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RESUMO

Sementes acumulam grandes quantidades de proteinas como fonte de carbono, nitrogénio,
enxofre e aminoacidos, que sdo requeridos durante o desenvolvimento inicial da planta. As
albuminas 2S formam uma importante classe de proteinas de reserva em sementes, tendo
multiplas atividades, tais como inibitoria de proteases, antibacteriana e antiflngica. Neste
sentido, as albuminas 2S sdo potencialmente estudadas como via de controle de doencas em
culturas vegetais economicamente importantes, uma vez que 0S compostos convencionais
utilizados para este fim apresentam custos elevados e danos ao ambiente. Neste contexto,
nosso grupo de pesquisa vem investigando proteinas ligantes a quitina (Mo-CBPs) purificadas
das sementes quiescentes de Moringa oleifera, que integram a familia das albuminas 2S. As
Mo-CBPs exibem potente atividade contra fungos fitopatogénicos. O presente estudo teve por
objetivo investigar a expressdo génica, a localizacdo espaco-temporal e possivel atividade
antifungica das Mo-CBPs ao longo do desenvolvimento e germinacdo da semente de M.
oleifera. Quatro estagios do desenvolvimento da semente, contados em dias apds a antese
(DAA) foram estudados e identificados como seguem: embrido globular (15 DAA); embrido
cordiforme (30 DAA); embrido em maturacdo (60 DAA); e embrido maduro (90 DAA). A
localizacdo in situ das Mo-CBPs também foi investigada nos tecidos da semente em
germinacdo, sendo considerados quatro estagios: 24, 48, 72 e 96 horas apds a semeadura
(HAS). O acumulo de transcritos de Mo-CBPs e suas proteinas correspondentes ndo foram
detectadas nos estagios iniciais do desenvolvimento embrionario (15 e 30 DAA). Porém, eles
se expressaram, intensamente, nos estagios finais de maturacdo da semente, com maior
acimulo aos 60 DAA. As Mo-CBPs foram detectadas nos ultimos estagios de
desenvolvimento da semente (60 e 90 DAA) e a andlise de localizag&o in situ revelou que
estas proteinas formam densos depdsitos nos vacuolos dos cotilédones da semente madura (90
DAA). As Mo-CBPs néo foram detectadas nas sementes em 72 e 96 HAS, indicando que tais
proteinas foram degradadas durante o processo germinativo. As Mo-CBPs apresentaram
atividade inibitéria sobre a germinacdo de esporos de trés espécies de Fusarium. Os
resultados do presente estudo foram semelhantes aos obtidos para albuminas 2S de outras
espécies de Brassicales e sugerem, também, que as Mo-CBs desempenham um duplo papel,

como proteinas de armazenamento e defesa de sementes de M. oleifera.

Palavras-chave: Albumina 2S. Atividade antifungica. M. oleifera. Proteina ligante a quitina.



ABSTRACT

Seeds accumulate great amounts of proteins that are used as source of carbon, nitrogen, sulfur,
and amino acids required during the initial development stages of plants. The 2S albumin
family encompasses storage proteins that in addition have other activities like inhibition of
proteolytic enzymes and antibacterial and antifungal compounds. Due its biological
properties, 2S albumins stand out for their potential to combat plant diseases in economically
important crops. In place of commercial compounds that are costly and cause environmental
pollution. Aware of these problems, our research group has been investigating the chitin
binding proteins purified from Moringa oleifera quiescent seeds (Mo-CBPs) that also belong
to the 2S albumins family. Mo-CBPs present a potent activity against phytopathogenic fungi.
The present work aims to assess the gene expression, spatio-temporal localization and
possible antifungal activity of Mo-CBPs during Moringa oleifera seed development and
germination. During M. oleifera seed maturation, four stages of development, counted in days
after anthesis (DAA), were studied: globular embryo (15DAA); heart-shaped embryo (30
DAA); cotyledonary embryo prior dissection (60 DAA); and cotyledonary embryo after
dissection (90 DAA). Accumulation of Mo-CBPs transcripts and corresponding proteins were
not detected in the initial stages of embryonic development (15 and 30 DAA). However, their
transcripts were intensely expressed in the final seed maturation stages, particularly at 60
DAA. The presence of Mo-CBPs assessed by ELISA was detected only in the last stages of
seed maturation (60 and 90 DAA). Mo-CBPs in situ localization analyses showed their strong
presence into vacuolar structures in the cotyledons of mature seeds (90 DAA). During
germination, immunohistochemistry analyses revealed a degradation pattern of Mo-CBPs.
Antifungal activity assay indicated that Mo-CBPs are active in the last stages of seed
maturation. They inhibited the spore germination of three Fusarium species. All together,
these results are similar to data obtained for other 2S albumins belonging to Brassicales.
These results also suggest that Mo-CBPs play a dual role as storage and defense proteins in

the seeds of M. oleifera.

Key words: 2S albumin. Antifungal activity. M. oleifera. Chitin binding protein.



LISTADE FIGURAS

Figural - Armazenamento de proteinas de reserva (SSPs) em sementes representativas
A€ ANQIOSPEIIMAS ....eeveeiieieeiie ettt sre et neesreebeeneenreas 15

Figura2 — Esquema representativo do processo de biossintese e transporte das proteinas
de reserva em SEMENES (SSPS) .....oiveiiiiiiieriesie e 17

Figura3 - Esquema estrutural da quitina e da parede celular dos fungos

............................................................................................................................ 20
Figura4 — Estruturas esquematicas de formas tipicas e variantes das albuminas 2S de
PLANTAS ... e 23
Figura5 — Habito, partes vegetativas e reprodutivas de M. oleifera Lam .............ccceeenve. 25
Figura6 - Representacdo estrutural da isoforma Mo-CBPs-1, com base na estrutura
CHSLAIOGIATICA ... 27
Figura7 — Alinhamento das sequéncias de aminoéacidos da isoforma Mo-CBP3-3 e de
aAlbuminas 2S de PIaNTas .........cooiriiiiiieee e 28
Figura8 — Moringa oleifera fruit and seed at different developing stages .................... 41
Figura9 — SEM and optical micrographs of a representative Moringa oleifera seed at
different developmental Stages ..............ccoviiuiririiiiiiii e 42
Figura 10 — Relative expression pattern of genes that encode Mo-CBPs during the
Moringa oleifera seed development ..............coooviiiiiiiiiiiiii e, 43
Figura 11 — Immunological cross-reactivity analysis and partial purification of Mo-CBPs
from M. oleiferaseed .........coovieiiinii i 44
Figura 12 — In situ localization of Mo-CBPs in a representative Moringa oleifera seed at
different developing stages by confocal laser scanning microscopy ............. 46
Figura 13 — Stereomicroscope photographs of a representative M. oleifera seed showing
changes in the embryo during germination ...................cocoiiiiiii e, 46

Figura 14 — In situ localization of Mo-CBPs in the cotyledon cells of a representative

Moringa oleifera seed during germination ................cc.oooiiiiiiinieniiiiinnnnn, 47



Figura 15 — Antifungal activity of Mo-CBPs on spore germination ...........................

Figura 16 — Optical micrographs showing the absence of growth inhibition of fungi

incubated with protein fractions isolated from M. oleifera seeds ................



AMP

CBD
GlcNac
LTP

8CM
Proteina PR
PSV

SSP

LISTADE ABREVIATURAS E SIGLAS

Peptideo antimicrobiano (antimicrobial peptide)

Dominio ligante a quitina (chitin-binding domain)
B-(1,4)-N-acetil-D-glucosamina

Proteina transferidora de lipideo (lipid transfer protein)

Motivo cisteinico 8 (eight cysteine motif)

Proteina relacionada a patogénese (pathogenesis-related protein)
Vacuolo de reserva proteica (protein storage vacuole)

Proteina de reserva em sementes (seed storage protein)



2.2
2.3
2.4
2.5

3.1
3.2

4.1

4.2
421
421
4.2.2
4.2.3
4231
4.2.3.2
4.2.4
4.2.5

4.2.6
4.2.7
4.2.8
4.2.9
4.3

43.1
4.3.2
4.3.3

SUMARIO

LN EI0] 5161070 I 14
REVISAO DE LITERATURA ....oooviieeteeeee e es s ssnas s asses s naenenes 15
Proteinas de reserva em sementes: classificagdo, biossintese e

ArMAZENAMENTO ..t e e e 15
Proteinas antifingicas em sementes VEgetais ..........ccceveveereeresiereeseeseennnan, 18
Proteinas da familia albumina 2S: estrutura e biossintese ............cccceeenenen. 21
Proteinas ligantes a quitina: classificacao e estrutura ............cccocvevveiveieennnne 22
Sementes de Moringa oleifera: fonte de CBPs antifngicas ............cc.ccoeue.ee. 24
OBUIETIVOS ...t e e e nnee e e 29
ODBJELIVO QEIaAl ..o e 29
ODbjJetiVos ESPECITICOS .....cviivieiicie et 29
ARTIGO REFERENTE A TESE ..ottt 30
] R oo [U Tt 1 o] o USSR 31
Material and MEthOdS ...........cooiiiiiie e 33
Biological materials and chemical reagents ..........cccccceevveveiieve e 33
Biological materials and chemical reagents ...........c.ccoovviviiineii i 33
Histological charaCterization ... 34
Gene expression @NAIYSIS .........ccviiieieie e 35
RNA EXIFACTION ...ttt bbb b nennenne s 35
Quantitative real time PCR ...... .o e 35
Mo-CBPs and protein fraction preparation ...........c.cccoceoeeveneneneniesesineieeneenns 36

Cross-reactivity of the polyclonal antibodies raised against Mo-CBP4 with
Mo-CBP2, M0-CBP3, and MO-CBP4 .............civiiiiiiiiiiiseeieiee. 38

Assessment of MO-CBPS DY ELISA ... 38
In situ localization 0f MO-CBPS .........ccccoiiiiiiiiiee e 39
ANLITUNGAl ACTIVITY ... 39
Statistical aNAIYSIS .......ooeiiiie s 40
RESUITS ..t 40
Histology of developing M. oleifera seed ..........ccccocvveveeieicnveesc e 40
Gene expression pattern of Mo-CBPs during the seed development .............. 43

Cross-reactivity between Mo-CBP2, Mo-CBP3, and Mo-CBP4 isoforms

against the polyclonal antibodies raised against Mo-CBPa..........cccccccevevvvennee. 43



4.3.4

4.3.5
4.3.6

Detection and quantification of Mo-CBPs in the protein fractions from M.
OlEITEIA SERAS . .o oo 43
In situ localization of Mo-CBPs in M. oleifera seeds .......ccccccevvevvecciiicieneennn 45

Inhibition of Fusarium spp. spore germination by the protein fractions from

M. OlEITEIA SEEAS ..., 47
DT T o1 03] [o] o N 48
(010 N[ I U 157X ISR 60

REFERENCIAS ..o oottt e et et er e e e er e e es e e s et e e er e e esaeseraeesarenns 61



12

1 INTRODUCAO

As sementes estocam carbono na forma de carboidratos, lipidios e proteinas que
se acumulam durante uma fase crucial do desenvolvimento vegetal e representam o principal
valor nutricional dos gréos. As proteinas de reserva perfazem até 50% do total protéico em
sementes maduras, constituindo-se numa importante fonte de nutrientes para a dieta animal,
incluindo o homem. Como funcdo bioldgica primordial, as proteinas de reserva fornecem
nitrogénio, enxofre e aminoacidos que sdo mobilizados durante a germinacao e estagio pds-
germinativo até que os 6rgdos da plantula estejam fotossinteticamente ativos. Além do seu
papel de reserva molecular, estas proteinas comumente sdo ativas contra diversos
microrganismos patogénicos, principalmente fitopatdgenos, sugerindo sua participacdo na
defesa vegetal (SHEWRY; HALFORD, 2002). As proteinas de reserva em sementes como
moléculas multifuncionais sdo vistas como novas ferramentas biotecnoldgicas, especialmente
na area da salde e da agricultura. Assim, o potencial destas moléculas tem sido intensamente
explorado para fins de geracdo de medicamentos mais eficazes a baixo custo e na producdo de
plantas transgénicas resistentes ao ataque de patdgenos, reduzindo, assim, a necessidade de
aplicacdo de pesticidas (CANDIDO et al., 2011).

Dentre as proteinas de reserva encontradas nas sementes, as albuminas 2S
destacam-se como um grupo de moléculas estruturalmente diverso, conhecido, em geral, por
suas propriedades alergénicas, emulsificantes, inibitérias de enzimas proteoliticas,
antibacterianas e antifungicas (MARIA-NETO et al., 2011). A expressiva atividade contra
fungos fitopatogénicos das albuminas 2S, assim como de outras proteinas de reserva, tem
estimulado o uso destas moléculas como uma estratégia alternativa de controle de doencas em
plantas, em detrimento a préatica intensiva de fungicidas convencionais. Os efeitos desta
ultima pratica, como danos a salude humana e ao meio ambiente, bem como o surgimento de
linhagens de fungos resistentes, tém incentivado a busca por novas biomoléculas fungitoxicas
de variadas fontes vegetais (YAN et al., 2015). Neste contexto, Moringa oleifera Lam.
representa uma potencial fonte de proteinas da familia albumina 2S com relevante atividade
antifingica.

