plantas ao sal e a seca
estao intimamente relacionadas e os mecanismos se sobrepdem. Apesar disso, 0
papel das osmotinas de soja na resposta ao estresse hidrico e sua relevancia na
tolerancia de plantas a seca continuou desconhecido. No presente estudo,
demonstramos que as osmotinas de soja respondem diferentemente ao estresse
hidrico, em diferentes 6rgdos (folha e raiz), estadios de desenvolvimento (V3 e
R1) e cultivares com sensibilidades distintas a seca (EMB48, tolerante; BR16,
sensivel). A partir deste estudo verificamos que os genes GmOLPc e P21-like
foram os mais expressos nas folhas e nas raizes, respectivamente, na cultivar
tolerante EMB48. Além disso, mostramos que a proteina P21-like apresenta o

potencial eletrostatico e a carga total mais semelhante as cargas e potenciais das
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osmotinas de Nicotiana tabacum e Solanum nigrum, ja caracterizadas como
promotoras de tolerancia a seca em plantas transgénicas de diferentes espécies.
Esses resultados sugerem o envolvimento das osmotinas GmOLPc e P21-like na
tolerancia a seca em soja. Porém para confirmar seus reais efeitos se faz

necessario um estudo funcional dos genes que codificam essas proteinas.

A superexpressao de genes relacionados a resposta a estresses tem se
mostrado muito Util ndo s6 para a analise funcional desses genes, como também
para obter o aumento de tolerdncia ao estresse em plantas transgénicas
(Shinozaki and Yamaguchi-Shinozaki, 2007). Nosso grupo de pesquisa ao longo
dos anos vem obtendo sucesso na técnica de transformacédo pelo método de
bombardeamento de particulas. Weber et al. (2014), por exemplo, utilizaram esta
técnica para superexpressao do gene da osmotina de Solanum nigrum (SnOLP),
sob o controle do promotor constitutivo da Ubiquitina 3 de Arabidopsis (UBQ3-P),
que resultou na obtencéo de plantas de soja menos sensiveis ao estresse hidrico.
Outro método implementado no nosso laboratério consiste na obtencdo de raizes
transformadas, mediada por Agrobacterium rhizogenes. Esta técnica se torna
interessante uma vez que a percepcgao e a resposta da planta ao estresse hidrico
se dao primeiramente pela raiz. Além disso, 0 método de obtencdo de raizes
transformadas por A. rhizogenes € uma ferramenta bastante Util para testar o
efeito de genes de interesse em um curto espago de tempo (Weber and
Bodanese-Zanettini 2011).

No contexto acima, com o intuito de melhor compreender o papel das
osmotinas GmOLPc e P21-like na tolerancia a seca em soja foi iniciado o estudo
funcional desses genes. As sequéncias codificadoras foram clonadas a partir do
DNA extraido da cultivar tolerante EMB48. Primers especificos foram projetados
utilizando o programa Primer3plus adicionando-se a sequéncia CACC necessaria

para a clonagem via sistema GateWay (Invitrogen) (Tabela 1).
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Tabela 1. Primers para clonagem via sistema GateWay.

Genes Primers (5° 3')

GmOLPc Forward CACCATGGCCGTCACGAAAAGC
Reverse TTAAGGGCAAAACACAACCCT

P21-like Forward CACCATGACTCTCACAAAGGCCT
Reverse TCAAGGGCAAAAGACAACCCT

Os vetores pENTR::GmOLPc/P21-like  foram enviados  para
sequenciamento e os resultados alinhados com as sequéncias dos genes
GmOLPc e P21-like obtidas no Phytozome utilizando o programa MEGA 7 para
confirmacdo da correta amplificacdo. De acordo com as analises realizadas,
apenas o gene P21-like foi clonado e recombinado corretamente no vetor pENTR.
Este foi recombinado para o vetor de destino pmdc43 resultando no vetor final
pmdc43::P21-like que contém o gene da osmotina P21-like, gene reporter GFP
(green fluorescent protein), dirigidos pelo promotor de expressao constitutiva 35S
do virus mosaico da couve-flor (P35S CaMV), e gene HygR (que confere

resisténcia a higromicina) para selecao das plantas (Figura 1).
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Figura 1 - Vetor pmdc43::P21llike. HygR, gene que confere resisténcia a
higromicina para selecdo das plantas; KanR, gene que confere resisténcia a
canamicina para selecdo das bactérias; CaMV 35S, promotor de expressao
constitutiva 35S do virus mosaico de couve flor; GFP, green fluorescent protein.

Na proxima etapa esta prevista a obtencdo de plantas compostas com
raizes transgénicas da cultivar sensivel BR16 via transformacdo por A.
rhizogenes. As plantas compostas serdo submetidas ao estresse hidrico e a
avaliadas quanto ao fenotipo. Espera-se que as plantas com raizes transformadas
superexpressando o gene da osmotina P21-like sejam menos sensiveis a falta de
agua do que as plantas com raizes transformadas com o vetor vazio (sem o gene
de interesse P21-like). Novos experimentos de localizacdo subcelular em
protoplastos de A. thaliana, duplo hibrido e transformacédo estavel de plantas de
soja via bombardeamento visando a superexpressao e/ou silenciamento do gene
P21-like deverdo ser realizados. Além disso, a clonagem do gene GmOLPc
devera ser repetida para a realizacdo de experimentos de transformacéao, a fim de
confirmar a possivel relacdo do gene com a tolerancia ao estresse hidrico em

plantas de soja.
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