M. oleifera é a espécie mais conhecida da familia Moringaceae, especialmente
pelo uso das suas sementes na purificacdo de agua. No tratamento da &gua turva, proteinas
cationicas com baixa massa molecular presentes na semente de M. oleifera sdo os agentes
ativos na coagulacdo de particulas e microrganismos em suspensdo (GASSENSCHMIDT et
al., 1995; NDABIGENGESERE et al., 1995). Além da propriedade coagulante, tais proteinas
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apresentam atividade antibacteriana, incluindo espécies patogénicas ao homem, como
Escherichia coli (GHEBREMICHAEL et al., 2005). A partir destes estudos iniciais, diversas
proteinas tém sido isoladas da semente de M. oleifera. Tais proteinas exibem amplo espectro
de acdo contra patogenos, dentre as quais se encontram peroxidases, inibidores de proteases
serinica, lectinas (SANTOS et al., 2009; BIJINA et al.,, 2011; SHANK et al., 2013) e
proteinas ligantes a quitina. Estas ultimas denominadas Mo-CBPs em referéncia a designacéo
inglesa “chitin-binding proteins from M. oleifera seeds”.

Nosso grupo de pesquisa foi responsavel pela purificacdo e descoberta da
atividade antifungica das Mo-CBPs. A capacidade das Mo-CBPs de se ligarem a quitina foi
identificada durante seu processo de purificacdo, quando da utilizacdo da matriz de quitina,
como suporte de afinidade. No procedimento subsequente, usando uma matriz trocadora de
cations, foram isoladas as isoformas Mo-CBP2, Mo-CBP3 e Mo-CBP4, nomeadas de acordo
com a sua ordem de eluicio (NETO et al., 2017). A sequéncia de aminoacidos e
caracterizagdo estrutural de Mo-CBP3z evidenciou a alta identidade desta proteina com
membros da familia albumina 2S (FREIRE et al., 2015; ULLAH et al., 2015). De acordo com
a literatura, as albuminas 2S sdo codificadas por uma familia multigénica gerando diversas
isoformas, apds processamento proteolitico (MORENO; CLEMENTE, 2008; CANDIDO et
al., 2011). Por esta razdo, foi levantada a hip6tese de que as Mo-CBPs sdo tipicas albuminas
2S, mas com um sitio ligante a quitina.

Mo-CBP2 e Mo-CBP4 destacaram-se por uma pronunciada atividade contra fungos
patogénicos ao homem. A primeira proteina mostrou-se ativa contra espécies de Candida (C.
albicans, C. parapsilosis, C. krusei e C. tropicalis) (NETO et al., 2017), enquanto que, a
ultima mostrou atividade contra o dermatofito Trichophyton mentagrophytes (LOPES, 2016).
A acdo contra fungos fitopatogénicos foi investigada apenas para Mo-CBPz. Esta proteina, nas
concentragfes finais de 0,05 mg/mL e 0,1 mg/mL, mostrou atividade inibitoria sobre a
germinacdo de esporos de Fusarium solani, F. oxysporum, Colletotrichum musae e C.
gloesporioides (GIFONI et al., 2012). Considerando que nenhuma das Mo-CBPs possui
atividade quitinolitica, seu efeito inibitério no desenvolvimento dos fungos provavelmente se
deve a interagdo do seu dominio ligante a quitina com este carboidrato reconhecidamente
presente na parede celular destes fungos. Além disso, conforme observado por Gifoni et al.
(2012), a presenca de quitina na parede destes fungos € crucial para a atividade das Mo-CBPs,
baseando-se na constatacdo de que Mo-CBP3 ndo afetou a germinacdo de esporos do oomiceto
Pythium oligandrum, no qual a quitina € um componente minoritario ou ausente na parede

celular. E importante ressaltar que, até o momento, a atividade antifingica de proteinas
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isoladas de M. oleifera tem sido relatada apenas para peptideos tipo-heveina isolados das
folhas da planta (KINI et al., 2017) e Mo-CBPs.

A motivacao inicial do presente estudo foi investigar a expressao dos genes que
codificam as Mo-CBPs em associacdao com o acumulo das proteinas correspondentes, durante
0 desenvolvimento da semente de M. oleifera, como contribuicdo ao conhecimento de sua
fungdo primordial como proteinas de reserva. Além disso, buscou-se entender o papel da
atividade antifingica das Mo-CBPs, considerando a hipdtese de que estas proteinas tém,
também, papel de defesa vegetal. Neste sentido, 0 acumulo das Mo-CBPs foi avaliado em
alguns estagios do desenvolvimento da semente de M. oleifera em associacdo com a
capacidade delas inibirem o crescimento de fungos fitopatogénicos. Assim, tendo como
premissa a hipotese da dupla funcéo fisioldgica das Mo-CBPs, reserva e defesa, os seguintes

guestionamentos nortearam a conducdo do presente trabalho:

- Qual é o padrédo de expressdo dos genes codificantes para as Mo-CBPs, durante

o desenvolvimento da semente de M. oleifera?

- Como variam os teores e qual o padrdo de acimulo das Mo-CBPs nos tecidos, ao

longo do desenvolvimento da semente de M. oleifera?

- Tendo em vista sua funcdo de reserva, em quais fases da germinacdo da semente
as Mo-CBPs sdo degradadas e mobilizadas como suporte nutricional para o desenvolvimento

inicial da planta?

- Tendo em vista sua fungéo de defesa, em quais fases do desenvolvimento da
semente as Mo-CBPs mostram-se ativas contra fungos fitopatogénicos, sendo capazes de

interferir no processo da germinagéo de seus esporos?
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2 REVISAO DE LITERATURA

2.1 Proteinas de reserva em sementes: classificacdo, biossintese e armazenamento

Em certas angiospermas, especialmente nas dicotiledoneas, o endosperma
(albimen) é completamente consumido pelo embrido em desenvolvimento acarretando na
auséncia deste tecido de reserva na semente madura, como é o caso de M. oleifera. Em outros
casos, como em Arabidopsis thaliana, apenas uma camada remanescente de células do
endosperma estd presente na semente madura. Nas sementes ndo-endospérmicas ou
exalbuminosas, nas quais 0 endosperma é ausente ou residual, 0s cotilédones sdo os principais
tecidos armazenadores de substancias como acucares, lipidios e proteinas. Nas sementes
endospérmicas ou albuminosas, por sua vez, o endosperma constitui o principal tecido de
armazenamento de substancias nutritivas ocupando um grande volume da semente madura,
como ocorre na maioria das monocotiledéneas. Este processo de sintese e acimulo de grandes
guantidades de proteinas nas sementes € essencial a manutencdo do ciclo de vida das plantas
superiores (VERDIER; THOMPSON, 2018) (Figura 1).

Figura 1 - Armazenamento de proteinas de reserva (SSPs) em sementes representativas de
angiospermas. Em Z. mays, uma monocotileddénea, o endosperma (En) ocupa a maior
proporgdo da semente, sendo o principal tecido armazenador das SSPs, representadas,
majoritariamente, por prolaminas. Em A. thaliana, uma dicotiledénea ndo-endospérmica, o En
remanescente é formado por apenas uma camada de células periféricas. Estas estdo
envolvidas, também, no armazenamento das SSPs, que sdo depositadas, preferencialmente,
nos cotilédones (Ct). Em P. vulgaris, também uma dicotiledénea ndo-endospérmica, 0s
cotilédones sdo os principais tecidos de acumulo das SSPs, representadas, principalmente
pelas albuminas e globulinas. Ac (apice caulinar), Rd (radicula), Tg (tegumento).

Semente endospérmica Semente nao-endospérmica Semente nao-endospérmica

Zea mays L. Arabidpsis thaliana (L.) Heynh Phaseolus vulgaris L.

Fonte: elaborada pelo autor.
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As proteinas de reserva em sementes foram inicialmente classificadas por
Osborne (1924) de acordo com a solubilidade em diferentes solventes: albuminas em &gua,
globulinas em solucdo salina, prolaminas em solucéo de agua/alcool e glutelinas em solucéo
acida ou alcalina. Em geral, as albuminas e globulinas sdo as proteinas de reserva mais
abundantes das sementes de dicotiledoneas. Nas sementes das monocotileddneas, as proteinas
de reserva acumuladas predominantemente no endosperma, consistem principalmente de
prolaminas, exceto no caso de alguns cereais como aveia e arroz, nos quais as glutelinas séo
mais abundantes (VERDIER; THOMPSON, 2018). As proteinas de reserva foram
posteriormente classificadas de acordo com seu coeficiente de sedimentagdo (Saow) por
centrifugacdo em gradiente de sacarose: albuminas 2S (coeficiente 2) e globulinas 7-11S
(coeficiente 7 ou 11) (YOULE; HUANG, 1981). Estudos comparativos mais abrangentes das
sequéncias de aminoacidos das SSPs mostraram relacOes estruturais e evolutivas entre estas
classes de proteinas, definindo as albuminas 2S como integrantes da superfamilia prolamina
(SHEWRY; HALFORD, 2002).

As SSPs sdo codificadas por familias multigénicas. Diversas isoformas,
notavelmente diferentes nas suas propriedades estruturais e bioldgicas, sdo originadas por
meio de complexas modificagdes pos-traducionais, principalmente processamento
proteolitico. As SSPs sdo sintetizadas como uma cadeia polipeptidica precursora
cotraducionalmente transportada para o limen do reticulo endoplasmatico via peptideo sinal.
Apbs a clivagem desta sequéncia sinal, enzimas e chaperonas do reticulo endoplasmatico
medeiam o dobramento do polipetideo precursor, o qual segue por uma rota independente ou
dependente do complexo de Golgi. Finalmente, a proteina precursora € transportada para
organelas especificas de reserva onde serd processada, gerando a proteina madura. Estes
compartimentos finais da rota biossintética das SSPs, denominados vacuolos de reserva
proteica (PSVs), sdo agregados de vesiculas originadas do complexo de Golgi ou diretamente
do reticulo endoplasméatico (MORENO; CLEMENTE, 2008) (Figura 2).

As proteinas de reserva em sementes (SSPs) sdo rapidamente degradadas durante
0 processo germinativo, fornecendo nutrientes necessarios para o desenvolvimento da
proxima geracdo esporofitica. Na semente madura, as SSPs podem permanecer em um estado
osmoticamente inativo por um longo periodo nos vacuolos de reserva até serem requeridas
para a germinacdo subsequente. Esta compartimentalizacdo das SSPs nos vacuolos de reserva
€ um importante mecanismo de protecdo contra sua degradagdo prematura por enzimas

proteoliticas, que também, sdo acumuladas nos ultimos estagios de maturacdo da semente.
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Figura 2 - Esquema representativo do processo de biossintese e
transporte das proteinas de reserva em sementes (SSPs). As SSPs
sdo sintetizadas na forma de uma cadeia polipeptidica precursora
que é transportada para o Iimen do reticulo endoplasmatico (RE)
durante a traducdo. Ap6s formagdo de pontes S-S e dobramento
do polipeptidio no RE, a proteina precursora segue por uma rota
independente ou dependente do complexo de Golgi. Finalmente, a
forma precursora é transportada para compartimentos especificos
de reserva, os vacuolos de reserva proteica (PSVs), onde a mesma
é processada em uma proteina madura.

Complexo de Golgi

Reticulo
endoplasmatico

SSP

Fonte: elaborada pelo autor.

Durante a germinacdo, em decorréncia da ativacdo das proteases, as SSPs sdo
degradadas fornecendo carbono, nitrogénio, enxofre e aminoacidos que podem ser reciclados
no processo de biossintese de novo, servindo, primariamente, a funcdo de alocacdo de
nutrientes durante o desenvolvimento inicial da planta (MUNTZ et al., 2001). Além de
reserva, estas proteinas podem ter um papel fundamental na defesa vegetal, apresentando um
espectro excepcional de atividade contra bactérias e fungos fitopatogénicos, destacando-se
diversas vicilinas (globulinas 7S) e albuminas 2S (CANDIDO et al., 2011).
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2.2 Proteinas antifungicas em sementes vegetais

As plantas apresentam sofisticados mecanismos para proteger seus tecidos de
infecces causadas por fungos, considerados os principais promotores de doencas em vegetais
e perdas econdmicas relevantes na produgdo de gréos. Parte deste sistema de defesa vegetal
inclui barreiras fisicas e quimicas pré-formadas, como cera, cutina, suberina, lignina, celulose,
tricomas, proteinas, dentre outras (FERREIRA et al., 2007). Na semente em germinacao, as
barreiras fisicas geralmente sdo destruidas durante a absorcéo de agua e a consequente ruptura
dos tegumentos pode tornar o embrido vulneravel ao ataque de patdégenos. Como forma de
evitar ou neutralizar a invasdo de seus tecidos por fungos fitopatogénicos, as sementes
sintetizam uma variedade de proteinas que podem interagir com componentes da superficie
celular ou alvos intracelulares, afetando o desenvolvimento e, em alguns casos, levando o
microrganismo a morte (BECKER-RITT; CARLINI, 2012; PARK et al., 2017).

Peptideos e polipeptideos antifingicos de origem vegetal estdo distribuidos em
diferentes familias de acordo com sua estrutura espacial e/ou funcdo, incluindo AMPs,
peptideos tipo-heveina, albuminas 2S, B-1,3-glucanases, inibidores de proteases, lectinas,
peroxidases, proteinas ligantes a quitina, LTPs, quitinases, ureases e vicilinas (THEIS;
STAHL, 2004; NAWROT et al., 2014). Inibidores de proteases e lectinas sdo encontrados
tanto em tecidos vegetativos como em sementes. Em contraste, albuminas 2S e vicilinas séo
encontradas, exclusivamente, em tecidos de reserva da semente (CANDIDO et al., 2011).

Os primeiros estudos considerando albuminas 2S como uma potente classe de
antifangicos foram realizados por Terras et al. (1992, 1993). Em experimentos in vitro, 0s
autores demonstraram atividade antifungica de albuminas 2S de cinco espécies de
Brassicaceae (Raphanus sativus, Brassica napus, B. rapa, Sinapis alba, A. thaliana). Desde
entdo, a propriedade antifungica de albuminas 2S tem sido intensamente prospectada em
diferentes fontes vegetais como Arachis hypogaea (Leguminosae), Capsicum annuum
(Solanaceae), Cucurbita maxima (Cucurbitaceae), Malva parviflora (Malvaceae), P. edulis f.
flavicarpa (Passifloraceae), Taraxacum officinale (Asteraceae) e M. oleifera (Moringaceae)
(AGIZZIO et al., 2006; PELEGRINI et al., 2006; ODINTSOVA et al., 2010; RIBEIRO et al.,
2012; DUAN et al., 2013; TOMAR et al., 2014 b; GIFONI et al., 2012; NETO et al., 2017).

Considerando gque algumas albuminas 2S de plantas apresentam efeito toxico para
diversos fitopatdgenos, especula-se que estas proteinas estdo envolvidas na defesa vegetal.
Ribeiro et al. (2011) observaram que um peptideo tipo-aloumina 2S de Passiflora alata inibia

o crescimento do fungo fitopatogénico Colletotrichum gloeosporioides. Contudo, este
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peptideo se mostrou inativo contra bactéria e fungos patogénicos ao homem. Yan et al. (2007)
observaram que em tabaco transgénico, a expressdo do gene que codifica o peptideo tipo-
albumina 2S isolado de Leonurus japonicus aumentou a resisténcia da planta as doencas
causadas pelo fungo Alternaria alternata e pela bactéria Ralstonia solanacearum.

O mecanismo de acdo antifungica das albuminas 2S ainda é pouco conhecido.
Entretanto, as investigacdes apontam principalmente para danos causados a membrana das
células fangicas, levando a permeabilizacdo e extravasamento dos componentes celulares.
Tais efeitos foram mostrados, por exemplo, por Terras et al. (1993), sendo causados pela
atividade sinérgica da albumina 2S de R. sativus e tioninas isoladas de trigo ou cevada. Além
disso, estudos mais recentes reportam que as albuminas 2S provocam alteracOes
morfofisioldgicas e induzem a formacao de espécies reativas de oxigénio nas células fangicas,
resultando em um efeito fungistatico ou fungicida (AGIZZIO et al., 2006; RIBEIRO et al.,
2012; BATISTA et al., 2014; NETO et al., 2017).

Outras proteinas que merecem atencdo pelo seu potencial antifingico sdo aquelas
capazes de interagir com acucares da parede celular dos fungos, especialmente com quitina,
um homopolimero linear de residuos de GlcNac (Figura 3A), e B-1,3-glucanas. A base
estrutural da parede celular dos fungos é formada por uma rede tridimensional rigida de
microfibrilas de quitina ligadas covalentemente a B-1,3-glucanas (Figura 3B). Nos fungos
filamentosos, estes polissacarideos sdo sintetizados pela membrana plasmatica e sua
incorporacdo a parede celular parece estar limitada as extremidades das hifas. A quitina
destaca-se como o principal componente da parede celular fungica, perfazendo 2 a 10% da
massa seca respectivamente em leveduras e fungos filamentosos (LENARDON et al., 2010).

A auséncia de quitina, bem como, a presenca de uma variedade de proteinas
ligantes a quitina em plantas, sugere a participacdo destas moléculas na defesa vegetal. As
proteinas ligantes & quitina podem inibir o crescimento de fungos em concentracGes proteicas
iguais ou inferiores a 1 pg/mL. Acredita-se que o efeito inibitorio ocorre devido a ligagdo da
proteina com a quitina da parede celular do fungo. Esta interacdo, acumulando-se no septo e
apice das hifas, provoca alteracbes no padrdo de ramificagcdo, levando a formacdo de
protuberancias e/ou encurtamento das hifas. Este modo de acdo se aplica a diversas proteinas
que possuem sitio de interacdo com quitina, incluindo membros da familia heveina, lectinas
de leguminosas e do floema de espécies de Cucurbitaceae, vicilinas, dentre outras (THEIS;
STAHL, 2004; CHEN et al., 2018).
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Figura 3 - Esquema estrutural da quitina e da parede celular dos fungos. A:
Estrutura da quitina, um homopolissacarideo da parede celular dos fungos. Cadeia
linear formada por monbémeros de N-acetil-D-glucosamina com ligacGes
glicosidicas B-(1,4). B: Representagdo da parede celular dos fungos. A rede
tridimensional é composta internamente por microfibrilas de quitina ligadas
covalentemente a glucanas. Estas, juntamente com manoproteinas, formam a
camada mais externa da parede celular.
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Fonte: elaborada pelo autor.

As quitinases e B-1,3-glucanases estdo entre as proteinas antifngicas que tém se
destacado no contexto da engenharia genética vegetal visando a geracdo de culturas
transgénicas resistentes. Quitinases e B-1,3-glucanases sdo enzimas hidroliticas responsaveis
pela degradacdo de quitina e B-1,3-glucanas, respectivamente. Em geral, o efeito antifungico
destas enzimas estd associado & hidrolise dos agucares componentes da parede celular,
provocando desestabilidade estrutural e lise. Entretanto, no caso de certas quitinases, o
mecanismo pelo qual estas proteinas inibem o crescimento flngico ndo estd diretamente
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relacionado a sua atividade catalitica (YAN et al., 2015).

Garcia-Casado et al. (1998) avaliaram a atividade da quitinase da classe | isolada
da semente de Castanea sativa contra o fungo Trichoderma viride. No referido estudo, uma
forma mutante sem atividade quitinolitica foi gerada atraves de mutagénese sitio dirigida. Os
autores observaram que a quitinase mutante foi capaz de inibir o crescimento do fungo tanto
quanto a quitinase tipo-selvagem, sugerindo que a catalise ndo é necesséria para a atividade
antifangica destas formas variantes. Neste contexto, Iseli et al. (1993) também verificaram
gue uma forma da quitinase de tabaco contendo o sitio ligante a quitina apresentou atividade
antifungica trés vezes mais efetiva quando comparada a forma na qual este dominio estava
ausente. Estes estudos sugerem que a atividade antifungica das quitinases pode estar
relacionada, em maior proporcdo, a presenca do dominio ligante a quitina. Além daqueles
citados anteriormente, outro efeito também de grande importancia é que a atividade catalitica
das quitinases sobre a quitina presente na parece celular de fungos gera elicitores que podem
ativar respostas imunes, inatas do vegetal. Estes elicitores exdgenos induzem a expressdo de
genes vegetais de defesa, que detém o estabelecimento da doenca (WINKLER et al., 2017).

Como mencionado acima, as sementes vegetais sdo ricas em peptideos e
polipeptideos fungitdxicos com diferentes modos de acdo. Nas se¢Bes seguintes (2.3 e 2.4),
sdo abordados aspectos da estrutura e biossintese que estdo na base da classificacdo de duas
importantes familias de proteinas antiflngicas: albuminas 2S e proteinas ligantes a quitina.

2.3 Proteinas da familia albumina 2S: estrutura e biossintese

A estrutura compacta de uma albumina 2S usualmente consiste de cinco a-hélices
estabilizadas por quatro pontes dissulfeto. Estas pontes envolvem oito residuos de cisteina em
posi¢des conservadas (BCM). O motivo cisteinico das albuminas 2S consiste em dois residuos
de cisteina (C1 e C») localizados na subunidade menor e os seis restantes na subunidade maior,
com Csz e C4 consecutivos e Cs e Cg separados por apenas um aminoacido. As subunidades sdo
ligadas por duas pontes dissulfeto formadas entre os residuos C1-Cs e C2-Cs. Os residuos Ca-
C7 e Cs-Cg, por sua vez, formam duas pontes dissulfeto intra-cadeia na subunidade menor
(Figura 4A). O esqueleto de cisteinas confere rigidez e estabilidade as albuminas 2S mediante
variacOes de temperatura e pH, sendo compartilhado com outros membros da superfamilia
prolamina, como LTPs e inibidores de a-amilase/tripsina (TOMAR et al., 2014 a) (Fig. 4B).

As albuminas 2S sdo sintetizadas como uma Unica cadeia polipeptidica precursora

de Mr~18-21 kDa. Seu acesso a via secretora do sistema de endomembranas é estabelecido
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por sua sequéncia sinal. Apds remocdo do peptideo sinal, a proteina precursora assume sua
conformacdo dobrada no limen do reticulo endoplasmético, que também é o sitio de
formacdo das pontes dissulfeto. A proteina precursora é, entdo, transportada ao vacuolo de
reserva. Neste ultimo compartimento, ocorre a remoc¢éo de sequéncias curtas da regido N e C-
terminal e do peptideo linker, resultando na proteina madura, com uma subunidade menor de
Mr~3-4 kDa e outra maior de Mr~8-10 kDa. Este modelo de biossintese e processamento €
baseado na albumina 2S de B. rapa, denominada napina. Similar processamento também foi
descrito para as albuminas 2S de Lupinus angustifolius (conglutina ), Ricinus communis e
Gossypium hirsutum, dentre outras proteinas heterodiméricas semelhantes a napina. Por outro
lado, variacfes neste padrdo também ocorrem, como é o caso das albuminas 2S do girassol
(Helianthus annuus), cujas formas precursoras nao sdo clivadas e, por esta razao, as proteinas
maduras sdo de cadeia simples (SHEWRY et al., 1995) (Figura 4B).

Embora a fungdo primordial das albuminas 2S seja reserva de nutrientes, estas
proteinas sdo multifuncionais, podendo apresentar atividade antibacteriana, antiflngica,
inibitéria de proteases, RNasica, DNasica e anticancerigena (FANG et al., 2010; MARIA-
NETO et al., 2011; TOMAR et al., 2014 b; COSTA et al., 2015).

2.4 Proteinas ligantes a quitina: classificacdo e estrutura

As plantas sintetizam uma variedade de proteinas capazes de se ligar
especificamente a mondmeros, oligbmeros e/ou polimeros de GlcNac, especialmente quitina.
Quitinases e lectinas sdo as proteinas ligantes a quitina mais conhecidas na literatura
cientifica, cuja diversidade estrutural e mecanismos de catalise estdo na base de classificages
convencionais (SULZENBACHER et al., 2015).

As quitinases pertencem as familias de glicosil hidrolases GH 18 (classes 11l e V)
e GH 19 (classes I, II, IV e VI). Ambas as familias também incluem proteinas conhecidas
como tipo-quitinase, cujas sequéncias e estruturas possuem alto grau de similaridade com
quitinases tradicionais, porém diferindo destas ultimas por serem cataliticamente inativas. O
mecanismo enzimatico classico das quitinases envolve um residuo de glutamato. Por
diferentes processos evolutivos, as proteinas tipo-quitinases perderam o potencial catalitico do
seu residuo glutamato. No entanto, a habilidade de ligagdo a quitina das proteinas tipo-
quitinase permaneceu intacta, sendo de extrema importancia para manutencdo da atividade
antifungica (KESARI et al., 2015).
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Figura 4 - Estruturas esquematicas de formas tipicas e variantes das albuminas 2S de plantas.
A: Esquema geral de uma albumina 2S madura. O motivo cisteinico possui oito residuos de
cisteina (C1-8) em posicGes conservadas, formando duas pontes que ligam as subunidades e
duas pontes intra-cadeia na subunidade maior. B: Esquema de albuminas 2S precursoras de B.
rapa (A); L. angustifolius (B); H. annuus (C/E) e R. communis (D). As formas precursoras da
napina (A) e conglutina 6 (B) sdo processadas em suas respectivas proteinas maduras
heterodiméricas. As albuminas 2S de H. annuus séo sintetizadas como uma (C) ou duas (E)
proteinas maduras codificadas por um unico RNAm. As albuminas 2S de R. communis,
também codificadas por um Gnico RNAm, sdo processadas em duas proteinas maduras
heterodiméricas, cada uma formada por duas subunidades.
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Fonte: elaborada pelo autor, adaptada de Shewry et al. (1995).

As lectinas, por definigdo, possuem pelo menos um dominio ndo catalitico que se
liga reversivelmente a carboidrato (CBD). Dependendo do numero de CBDs, as lectinas séo
classificadas como merolectinas (um CBD), hololectinas (dois ou mais CBDs com afinidade
por um mesmo tipo de agucar), quimerolectinas (um CBD e um dominio ndo-relacionado) ou
superlectinas (dois ou mais CBDs com afinidade por acucares diferentes). Ao contrario das
hololectinas, conhecidas pela capacidade de precipitar gliconjugados ou aglutinar células, as
hololectinas s&o desprovidas de tais atividades. No caso das lectinas ligantes a quitina, embora
possam interagir com GlcNac, a maioria delas se liga, preferencialmente, a cadeia de quitina
(DAMME et al., 1998).
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Peptideos e proteinas da familia heveina apresentam um dominio ligante & quitina
similar ao dominio presente na heveina, uma lectina isolada do latex de Hevea brasiliensis. O
dominio heveinico consiste em uma sequéncia de 43 aminoacidos, contendo um residuo
serina e trés residuos aromaticos em posi¢des conservadas, bem como seis a oito residuos
cisteina envolvidos na formacdo de pontes dissulfeto intramoleculares. Os residuos
aromaticos deste sitio sdo cruciais para ligacdo a quitina (THEIS; STAHL, 2004). Diversos
peptideos e proteinas com dominio heveinico foram isolados de sementes (Triticum vulgaris,
Amaranthus caudatus), frutos (Solanum lycopersicum), rizomas (Urtica dioica), tubérculos
(Solanum tuberosum) e folhas (Sambucus nigra) (ITAKURA et al., 2017).

Proteinas ligantes a quitina também sdo categorizadas na familia PR-4, sendo
subdividas em duas classes. As proteinas da classe | possuem um dominio ligante a quitina na
regido N-terminal similar ao dominio presente na heveina. Proteinas da classe I, por sua vez,
sdo desprovidas de dominio heveinico (FERREIRA et al., 2007).

Os sistemas de classificagdo para proteinas ligantes a quitina isoladas de
sementes, mencionados acima, ndo sdo absolutos, ja que um mesmo tipo de proteina pode
oscilar entre um ou mais grupos dependendo da sua estrutura e funcdo. Por fim, estudos
moleculares e filogenéticos mostram uma ancestralidade comum entre os dominios ligantes a

quitina, principalmente de lectinas e quitinases (KESARI et al., 2015).

2.5 Sementes de Moringa oleifera: fonte de CBPs antiflingicas

Moringa oleifera Lamarck é uma planta nativa da India, amplamente cultivada
nos tropicos e bem adaptada as condicGes edafoclimaticas da regido nordeste do Brasil. M.
oleifera é encontrada nos estados do Maranhéo, Piaui e Ceara, sendo conhecida popularmente
como “lirio branco”, “quiabo-de-quina” e “moringa” (PANDEY et al., 2011). Esta espécie € a
mais importante da familia Moringaceae (Brassicales) por seu valor medicinal, ornamental,
forrageiro, melifero, nutricional, dentre outros (SINGH et al., 2013). Apresenta porte arboreo,

frutos do tipo vagem e sementes aladas com dispersdo do tipo anemorica (Figura 5).
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Figura 5 — Habito, partes vegetativas e reprodutivas de Moringa oleifera
Lam. A: habito arbdreo; B: folhas compostas pinadas e flores em
panicula; C: frutos do tipo vagem maduros; D: sementes aladas maduras;
E: sementes destegumentadas.

Fonte: elaborada pelo autor.

As sementes também sdo ricas em lipideos e proteinas, destacando-se como um
recurso potencial para producdo de biodiesel. As sementes de moringa sdo comumente
utilizadas na purificacdo de &gua, atuando como um coagulante natural de particulas e
microrganismos em suspensdo (GHEBREMICHAEL et al., 2005). A propriedade coagulante
foi inicialmente atribuida a proteinas de natureza basica. Posteriormente, uma proteina acidica
também foi caracterizada como um componente coagulante da semente de moringa. A maioria
destas proteinas corresponde a lectinas tipicas com atividade hemaglutinante (SANTOS et al.,
2005; KATRE et al., 2008; SANTOS et al., 2009; ARAUJO et al., 2013).

O extrato das sementes de moringa possui atividade contra bactérias de interesse
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clinico (Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli), leveduras
(Candida albicans), dermatdfitos (Trichophyton sp., Epidermophyton floccosum,
Microsporum canis) e fungos fitopatogénicos (Aspergillus niger, Fusarium sp., Mucor sp.,
Rhizopus sp.). Os componentes possivelmente envolvidos nestas atividades incluem
saponinas, taninos, isotiocianatos, compostos fendlicos (especialmente alcaldides e
flavonoides), peptideos e proteinas (DONLI; DAUDA, 2003; SHEBEK et al., 2015;
BRILHANTE et al., 2017; KINI et al., 2017).

Nas duas ultimas décadas, diversas proteinas, de moringa com diferentes
propriedades biologicas foram estudadas: peroxidases isoladas de calos (SHANK et al.,
2013), inibidor de proteases serinicas (BIJINA et al., 2011) e peptideos tipo-heveina (KINI et
al., 2017) isolados das folhas, além de, proteina catiénica antibacteriana (SHEBEK et al.,
2015), proteinas ligantes a quitina com atividade antifungica (PEREIRA et al., 2011; GIFONI
et al., 2012; NETO et al., 2017) e lectinas com atividade antibacteriana (FERREIRA et al.
2011), inseticida (OLIVEIRA et al., 2011), larvicida (AGRA-NETO et al., 2014) e nematicida
(MEDEIROS et al., 2018) isoladas das sementes.

Proteinas ligantes a quitina foram identificadas, pela primeira vez em moringa, no
extrato aquoso das sementes (GOMES, 2002). Posteriormente, as fracdes contendo estas
proteinas foram testadas quanto a capacidade de inibir a germinacdo de esporos fungicos,
mostrando atividade contra Aspergillus niger, Colletothichum gloesporioides, C.
lindemuthianum e F. solani (GIFONI, 2009). Tais proteinas, também denominadas Mo-CBPs
(Moringa oleifera chitin-binding proteins), foram purificadas utilizando cromatografia de
afinidade em matriz de quitina na primeira etapa, seguida por cromatografia de troca ionica.
As proteinas adsorvidas na resina trocadora de cations foram eluidas com NaCl em diferentes
concentracgdes (0,4; 0,5 e 0,6 M), obtendo-se, assim, as isoformas Mo-CBP2, Mo-CBP3 e Mo-
CBPg4, respectivamente.

As Mo-CBPs sédo glicoproteinas basicas (pl 10,5 a 10,9) constituidas por uma
cadeia menor (3,8 a 4,6 kDa) e outra maior (7,9 a 8,4 kDa) ligadas por pontes dissulfeto
(PEREIRA et al., 2011; GIFONI et al., 2012; NETO et al., 2017). A constatacdo de atividade
antifingica das Mo-CBPs foi realizada em estudos independentes, sendo relatada uma potente
atividade anticandida (C. albicans, C. parapsilosis, C. krusei e C. tropicalis) para Mo-CBP2,
um amplo espectro de acdo contra fungos fitopatogénicos (F. solani, F. oxysporum,
Colletotrichum musae e C. gloesporioides) para Mo-CBPz e atividade antidermatofitica
(Trichophyton mentagrophytes) para Mo-CBP4. Estes estudos indicaram que as Mo-CBPs

apresentam, em parte, modos de acdo similares, aumentando a permeabilizacdo da membrana
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plasmética e producdo de espécies reativas de oxigénio (PEREIRA et al., 2011; GIFONI et
al., 2012; BATISTA et al.,, 2014; NETO et al. 2017). As Mo-CBPs sdo desprovidas de
atividade hemaglutinante, quitinasica e -1,3 glucanasica (PEREIRA et al., 2011; GIFONI et
al., 2012; NETO et al. 2017). De acordo com a classificacdo proposta por Damme e
colaboradores (1998), estas proteinas podem ser categorizadas como merolectinas, uma vez
que possuem apenas um dominio ligante a quitina. A sequéncia de aminoacidos e a estrutura
secundaria da Mo-CBP3, obtidas a partir de estudos de clonagem e cristalografia, mostraram
gue esta proteina se trata de uma tipica albumina 2S (FREIRE et al., 2015; ULLAH et al.,
2015) (Figuras 6 e 7).

Figura 6 - Representacdo estrutural da isoforma Mo-CBP3-1, com base na
estrutura cristalogréfica. A estrutura secundaria de Mo-CBP3-1 ¢ caracterizada por
5 a-hélices (H1-H5) estabilizadas por pontes dissulfeto (bastdes em amarelo). H1
e H2 representam a subunidade menor (cadeia leve) e H3-H5 a subunidade maior
(cadeia pesada).

Subunidade menor

—

QQQRCRHQFQTQQRLRACQRVIRRWSQ
40 50 60

Subunidade maior

H5 f—r

PPTLQRCCRQLRNVSPFCRCPSLRQAVQSAQQQQGQVGPQQVGHMYRVASRIPAICNLQPMRCPFR
93 100 110 120 130 140 150 158

Fonte: elaborada pelo autor, adaptado de Ullah et al. (2015).
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Figura 7 - Alinhamento das sequéncias de aminoacidos da isoforma Mo-CBPz-
3 e de albuminas 2S de plantas. As sequéncias deduzidas das subunidades
menor e maior de Mo-CBPz-3 estdo representadas em A e B, respectivamente.
Mabinlin-1l (C. masaikai), Sesal (A. thaliana), Napin-2 (B. napus), Sina 1 (S.
alba), Napin-1 a (B. napus), Ric ¢ 3 (R. communis), Ber e 1 (B. excelsa), Ric c
1 (R. communis), and Gm2S-1 (G. max). Residuos Cys conservados e sitios
contendo residuos com propriedades similares estdo destacados em cinza.

A MoCPB;-3 QQQQCRQQFLTHQRLRACQRFIRRQTQGGGALE 73
Mabinlin-l QLWRCQRQFLQHQRLRACQRFIHRRAQFGGQPD 68
Sesal KMRKCRKEFQKEQHL RACQQLMLQQARQGRS D 73
Napin-2 RIPKCRKEFQQAQHLRACQQWLHKQAMQSGGG 74
Sinal RIPKCRKEFQQAQHLRACQQWLHKQAMQSGS GPS 39
Napin-la  QPQKCQREFQQEQHLRACQQWIRQQLAGSPF 31
Ricc3 SSQQCRQEVQRKD -L S SCERYLRQSSSRRSPGE 76
Berel QEECREQMQR QQML S HCRMYMRQQMEE S 64
Ricc 1 SQQGCRGQIQEQQNLRQCQEYIKQQVSGQGPRR 190
Gm2S-1 QQDSCRKQLQGVN-LTPCEKHIMEKIQGRGDDDD 64

B MoCPBs3 RPAIQRCCQQLRNI-QPRCRCPSLRQAVQLAHQQ 125

Mabinlin-ll.  QPRRPALRQC C NQLRQV-DRPCVCPVLRQAAQQVLQR 118
Sesal GQQQEQQLFQQC CNELRQE-EPDCVCPTLKQAAKAVL 122
Napin-2 PQQRPPLLQQC CNELHQE-EPLCVCPTLKGASKAVKQQIQQQ 135
Sinal GPQQRPPLLQQC C NELHQE-EPLCVCPTLKG ASKAVKQQVRQQ 98
Napin-1a GPQEGPWLREQC CNELYQE-DQVCVCPTLKQAAKSVRV 70
Ricc3 QQQESQQLQQC CNQVKQV-RDECQCEAIKY I AEDQIQ 122
Berel PRRGMEPHMS E C C EQLEGM-DES CRCEGLRMMVIMRMQQE 107
Ricc 1 QERSLR G C C DHLKQM-QSQCRCEGLRQA I EQQQS 226
Gm2S-1 EDEEEEGHMQK C C TEMS ELRSPKCQCKALQK IMENQSEE 43
MoCPB;-3 QF QVGPQQVRQMYRLASN I PAI CNLRPM-SC P FGQQ 160
Mabinlin-II. Q1 I QGGPQQLRRLFDAARNL PNICNIPNIGAC P FRAW 154
Sesal QG QHQPMQVRKIYQTAKHL PNVCDIPQVDVC P ENIPSFPS 162
Napin-2 QQMVSRIYQTATHL PKVCNIPQVSVC P FQKTMPG 175
Sinal QGPHLQHVISRIYQTATHL PKVCNIRQVSVC P EKKTMPGPS 145
Napin-la ~ QGQHGPFQSTRIYQIAKNL PNVCNMKQIGTCPFEIAIPFFP 110
Ric ¢ 3 QGQLHGEESERVAQRAGE I VSSCGVR- - - - CMRQT 153
Bere 1l EMQPRGEQMRRMMRLAEN I P SRCNLSPM-RC PMGGS 142
Riccl QGQLQGQDVFEAFRTAANL P SMCGVSPT-ECRF 258
Gm2S-1 LEEKQKKKMEKEL INL ATMCRFGPMIQC DLSSDD 77

Fonte: elaborada pelo autor, adaptado de Freire et al. (2015).

O alinhamento das sequéncias de aminoacidos dos peptideos tripticos de Mo-
CBP2 e Mo-CBP4 também mostrou alto grau de similaridade com albuminas 2S vegetais
(NETO et al., 2017). Somando estes resultados ao fato de que as Mo-CBPs foram obtidas,
com alto rendimento, a partir do fracionamento de albuminas no processo de purificagéo,
torna-se plausivel considera-las como SSPs, integrando um grupo particular de albuminas 2S
com habilidade de se ligar a quitina. Tendo em conta que as albuminas sdo codificadas por
uma familia multigénica, que geram diversas isoformas, pode-se presumir que as Mo-CBPs
existem, também, como uma mistura de isoformas nas sementes de moringa, apresentando um

extraordinario espectro de acdo contra fungos.
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3 OBJETIVOS
3.1 Objetivo geral

Investigar o padrdo de expressdo génica, localizagdo espago-temporal e atividade
antifungica de proteinas ligantes a quitina (Mo-CBPs), durante o desenvolvimento e
germinacdo da semente de Moringa oleifera.

3.2 Objetivos especificos

- Caracterizar histologicamente o desenvolvimento da semente de M. oleifera

contemplando seus tecidos de reserva proteica;

- Conhecer o padrdo de expressdo génica, por meio dos transcritos das Mo-CBPs,

ao longo do desenvolvimento da semente;

- Conhecer o perfil de acumulacdo das Mo-CBPs, avaliando seus teores e
distribuicéo nos tecidos em diferentes estagios do desenvolvimento da semente;

- Determinar o perfil de degradacdo das Mo-CBPs nos tecidos da semente durante

Seu processo germinativo;

- Avaliar o efeito das Mo-CBPs, isoladas em diferentes estagios de
desenvolvimento da semente, sobre a germinacdo de esporos de trés espécies de Fusarium,

como modelos de fungos fitopatogénicos de relevancia na agricultura.
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Abstract

Main conclusion: Chitin-binding proteins behave as storage and antifungal proteins in the

seeds of Moringa oleifera.

Moringa oleifera is a tropical multipurpose tree. Its seed constituents possess coagulant,
bactericidal, fungicidal, and insecticidal properties. Some of these properties are attributed to
a group of polypeptides denominated M. oleifera chitin-binding proteins (in short, Mo-CBPs).
Within this group, Mo-CBP2, Mo-CBP3, and Mo-CBP4 were previously purified to
homogeneity. They showed high amino acid similarity with the 2S albumin storage proteins.
These proteins also presented antimicrobial activity against human pathogenic yeast and
phytopathogenic fungi. In the present study, the localization and expression of genes that
encode Mo-CBPs and the biosynthesis and degradation of the corresponding proteins during
morphogenesis and maturation of M. oleifera seeds at 15, 30, 60, and 90 days after anthesis
(DAA) and germination, respectively, were assessed. The Mo-CBP transcripts and
corresponding proteins were not detected at 15 and 30 days after anthesis (DAA). However,
they accumulated at the latter stages of seed maturation (60 and 90 DAA), reaching the
maximum level at 60 DAA. The degradation kinetics of Mo-CBPs during seed germination by
in situ immunolocalization revealed a reduction in the protein content 48 h after sowing
(HAS). Moreover, Mo-CBPs isolated from seeds at 60 and 90 DAA prevented the spore
germination of Fusarium spp. Taken together, these results suggest that Mo-CBPs play a dual
role as storage and defense proteins in the seeds of M. oleifera.

Keywords: Drumstick seed. Mo-CBPs. 2S albumin. Biosynthesis. Degradation. Antifungal

activity
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4.1 Introduction

M. oleifera Lam. (Moringaceae, Brassicales), known as Ben oil, miracle,
horseradish, drumstick or moringa tree, is a multipurpose plant native from India and widely
cultivated in subtropical and tropical regions (Pandey et al. 2011). It has nutritional
importance as most of its portion is edible (Leone et al. 2015). Besides it has flocculating
capacity (Keogh et al. 2017) and pharmacological uses (Brilhante et al. 2017). The M. oleifera
seeds contain flocculating proteins that have been used to clarify drinking water (Pavankumar
et al. 2014) and to treat dyeing effluents (Ali and EI-Mohamedy 2016). In addition, antifungal
(Chuang et al. 2007), analgesic (Sutar et al. 2008), anti-inflammatory (Aradjo et al. 2013),
antioxidant (Singh et al. 2013), antidiabetic (Al-Malki and El Rabey 2015), antitumor (Al-
Asmari et al. 2015), and bactericidal (Shebek et al. 2015) activities have been attributed to
different seed compounds.

Chitin-binding proteins (CBPs) are molecules usually related to plant defense.
They belong to the pathogenesis-related protein class of the PR-4 family and show antifungal
activity (Kim et al. 2014). Antifungal CBPs disturb the synthesis and/or deposition of chitin in
the cell wall (Becker-Ritt and Carlini 2012) and thus negatively affect the fungal growth and
development. Recently, three Mo-CBPs, named Mo-CBP2, Mo-CBPs; and Mo-CBPs4, were
isolated from the mature seeds of M. oleifera by our research group. These three Mo-CBPs are
highly thermostable basic glycoproteins with pls varying from 10.5 to 10.9. They are
composed of a small (3.8 to 4.6 kDa) and a large (7.9 to 8.4 kDa) polypeptide chain linked by
disulfide bonds (Pereira et al. 2011; Batista et al. 2014; Neto et al. 2017).

Moreover, they have potent in vitro antifungal action, but are devoid of chitinase,
B-1,3-glucanase, and haemagglutination activity. Mo-CBP> inhibited the growth of Candida
albicans, C. parapsilosis, C. krusei, and C. tropicalis (Neto et al. 2017). Mo-CBP3z hindered
the growth of the phytopathogenic fungi Fusarium solani, F. oxysporum, Colletotrichum
musae, and C. gloesporioides (Batista et al. 2014). Mo-CBP4 showed antimicrobial activity
against the dermatophyte fungus Trichophyton mentagrophytes, both in vitro and in vivo
(Lopes 2016).

Mo-CBPs3 is a mixture of at least four isoforms, which differ from each other by
few amino acid residues. The deduced amino acid sequence and crystal structure of these
isoforms revealed that Mo-CBP3 is a member of the 2S albumin family (Freire et al. 2015;
Ullah et al. 2015). Comparative analyses of the tryptic peptide sequences generated from Mo-
CBP2 and Mo-CBP4 revealed similarity with Mo-CBP3z and 2S albumins from different plant
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species (Pereira 2014; Lopes 2016; Neto et al. 2017). Therefore, we believe that all Mo-CBPs
are members of the 2S albumin family encoded by a multigene family (Freire et al. 2015).
Nevertheless, Mo-CBPs appear to have at least dual physiological roles: they may act as seed
storage and defense proteins, like other 2S albumins (Maria-Neto et al. 2011).

Here we report the expression and spatio-temporal localization of the genes that
encodes Mo-CBPs during the M. oleifera seed development. Initially, histological analysis of
the M. oleifera seed during the development was performed as a guide to evaluate the
expression of the genes that code for Mo-CBPs and localization of the corresponding proteins.
In addition, the antimicrobial activity of the partially isolated Mo-CBPs, at each seed
developmental stage, towards some phytopathogenic fungi from the Fusarium genus, was
determined. Mobilization of Mo-CBPs during the seed germination was also evaluated.
Altogether the obtained results indicated that the expression patterns of the genes that encoded
Mo-CBPs are regulated during the seed development. Moreover, accumulation of the
corresponding proteins in the latter seed maturation stages suggests that they contribute to
nutrient allocation during the seed germination and protect the growing embryo towards

fungal pathogens.

4.2 Material and methods

4.2.1 Biological materials and chemical reagents

M. oleifera seeds at different developmental stages were collected from trees at
Campus do Pici of Federal University of Ceara - UFC (Fortaleza, CE, Brazil) under
authorization (number: 47766) of the Chico Mendes Institute for Conservation of Biodiversity
- ICMBIo. A voucher specimen (EAC34591) was deposited at the Herbarium Prisco Bezerra
(EAC), UFC. Developing seeds were collected at 15, 30, 60, and 90 days after anthesis
(DAA). For germination, M. oleifera mature seeds were surface sterilized using sodium
hypochlorite (2% active chloride) for 5 minutes, washed three times with distilled water (30
min each) and sown on two sheets of Germitest® paper (GERMILAB - A3034-8, 28x38 cm,
neutral pH, Brazil) with eight seeds each for germination. The seeds were distributed along a
line in the upper third of the sheets previously moistened with a volume of distilled water
equivalent to 2.5 times the sheet dry weight, under sterile condition, leaving about 2 cm on
both paper sides. The paper sheets were wrapped around themselves to form a cone (Oliveira

et al. 2014) and three similar replicates were incubated in the dark in a growth chamber at 25
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+ 2 °C for 16 h and 20 £ 2 °C for 8 h. Germinating seeds were collected at 24, 48, 72, and 96
hours after sowing (HAS).

The filamentous fungi F. solani (Mart.) Sacc. (URM 787) and F. oxysporum
Schltdl. (URM 7083) were provided by the Department of Mycology of the Federal
University of Pernambuco (Recife, Pernambuco, Brazil). F. pallidoroseum (Cooke) Sacc. (LF
72) was supplied by Embrapa Tropical Agroindustry at Brazilian Agricultural Research
Corporation (EMBRAPA, Ceara, Brazil).

Three-month-old New Zealand white male rabbits (2 kg body mass) were
provided by the Zootechny Department of UFC and were used for anti-Mo-CBP4 antibody
production. The experimental protocol was approved by the Research Ethics Committee of
UFC, Brazil (protocol number 77/2016).

Reagents for RT-PCR/gRT-PCR were purchased from Promega (Madison, WI,
United States). Molecular mass markers and chromatographic matrices were obtained from
GE Healthcare Life Sciences (New York, NY, USA). Paraplast Plus®, Permount and
Fluoromount mounting media, phosphatase alkaline-conjugated goat anti-rabbit 1gG (A-
3812), fluorescein isothiocyanate (FITC) conjugate-goat anti-rabbit 1gG (F0382), and all other
chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

4.2.2 Histological characterization

Seed samples (micropylar, medium and chalazal region) were fixed in Karnovsky
solution (Karnovsky 1965) and embedded into Leica historesin (Leica Biosystems Nussloch
GmbH, Germany) or Paraplast Plus according to the manufacturer’s instructions. Samples
embedded into historesin were dehydrated with graded ethanol concentrations of 10, 20, 30,
40, 50, 60, 70, 80, 90, and 100% (v/v), for 1 h each step (Soares et al. 2014). Seed sections of
5-7 um were stained with 0.5% (v/v) toluidine blue in 0.12% (m/v) borax followed by 0.5%
(m/v) aqueous basic fuchsin (Junqueira 1990). Samples infiltrated in Paraplast Plus at 60 °C
were dehydrated in a t-butyl alcohol series of 70, 85, 95, and 100% (v/v) concentration, for 24
h each step (Johansen 1940). Seed sections of 10-12 um were deparaffinized with xylene and
stained with 1% (m/v) astra blue and 1% (m/v) safranin O (Gerlach 1984). All sections were
prepared in a LEICA 2065 rotatory microtome (Leica Biosystems Nussloch GmbH, Germany)
and subsequently mounted in Permount. All photomicrographs were taken using a Leica DM
4000B optical microscope (Leica Microsystems GmbH, Germany) equipped with a Leica

Application Suite X software platform.
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M. oleifera seed structures were examined under scanning electron microscopy
(SEM) by fixing and dehydrating of the tissues through a graded ethanol series as described
above. Subsequently, samples were dried with hexamethyldisilizane and sputter coated with
gold (Quorum Q150TES, Quorum Technologies Ltd., Ashford, England) for analysis on SEM
(Quanta™ 450 FEG, FEI, Eindhoven, The Netherlands) operating at 20 kV. Additionally,
other seed sections embedded in historesin were stained with Coomassie Brilliant Blue (CBB)
G-250 to identify proteins (Fisher 1968).

4.2.3 Gene expression analysis

4.2.3.1 RNA extraction

Total RNA of developing seeds at 15, 30, 60, and 90 DAA was individually
isolated from 100 mg plant material. The NucleoSpin RNA plant kit (Macherey-Nagel, Duren,
Germany) was used for extraction according to the manufacturer’s instructions. To eliminate
genomic DNA contamination, RNA samples were submitted to on-column RNase-free DNase
treatment. The DNAse digestion efficacy was verified using total RNA and specific primers in
a PCR reaction as negative control. RNA integrity was evaluated after agarose (1.2%, m/v)
gel electrophoresis. Total RNA concentration (260 nm) and purity (260 nm/280 nm and 260
nm/230 nm ratios) were determined (Sambrook et al. 1989) using an Epoch™ Microplate

Spectrophotometer (Bio Tek Instruments, Winooski, USA).

4.2.3.2 Quantitative real time PCR

The first-strand cDNA was synthesized from 1 pg total RNA in 20 pL final
volume using the ImProm-II™ Reverse Transcription System following the manufacturer’s
protocol. To evaluate the amplicon specificity, all primer pairs were previously tested by
standard PCR assays. Temperature gradient was applied to find out the best experimental
annealing temperature for the primers used in PCR. The amplified PCR products were
visualized after agarose (1.5%, m/v) gel-electrophoresis in the presence of ethidium bromide.
A general primer pair was designed to detect the 4 gene members of the MoCBP3 family
previously identified (Freire et al., 2015). Actin, ubiquitin (UBC), alpha tubulin, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes were evaluated as reference


https://www.google.com.br/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwi3ptDl49DbAhUMFpAKHYqlB2YQFghJMAI&url=https%3A%2F%2Fjournal.fi%2Fmsff%2Farticle%2Fview%2F6606%2F5398&usg=AOvVaw2p34fBqTtncsM8I10wAk-X
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genes to normalize expression data. The primers used are listed in Table 1.

Quantitative RT-PCR (gRT-PCR) analysis was performed on RealPlex 4S
thermocycler (Eppendorf, Hamburg, Germany) using GoTaqg® gPCR master mix. The 20 pL
reaction volume contained 1 pL primer (300 ng/uL) and 4 uL ¢cDNA (25 ng/uL). The
amplification reaction consisted of an initial step at 95 °C/10 min for enzyme activation,
followed by 40 denaturation cycles at 95 °C/15 s, annealing at a specific temperature for each
gene (Table 1)/15 s, and extension at 60 °C/20 s. The melting curves of PCR done in triplicate
were analyzed to ensure that the primers used were specific to the target of interest. Actin,
UBC, and GAPDH were chosen as the best combination of stable genes to normalize gene
expression by gBase”-YS2 (Version 2.4) software (Hellemans et al. 2007). Threshold cycle (Ct)
for each sample was determined using the Eppendorf Mastercycle ep realplex 2.2 software.
The relative expression levels were calculated by the 2-42°t method, using the sample with the
highest Ct as calibrator (Livak and Schmittgen 2001).

Table 1. Primers used to establish the reference genes to normalize Mo-CBPs-associated
gene expression.

GenBank Primer sequence Tm  Amplification
b 9 (0] 101
Accession  Definition (57t0 3) (°C) efficiency
Actin For TCCTCTTCCAGCCATCACTC
JQ081230.1 (M. oleifera) Rev ~ ACCACTAAGCACAATGTTACCA S5 0.88
JQ764560.1 GAPDH For AGATTTGGCATTGTTGAGGG 63.6 097
(M. oleifera) Rev  GGAATGATGTTGAATGAAGCAG ' '
JQ764563.1 UBC For ATTTCTTCATCCAGCTCCAC 63.6 0.99
(M. oleifera)  Rev GGTCATTATCTTCAGGGCGT ' '
Alpha-tubulin ~ For CACTGTCTACCCATCTCCAC
JQ764561.1 (M. oleifera)  Rev TCAATATCAAGAGAACGCCTG S7:5 0.78
KF616830.1 25 albumin
KF616831.1 recursor For TCACTSAGGCARGCAGTACAG 575 0.99
KF616832.1 (I\F/I) oleifera) Rev AGSTGCCYVTTCSGTCAGCA ' '
KF616833.1 '

Legend: For (Forward); Rev (Reverse)

4.2.4 Mo-CBPs and protein fraction preparation

Developing M. oleifera seeds from 15 to 90 DAA were used to prepare the
albumin fraction (ALB) from which the chitin-binding protein-enriched fraction (Mo-CBPef),
containing the chitin-binding proteins collectively abbreviated Mo-CBPs, which encompasses
the Mo-CBP,, Mo-CBP3, and Mo-CBP4 isoforms, was obtained according to Neto et al.
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(2017). Seeds were powdered in liquid nitrogen and the resulting flour was defatted with n-
hexane (1:10, m/v) for 5 days, with 2-daily changes of solvent. The defatted flour was air-
dried at room temperature (23 + 2 °C) and stored at —20 °C until use.

To extract proteins, the defatted flour was homogenized (1:10, m/v) in 0.05 M
Tris-HCI buffer, pH 8.0, containing 0.15 M NaCl under constant stirring at 4 °C for 4 hours.
The suspension was filtered through a fine-screen cloth, and the filtrate was centrifuged
(Himac CR32GlII refrigerated centrifuge, Hitachi, Tokyo, Japan) at 15,000 g at 4 °C for 30
minutes. The precipitate was discarded, the supernatant was exhaustively dialyzed (cut-off 12
kDa) against distilled water (1:40 v/v, sample/water), for 48 h, with 6-daily changes of water.
The insoluble material was removed by centrifugation under the same conditions. The
supernatant containing the albumin fraction (ALB) was recovered and loaded (5 mg) on a
chitin column (0.5 cm x 4 cm) previously equilibrated with the above buffer. After complete
removal of the non-retained proteins (NRP) with the equilibration buffer, Mo-CBPef was
eluted with 0.05 M acetic acid. Next Mo-CBPef was dialyzed (cut-off 12 kDa) against
distilled water (1:100 v/v, sample/water), for 24 h, at 4 °C, with 6 changes of water.

The isoforms Mo-CBP2, Mo-CBPs;, and Mo-CBPs were obtained from the
dialyzed Mo-CBPef as previously reported (Neto et al. 2017). Briefly, Mo-CBPef (400 mg)
was dissolved in 20 mL 0.05 M sodium acetate buffer, pH 5.2, and loaded on a CM-
Sepharose™ Fast Flow column (2.5 cm x 20 cm) previously equilibrated with the above
buffer. Mo-CBP2, Mo-CBPs3, and Mo-CBP4 were recovered from Mo-CBPef by elution,
respectively, with 0.4 M, 0.5 M, and 0.6 M NaCl included in the equilibrium buffer,
Absorbance readings were taken at 280 nm to detect the eluted proteins. The obtained protein
fraction was individually dialyzed (cut-off 12 kDa) against distilled water (1:40 vlv,
sample/water) for 48 h at 4 °C, with 6 changes of water per day, and lyophilized for posterior
analyses.

Protein concentration was determined (Bradford 1976) using bovine serum
albumin (BSA) as standard protein. The electrophoretic profiles of Mo-CBP2, Mo-CBP3, and
Mo-CBP4 were revealed with 0.1% (m/v) Coomassie Brilliant Blue R-250 after SDS-PAGE
(Laemmli 1970) in 12.5% (m/v) polyacrylamide gel (10 cm x 8 cm). Protein samples (15 pg)
were prepared in 0.5 M Tris—HCI buffer, pH 6.8, containing 1% (m/v) SDS and loaded to the

gel submitted to 20 mA constant current and 200 volts.
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4.2.5 Cross-reactivity of the polyclonal antibodies raised against Mo-CBP4 with Mo-CBP-,
Mo-CBP3, and Mo-CBP4

To produce the polyclonal antibodies to test against the isoforms of Mo-CBPs, two
rabbits were immunized subcutaneously (Rios et al. 1996) with the isoform Mo-CBP4. After
collection of the preimmune serum, the animals received an initial injection of 250 pg Mo-
CBP4 emulsified with Freund's complete adjuvant and subsequently three booster injections
of 250 pg Mo-CBP4 emulsified in Freund's incomplete adjuvant, at days 21, 31, and 41. Blood
samples were collected at 7-10 days after each immunization. 1gGs anti-Mo-CBPs were
purified by saturation to 33% (m/v) with ammonium sulfate followed by affinity
chromatography on a Protein A-agarose P2545 column pre-equilibrated with 0.2 M sodium
phosphate buffer, pH 8.0, containing 0.15 M NaCl. Bound IgGs were eluted with 0.2 M
sodium phosphate buffer, pH 3.0, containing 0.1 M citric acid (Harboe and Inglid 1973). The
purified anti-Mo-CBP4 polyclonal antibodies were kept at -20 °C until used for ELISA
(Enzyme-Linked Immunosorbent Assay) and immunohistochemistry analysis.

Cross-reactivity of anti-Mo-CBP4 with Mo-CBP., Mo-CBP3, and Mo-CBPs was
assessed using the Ouchterlony double immunodiffusion technique (Ouchterlony and Nilsson
1986). In brief, a 1% (m/v) agarose solution in 0.05 M Tris-HCI buffer, pH 8.0, was solidified
into Petri dishes. Wells (4.0 mm in diameter) were punched out in the gel by means of a
puncher. An aliquot of 40 pL (2 mg/mL) of the anti-Mo-CBP4 polyclonal antibodies or test
antigen was added to the wells. Incubation was done in a humidified chamber for 24 h at 4 °C.
The gel was photographed using a digital camera (Sony, MCV-CD350 model, 14.2

megapixels).

4.2.6 Assessment of Mo-CBPs by ELISA

ELISA was employed (Vasconcelos et al. 2008) to measure the content of Mo-
CBPs in ALB and Mo-CBPef obtained from seeds collected from 15 to 90 DAA. Flat bottom
96-well polystyrene plates (Nunc, Thermo Fisher Scientific, Agawam, USA) were coated with
100 pL/well of the assayed sample (10 to 20 pg/mL protein) in 0.05 M carbonate buffer, pH
9.6, overnight, at 4 °C. The wells were washed three times with PBST [PBS - phosphate
buffered saline (0.1 M sodium phosphate, 0.01 M potassium phosphate, 0.15 M NaCl, pH 7.4)
containing 0.05% (v/v) Tween-20] and blocked with 200 pL 5% (m/v) skimmed milk in PBST
for 8 h at 4 °C to prevent nonspecific binding. After washing four times with PBST, 100 pL of
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the pre-immune or anti-Mo-CBP4 polyclonal rabbit antibodies (1:8000 dilution in PBS
containing 1% [v/v] skimmed milk) were added to the wells and the plate was incubated
overnight at 4 °C. After washing thrice with PBST, 100 uL of the alkaline phosphatase
conjugated goat anti-rabbit 1gG (1:2000 dilution in PBS containing 1% [v/v] skimmed milk)
were added to the wells and incubated at 37 °C for 2 hours. Next, the wells were washed three
times with PBST, 100 pL of p-nitrophenyl phosphate (substrate, 1 mg/mL™) in 0.1 M glycine
buffer, pH 10.4, were added and the plate was incubated at 37 °C for 30 min in the dark. The
reaction was stopped by addition of 100 uL of 4 M NaOH and the absorbance was measured
at 405 nm (Epoch™ Microplate spectrophotometer, Bio Tek Instruments, Winooski, USA). A
standard curve was obtained using known concentrations of the purified Mo-CBP4 as antigen.

4.2.7 In situ localization of Mo-CBPs

Immunolocalization assay was performed in fresh seeds (from 15 to 90 DAA) as
previously described (Krigel et al. 2008). Seeds were hand-cut with a razor blade and the
sections were blocked with PBST containing 3% (m/v) skimmed milk, at 37 °C, for 2 hours.
After washing three times with PBST, the sections were incubated with anti-Mo-CBP4
polyclonal antibodies (1:200 dilution in PBS containing 1% [m/v] skimmed milk) overnight,
at 4 °C. Subsequently, the sections were washed three times with PBST and incubated with
goat anti-rabbit 1IgG-FITC conjugated (1:80 dilution in PBS containing 1% [m/v] skimmed
milk) at 37 °C for 2 h, in the dark. After washing thrice with PBST, the sections were mounted
with Fluoromount medium, covered with a coverslip and analyzed under a Zeiss LSM 710
confocal laser scanning microscope (CLSM) (Carl Zeiss AG, Oberkochen, Germany).
Negative controls were similarly prepared, except that the primary antibody was omitted.

To verify the Mo-CBPs’ mobilization during seed germination, a preliminary
immunolocalization assay was performed in seeds collected at 24, 48, 72, and 96 HAS. Next,
the fresh seeds were hand-cut with a razor blade and prepared for confocal laser scanning

microscopy as described above.
4.2.8 Antifungal activity
The ability of ALB and Mo-CBPef isolated from the seeds of M. oleifera collected

from 15 to 90 DAA, and of Mo-CBP2, Mo-CBP3, and Mo-CBP4 to inhibit spore germination

was assayed (Ji and Kuc 1996) against the filamentous fungi F. solani, F. oxysporum, and F.
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pallidoroseum. The fungi were grown for 12 days at 30 °C in Petri dishes containing potato
dextrose agar. The spore suspension was obtained from each fungal species by gently rinsing
the surface of sporulated cultures with sterile distilled water (5 mL) and with a triangular
Drigalski rod. Spore suspensions were filtered through cheesecloth and concentration adjusted
to 2 x 10° conidia/mL, using a Neubauer chamber. The spore suspension (10 pL) was
incubated in reticulated plates with the same volume of the tested protein samples (0.1 mg
protein/mL final concentration) for 24 h at 30 °C. In the inhibitory (positive) and non-
inhibitory (negative) controls, spores were incubated with 0.1 M H;O and sterile distilled
water, respectively. Inhibitory effect of the studied proteins, in relation to the negative and
positive controls, was assessed using an optical microscope (Olympus BX-60, Tokyo, Japan)
by counting the number of ungerminated spores amongst 50 cells randomly selected from
each treatment. Results are expressed in percentage from experiments performed in triplicate.
Photomicrographs were taken using a digital camera (Sony, MCV-CD350 model, 14.2

megapixels) coupled to the microscope.

4.2.9 Statistical analysis

Data were obtained from six independent experiments. The results are expressed
as the mean = standard deviation. The statistical analysis was performed using the GraphPad
Prism 5 program (GraphPad Software, San Diego, USA). Data were analyzed by ANOVA and

the mean differences were compared by Tukey’s multiple comparison test (P < 0.05).
4.3 Results
4.3.1 Histology of developing M. oleifera seed
Four different stages (15, 30, 60, and 90 DAA) were selected for examination to
correspond with M. oleifera seed development. The seed coloration varied from greenish in

the early stages and earlier maturation period (15, 30, and 60 DAA) to brownish in the latter
maturation phase (90 DAA) (Fig. 8).
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Figure 8 - Moringa oleifera fruit and seed at different developmental stages.
Immature fruits and seeds at 15 DAA (a, b) and 30 DAA (c, d); e, f maturating
fruits and seeds at 60 DAA,; g, h mature fruits and seeds at 90 DAA. Scale bar:
a3cm;bl5cm;c3cm;d25cm;e3cm;f3.5cm;g3cm;h2cm.
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The first stage, at 15 DAA, was marked by the beginning of cell layer

differentiation in both the outer and inner integuments (Fig. 9a, b). Numerous starch grains
were detected in the integument (Fig. 9c¢). In this stage, the seed has a globular embryo, and
endosperm cellularization was initiated. At 30 DAA, the outer integument separated into two
layers (exotesta and endotesta), and the cells started dividing to initiate seed wing formation
(Fig. 9d, e). Numerous starch grains were also verified in both developing testa layers. The
embryo developed into the cordiform stage and was surrounded by the endosperm, which had
completed cellularization (Fig. 9f, g). At the following stages (from 60 to 90 DAA), the
endosperm was completely consumed by the growing embryo, and the cotyledons became
clearly distinguishable and had filled most of the seed (Fig. 9h). These last stages were also
characterized by seed wing and coat maturation. At the third stage (60 DAA), the embryonic
axis was completely differentiated (Fig. 9i). In addition, the seed coat presented a papillate
epidermis, testa (exotesta and endotesta) cells containing many starch grains, and remnants of
the inner integument (tegmen) (Fig. 9j). In addition, deposition of lipophilic compounds and
proteinaceous material into the protein storage vacuoles (PSVs)was observed in the
cotyledonary cells (Fig. 9k). The last stage analyzed (90 DAA) was characterized by seed
desiccation. The embryonic axis exhibited meristematic zones that were developed (i.e.,
protoderm, ground meristem, procambium, shoot, and root meristem) (Fig. 91, m). The seed
coat consisted mainly of sclerified cells, which created a physical barrier around the mature
seed (Fig. 9n). Numerous starch grains accumulated in the testa and lipids in cotyledon cells.
Moreover, at 90 DAA, dense proteinaceous inclusions into PSVs of the cotyledonary cells

were observed (Fig. 90).
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Figure 9 - Scanning electron and optical micrographs of a representative M. oleifera seed
at different developmental stages. a-c Seed at 15 DAA. Longitudinal sections (a-b) and
starch grains observed in the integument (c). d-g Seed at 30 DAA. Longitudinal sections
(d-e), detail of cellular endosperm (f) and cordiform embryo (g). h-k Seed at 60 DAA.
Longitudinal section (h), embryonic axis (i); seed coat (j) and cotyledonary cells (k). I-o
Seed at 90 DAA. Embryonic axis (I-m); seed coat (n) and cotyledonary cells (0). Asterisks:
protein inclusions into PSVs in the sections stained with CBB (k, 0) and ground meristem
(m). Cotyledon (Ct), endosperm (En), epidermis (Ep), epidermis of the inner integument
(HE), funiculus (Fn), inner integument (I1), leaf primordium (Lp), micropyle (Mc), outer
integument (OI), procambium (Pc), protoderm (Pd), root meristem (Rm), shoot meristem
(Sm), testa (Ts). Scale bars: (a, d) 700 pm; (b, h) 500 um; (c) 10 um; (e) 1 mm; (f, k) 50
pum; (g) 100 pm; (i) 250 pum; (j, n) 200 pm; (1) 250 pm; (M) 150 pm; (0) 30 pum.
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4.3.2 Gene expression pattern of Mo-CBPs during the seed development

The relative expression profile of genes encoding Mo-CBPs during the M. oleifera
seed development was investigated by RT-gPCR. Mo-CBPs’ transcripts were not detected in
the seeds at 15 DAA and 30 DAA. However, they accumulated at the late seed developing
stages (60 and 90 DAA) with the highest expression level at 60 DAA. At 90 DAA the gene
expression level decreased (= 35-fold) significantly (P < 0.05) (Fig. 10).

Figure 10 - Relative expression pattern of genes that encode Mo-CBPs
during M. oleifera seed development.
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4.3.3 Cross-reactivity between Mo-CBP2, Mo-CBP3, and Mo-CBP4isoforms against the

polyclonal antibodies raised against Mo-CBP4

The double immunodiffusion reactions conducted showed that the anti-Mo-CBP4
specifically recognized and has affinity to Mo-CBP,, Mo-CBP3, and Mo-CBP4, but not to
BSA, protein used as control (Fig. 11a).

4.3.4 Detection and quantification of Mo-CBPs in the protein fractions from M. oleifera

seeds

SDS-PAGE analysis under non-reducing conditions revealed that Mo-CBPs are
composed of two protein bands with apparent molecular masses around of 18 and 23 kDa (Fig
11b). M. oleifera seeds at 15, 30, 60, and 90 DAA contained 0.45, 0.48, 0.58, and 8.15 mg of
ALB protein per gram of seed flour, respectively. However, Mo-CBPs were not detected
(ELISA) in seeds at 15 DAA and 30 DAA. At 60 DAA and 90 DAA, 0.22 and 5.87 mg
protein per gram of seed flour were recovered (Fig 11c; Table 2). At 60 DAA, Mo-CBPs
represented about 6.55% and 20.38% of ALB and Mo-CBPef, respectively. At 90 DAA, Mo-
CBPs amounted 5.30% and 64.49% of ALB and Mo-CBPef, respectively (Table 2).
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Figure 11 - Immunological cross-reactivity analysis and partial purification of Mo-CBPs
from M. oleifera seed. a Cross-reactivity of the polyclonal antibodies raised against Mo-
CBP4 with Mo-CBPs by Ouchterlony double immunodiffusion assay. Lines of
precipitation of antigen-antibody complexes indicate the ability of the anti-Mo-CBP4 (1) to
recognize Mo-CBP> (2), Mo-CBP3 (3), Mo-CBP4 (4). Control: BSA (5). b SDS-PAGE of
the albumin fraction (ALB) from seeds at 15 DAA to 90 DAA (Lanes 1-4, respectively)
and Mo-CBP, (Lane 5), Mo-CBP3 (6), Mo-CBP4 (7). Molecular mass markers (M):
Phosphorylase b (97 kDa); bovine serum albumin (66 kDa); ovalbumin (45 kDa); carbonic
anhydrase (29 kDa); soybean trypsin inhibitor (20.1 kDa) and lactalboumin (14.4 kDa). ¢
Affinity chromatography of ALB from seeds at 15 DAA to 90 DAA. ALB (5 mg protein)
was applied to a chitin column previously equilibrated with 0.05 M Tris-HCI buffer, pH
8.0, containing 0.15 M NaCl. Peak 1 (NRP) contained the non-retained proteins eluted
with the equilibrium buffer; the chitin adsorbed peak 2 (Mo-CBPef) was eluted with 0.05
M acetic acid (arrows). Fractions (2 mL) were collected at 0.05 mL/min flow rate.
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Table 2 - Total protein and Mo-CBPs’ contents” in one gram of M. oleifera seed at
different developing stages (days after anthesis). “Data represent the mean +
standard deviation of six similar experiments. Different letters within the same
column represent significant difference (Tukey’s multiple comparison test, P<
0.05). ALB (albumin fraction); Mo-CBPef (chitin-binding protein-enriched
fraction); ND (not detected). BValues were calculated based on ELISA.

Seed (DAA) Protein fractions  Total protein (mg)  Mo-CBPs (%)8

15 ALB 0.45+0.12° ND
Mo-CBPef ND ND

30 ALB 0.48 + 0.32° ND
Mo-CBPef ND ND

60 ALB 0.58 +1.91P 6.55 + 1.528
Mo-CBPef 0.22 + 0.05° 20.38 + 0.89°

90 ALB 8.15 + 0.012 5.30 + 2.682
Mo-CBPef 5.87 + 0.012 64.49 + 13.762

4.3.5 In situ localization of Mo-CBPs in M. oleifera seeds

Mo-CBPs were not detected in the seed tissues at 15 DAA and 30 DAA (Fig. 12a-
b). No immunolabeling was seen in the integuments or embryo at 60 DAA and 90 DAA (Figs.
12c-d). At 60 DAA, a weak immunoreactivity signal of Mo-CBPs with the polyclonal
antibodies raised against Mo-CBP; was detected, in spite of the red chlorophyll
autofluorescence also observed in the cotyledonal cells (Fig. 12e). This immunoreactivity
between Mo-CBPs and anti-Mo-CBP4 became stronger at 90 DAA, especially in the PSVs of
the cotyledonal cells that accumulated large amounts of these proteins (Fig. 12f-g).

At the early stages of germination the M. oleifera seeds (Fig. 13) showed visible
green colored PSVs. This indicates the presence of Mo-CBPs. Indeed, a strong Mo-CBPs
labeling was detected in the cotyledonal cells of dry mature seeds, at 90 DAA, and the
germinating seeds at 24 and 48 HAS (Fig. 14a-c). Thereafter, this Mo-CBPs signal declined
vertiginously at 72 and 96 HAS (Fig. 14d-e). Control sections, prepared in the absence of
primary antibody, did not exhibit significant fluorescence above the background levels (Fig.
14f).



Figure 12 - In situ localization of Mo-CBPs in a representative M. oleifera seed at
different developmental stages by confocal laser scanning microscopy. a-b
Longitudinal sections of seed at 15 DAA (a) and 30 DAA (b) showing the absence of
Mo-CBPs. c-d Absence of Mo-CBPs in the embryonic axis at 60 DAA (c) and 90
DAA (d). e Seed at 60 DAA showing a weak signal of Mo-CBPs immuno-reactivity
in the cotyledonal cells f-g Seed at 90 DAA. Mo-CBPs accumulated into PSVs of the
cotyledonal cells as indicated by the intense staining with FITC (green fluorescence).
Embryo epidermis autofluorescence (green). Chlorophyll autofluorescence (red).
Scale bars: (a, b, f) 100 um; (c-d) 200 pm; (e) 20 pum; (g) 25 pm.

... ’

Figure 13 - Stereomicroscope photographs of a representative M. oleifera seed
showing changes in the embryo during germination. a-b Dry seed (at 90 DAA),
detail of embryonic axis in b (arrow). ¢ Seed at the testa rupture phase showing the
embryonic axis (arrow) 24 hours after sowing (24 HAS). d-f Seeds at the elongation
phase of the embryonic axis and protrusion of radicle (asterisks). d 48 HAS. e 72
HAS. f 96 HAS. Integuments are not shown in the figure. Scale bar: 1 mm (a-f).

(b) ©
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Figure 14 - In situ localization of Mo-CBPs in the cotyledon cells of a
representative M. oleifera seed during germination. Mo-CBPs’ detection in
sections of the dry seed (at 90 DAA) (a), germinating seed at 24 HAS (b), and 48
HAS (c) treated with anti-Mo-CBP4. d-e The absence of Mo-CBPs in the seed at
72 HAS (d) and 96 HAS (e) suggests they were degraded in the last stages of
germination. Sterile distilled water was the negative control (f). Scale bar: (a, f) 50
pum; (b-e) 100 pum.

4.3.6 Inhibition of Fusarium spp. spore germination by the protein fractions from M.

oleifera seeds

The spore germination of F. oxysporum, F. pallidoroseum, and F. solani was
inhibited by Mo-CBPef (0.1 mg protein/mL) isolated from M. oleifera seeds at 60 DAA (Fig.
15b, h, n) and 90 DAA (Fig. 15c¢, i, 0). Likewise, Mo-CBP> (Fig. 15d, j, p, respectively), Mo-
CBPs (Fig. 15e, Kk, q, respectively), and Mo-CBP4 (Fig. 15f, I, r, respectively), all at 0.1 mg
protein/mL, inhibited these pathogens in comparison to the corresponding controls (Fig. 15a,
g, m). In contrast, ALB from seeds at 15 DAA and 30 DAA and NRP from seeds at 60 DAA
and 90 DAA had no inhibitory effect (Fig. 16). However, Mo-CBPef from seeds at 60 DAA
and 90 DAA resulted in 96-100% inhibition of spore germination of the tested fungi (Fig.
15c¢, h—i, n—0), except F. oxysporum, which was less affected (58% inhibition) by Mo-CBPef
from seeds at 60 DAA (Fig. 15b). Mo-CBPs completely inhibited (100%) the spore
germination of all tested fungi (Fig. 15d—f, j-I, p-r).
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Figure 15 - Antifungal activity of Mo-CBPs on spore germination. Inhibition effect of Mo-
CBPs on F. oxysporum (b-f), F. pallidoroseum (h-l), and F. solani (n-r) was compared to
sterile distilled water used as the negative control (a, g, m), respectively. Fungal spores were
incubated with Mo-CBPef from M. oleifera seeds collected at 60 DAA (b, h, n) and 90 DAA
(c, i, 0), and with Mo-CBP> (d, j, p), Mo-CBPs (g, k, q), and Mo-CBP; (f, |, r). Samples were
assayed at 0.1 mg protein/mL concentration. Scale bar: (a-r) 100 pm.
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Figure 16 - Optical micrographs showing the absence of growth inhibition of fungi incubated
with protein fractions isolated from M. oleifera seeds. Fusarium oxysporum (a—e), F.
pallidoroseum (f—j) and F. solani (k—0). Albumin fraction from seeds at 15 DAA (a, f, k) and
30 DAA (b, g, I). NRP from seeds at 60 DAA (c, h, m) and90 DAA (d, i, n). All samples
were used at a 0.1 mg protein/mL concentration. (e, j, 0) Ungerminated spores in 0.1 MH20-
(positive control). Scale bar: a—0 100 um.
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4.4 Discussion

In this report, we present novel anatomical aspects on the development of M.
oleifera seeds. Our results permitted the identification of four seed developing stages:
globular embryo (15 DAA), cordiform embryo (30 DAA), maturating embryo (60 DAA), and
mature embryo (90 DAA) (Figs. 8 and 9). Muhl et al. (2016) considered several phases of M.
oleifera seed development based on the fruit diameter and they provide information on a
globular stage (8 mm), followed by a histo-differentiation phase (8-24 mm) and maturation of
seed (24-26 mm). However, to the best of our knowledge, it is the first time that cordiform
stage (30 DAA) in the developing M. oleifera seed, being reported here. Anatomical features
of M. oleifera seed observed in the present study revealed that this species presents the same
pattern of embryogenesis observed in other Brassicales species, such as Brassica rapa and
Arabidopsis thaliana (Zhang et al. 2014; Fiume et al. 2016; Di Berardino et al. 2018).

Recent findings by Muhl et al. (2014, 2016) have showed that the histo-
differentiation phase of M. oleifera seed is marked by expansion of the cotyledons and
deposition of storage compounds such as lipids and proteins. Similarly, the M. oleifera
embryo morphogenesis observed here was characterized mainly by cell expansion and
deposition of storage reserves (Fig. 9) however; we focused on Kkinetic of protein
accumulation. A particular phase of seed development that involves cell division and
expansion, and massive deposition of storage compounds have been referred as “seed filling”
(Agrawal and Thelen 2006; Verdier and Thompson 2008). Proteins accumulated during seed
filling have important impact on grain nutritional quality (Shewry and Halford 2002). M.
oleifera seeds contain about 33 to 38% proteins by dry weight and this content is relatively
higher than those reported for important cereal grains with 10-12% proteins/dry weight
(Oliveira et al. 1999; Ferreira et al. 2008).

Seed storage proteins (albumins, globulins, prolamins, and glutelins) are
multifunctional molecules (Shewry and Halford 2002). However, they serve primarily as
sources of amino acids, nitrogen, and carbon for use during germination and seedling growth.
Some of these proteins, due their insecticidal and antimicrobial properties, may also be
involved in plant defense (Céandido et al. 2011). The 2S albumins from Raphanus sativus
seeds inhibited fungi (including F. culmorum and F. oxysporum) and bacteria (Bacillus
megaterium and Erwinia carotovoru) (Terras et al. 1992, 1993). The 2S albumin isolated from
Wrightia tinctoria seeds has antimicrobial activity against the Gram-negative bacterium

Morexalla catarrhalis and Gram-positive Bacillus subtilis (Sharma et al. 2017). Thus, it is
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possible that during the evolutionary process plants evolved an efficient way to save cell
energy by synthesizing a unique molecule with two (or more) distinct and essential
physiological functions (Maria-Neto et al. 2011).

The three isoforms of chitin-binding proteins (Mo-CBPs) from M. oleifera seeds,
named Mo-CBP2, Mo-CBP3, and Mo-CBP4, were characterized as members of the 2S albumin
protein family (Pereira et al. 2011; Batista et al. 2014; Freire et al. 2015; Neto et al. 2017).
However all isoforms have antifungal properties. Here, we evaluated the gene expression in
parallel with accumulation and degradation of Mo-CBPs in developing and germinating M.
oleifera seeds, respectively, to test whether these proteins behave as storage and/or defense
proteins. We found that the genes encoding Mo-CBPs were not expressed in the early stages
of the embryonic development (globular and cordiform embryo) at 15 and 30 DAA. However,
these genes were highly expressed during the seed filling period, at 60 DAA, when the seeds
attained their final size. At this period, desiccation had not yet started and the Mo-CBPs’
transcript levels declined in the dry seed at 90 DAA (Fig. 10). These patterns of temporal
expression observed for Mo-CBPs are similar to those of genes that code 2S albumins from
other oilseed plants like A. thaliana, R. communis, and Sesamum indicum (Tai et al. 2001;
Lara et al. 2003; Chen et al. 2004). Guerche et al. (1990) studied four different genes that
code 2S albumins in A. thaliana and found that their expression levels increased significantly
during seed filling (4 to 10 days after pollination) and decreased in dry seed. In A. thaliana
and in most of non-endospermic species, such as M. oleifera, the seed filling period is a
critical stage for the synthesis of storage compounds, which are deposited particularly in
cotyledons (Baud et al. 2008; Galldo et al. 2006; Muhl et al. 2014, 2016; Chen et al. 2015;
Fotouo-M et al. 2015).-

Accumulation of Mo-CBPs evaluated by ELISA was consistent with the gene
expression profile at transcriptional level during the course of M. oleifera seed development.
Mo-CBPs were not detected in seeds at 15 DAA and 30 DAA. Mo-CBPs were only detected
at the last seed maturation stages, corresponding approximately to 6.5% and 5.3% of the total
protein content from ALB isolated from seeds at 60 DAA and 90 DAA, respectively. In Mo-
CBPef the Mo-CBPs’ content at 60 DAA comprised 20.4% and at 90 DAA 64.5% of the total
proteins, indicating high accumulation of Mo-CBPs in the last seed maturation stage (Table
2).

In situ localization analysis confirmed that Mo-CBPs were present only during the
M. oleifera seed maturation at 60 and 90 DAA. As expected, Mo-CBPs immunolabeling in the

seed tissues was less intense in the cotyledons at 60 DAA. Mo-CBPs immunolabeling became
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more intense in the dry seed at 90 DAA, when a uniform distribution in the cotyledonary
mesophyll, particularly, into the protein storage vacuoles was observed (Fig. 12). In situ
localization analysis also revealed that Mo-CBPs were degraded at the end of the germination
period. Immunolabeling of Mo-CBPs in the cotyledonary cells was more intense in the
germinating seed at 24 and 48 HAS and decreased at the last stages of germination as they
were not detected at 72 and 96 HAS (Fig. 14). This dynamic of Mo-CBPs’degradation after
seed imbibition was consistent with the pattern reported for other storage proteins, including
the 2S albumins of Lycopersicon esculentum (Lec2SA) (Oguri et al. 2003) and R. communis
(Ahn and Chen 2007). In general, the breakdown of these proteins is required during the
germination process to support the growing seedlings before the photosynthetic capacity is
acquired (Mintz et al. 2001; Kim et al. 2011). Interestingly, in R. communis both prepro2S
albumin and mature 2S albumin were accumulated in the dry seed and subsequently were
degraded during the germination process. As both molecular forms have trypsin inhibitor
family domains, it is possible that they also serve as plant defense proteins in addition to
storage. Besides the ability to inhibit proteolytic enzymes, 2S albumins can also be
deleterious to phytopathogenic bacteria and fungi (Costa et al. 2015). It is believed that the
plant storage proteins with antimicrobial activity play an important role as defense molecules
during the seed germination and early stages of their development. At these periods of
vulnerability to natural enemies, the more complex defense system has yet not developed
(Wang et al. 2001).

A broad-spectrum of Mo-CBPs activity against phytopathogenic fungi was
previously reported by our research group (Gifoni et al. 2012; Batista et al. 2014). Here we
tested whether the other two isoforms, Mo-CBP, and Mo-CBP4, have similar behavior. Mo-
CBP2 and Mo-CBP;4 also inhibited the conidial germination of the Fusarium species tested.
(Fig. 15). In addition, amongst the protein fractions isolated from developing M. oleifera
seeds at different stages tested, only Mo-CBPef inhibited the fungus spore germination (Figs.
15-16). These findings reinforce the hypothesis of a defensive role for Mo-CBPs (Mo-CBP-,
Mo-CBP3, and Mo-CBPg), at the last developmental stages of M. oleifera seeds. These chitin-
binding protein isoforms may protect the growing embryo against phytopathogen fungi. As
mentioned above, antifungal activity has been identified in a wide variety of plant 2S
albumins. The first 2S storage albumins described as a novel class of antifungal proteins were
isolated from the Brassicaceae species R. sativus, Brassica napus, B. rapa, Sinapis alba, and
A. thaliana. These plants belong to the same order that includes M. oleifera (Terras et al.

1992; Terras et al. 1993). Nevertheless, several antifungal 2S albumins isolated from plant
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species belonging to different botany families were described: Arachis hypogaea (Fabaceae),
Capsicum annuum (Solanaceae), Cucurbita maxima (Cucurbitaceae), Malva parviflora
(Malvaceae), Passiflora edulis (Passifloraceae), Putranjiva roxburghii (Euphorbiaceae), and
Taraxacum officinale (Asteraceae) (Wang and Bunkers et al. 2000; Agizzio et al. 2006;
Pelegrini et al. 2006; Odintsova et al. 2010; Ribeiro et al. 2012; Duan et al. 2013; Tomar et al.
20144, b).

It is important to emphasize that Mo-CBPs (Mo-CBP2, Mo-CBP3, and Mo-CBP.)
are merolectins. They possess a unique carbohydrate binding site that binds to both N-acetyl-
D-glucosamine and chitin (Pereira et al. 2011; Gifoni et al. 2012; Neto et al. 2017). The
antifungal activity of Mo-CBPs is supposed to be associated with their chitin-binding
property. This probably allows binding of these proteins to the fungal cell wall leading to
interference in its structure. A number of studies have indicated that the antifungal activity of
some chitin-binding proteins that hydrolyze chitin seems to be more dependent on the
presence of the chitin-binding domain rather to the catalytic activity (Iseli et al. 1993; Garcia-
Casado et al. 1998; Theis and Stahl 2004; Jashni et al. 2015). It has been suggested that
binding of these molecules to chitin of yeasts and filamentous fungi leads to increase of cell
membrane permeabilization and reactive oxygen species production, as in the case of Mo-
CBP2 and Mo-CBPs and other plant chitin-binding proteins (Huang et al. 2000; Van den
Bergh et al. 2004; Batista et al. 2014; Neto et al. 2017).

In conclusion, we report herein the gene expression and localization of Mo-CBPs
in M. oleifera seeds. Our findings indicate that: (1) the seed maturation process is
characterized by a dramatic accumulation of Mo-CBPs’ transcripts and their encoded proteins
in the cotyledon cells; (2) Mo-CBPs behave as storage proteins and are degraded during the
last seed germination stages; (3) during the embryonic development, Mo-CBPs may act as
defensive proteins against pathogenic fungi, which characterize the multifunctional role of

these proteins.
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5 CONCLUSAO

Os resultados apresentados neste trabalho mostraram que as proteinas ligantes a
quitina das sementes de Moringa oleifera (Mo-CBPs) apresentam um importante papel como
moléculas de reserva e defesa da planta.

Assim como para outras albuminas 2S, a funcdo de reserva molecular foi
evidenciada pela deposicdo dramatica de transcritos de Mo-CBPs e suas proteinas
correspondentes nos tecidos da semente durante a maturacdo tardia. Subsequentemente, tais
proteinas foram degradadas durante a germinagdo. Acredita-se que acumulacdo destas
proteinas € um processo critico para o fornecimento de importantes nutrientes como
aminoéacidos, carbono e nitrogénio que podem ser alocados para a biogénese da plantula de M.
oleifera.

No contexto da defesa vegetal, os resultados obtidos mostraram que as Mo-CBPs
sdo formas antifungicas ativas nos Gltimos estagios de maturacdo da semente de M. oleifera,
exercendo severa inibicdo na germinacdo de esporos de fitopatdgenos, representados aqui por
espécies Fusarium. A atividade contra fungos fitopatogénicos foi positivamente mostrada para
todas as integrantes do grupo de Mo-CBPs, destacando o potencial destas proteinas para fins
biotecnoldgicos, especialmente no que concerne ao uso de toxinas vegetais para o controle de
diversas doencas em plantas.

Desta forma, as Mo-CBPs representam um modelo excepcional de proteinas
bifuncionais, acomodando os papéis de armazenamento e defesa vegetal em uma unica

molécula.
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