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RESUMO

Os fatores anti-lipopolissacarideos (ALFs) compdem uma importante familia de peptideos
antimicrobianos (AMPs), apresentando um amplo espectro de atividade antimicrobiana. Esses
peptideos possuem dois residuos de cisteina conservados formando uma estrutura em S-hairpin
essencial para sua atividade antimicrobiana. O presente estudo propo0s, inicialmente, investigar
a diversidade molecular dos ALFs em camardes peneideos. Desta andlise, conclui-se que em
camardes peneideos existem sete grupos distintos de ALFs (Grupos A a G) e pelo menos dois
outros grupos de peptideos relacionados aos ALFs, aqui denominados ALFs-like. Esses
peptideos sdo codificados por genes distintos que compartilham a mesma estrutura génica e
codificam peptideos com propriedades bioquimicas distintas. As implica¢des bioldgicas dessa
diversidade foram avaliadas na espécie de camardo mais cultivada no mundo, Litopenaeus
vannamei. Os ALFs de L. vannamei (Litvan ALF-A a -G) mostraram-se expressos em
hemaocitos e diferencialmente regulados mediante infec¢cdes experimentais bacterianas e virais.
Os ALF’s-like (Litvan ALF-3cys e Litvan ALF-4cys) mostraram-se majoritariamente expressos
nas gonadas e sua expressdo nao modulou durante os desafios com bactérias e virus. Peptideos
sintéticos derivados do S-hairpin dos novos ALFs identificados em L. vannamei (Litvan ALF-
E a -G) apresentaram espectros de atividade antimicrobiana distintos indicando sua divergéncia
funcional. Em conjunto, esses resultados demonstram que os ALFs de L. vannamei compdem
uma familia altamente diversa de AMPs, tanto em nivel de sequéncia, como de expressao génica
e funcionalidade. Por fim, avaliou-se o potencial uso biotecnoldgico dos novos ALFs
identificados (Litvan ALF-E a -G), analisando peptideos sintéticos derivados da regido entre
cisteinas. Esses peptideos apresentaram uma estrutura em a-hélice, diferente daquela observada
na molécula nativa e se mostraram capazes de formar poros em membranas bacterianas.
Ademais, esses peptideos apresentaram um amplo espectro de atividade antibacteriana e uma
baixa citotoxicidade para células de mamiferos, reforgando o potencial biotecnoldgico de ALFs

de camardes marinhos para o desenvolvimento futuro de novos antibioticos.

Palavras-chave: peptideos de defesa do hospedeiro; anti-LPS; artropodes; antibidticos

naturais.



ABSTRACT

Anti-lipopolysaccharide factors (ALFs) comprise an important family of antimicrobial peptides
(AMPs) with a broad spectrum of antimicrobial activity. These peptides display two conserved
cysteine residues holding a central B-hairpin structure responsible for their antimicrobial
activity. First, this study aimed to investigate the diversity of ALFs in penaeid shrimp. Seven
distinct groups of ALFs and at least two groups of ALF-like peptides were identified in penaeid
shrimp. Distinct genes sharing a similar gene structure encode these peptides displaying distinct
biochemical features. The biological implications of such diversity was investigated in the most
cultivated species worldwide, Litopenaeus vannamei. L. vannamei ALFs genes (Litvan ALF-A
to -G) showed to be expressed in hemocytes and differentially regulated in response to
experimental infections. L. vannamei ALF-like genes (Litvan ALF-3cys and Litvan ALF-4cys)
showed to be expressed mainly in gonads and their expression were not affected by microbial
challenges. Synthetic peptides based on the central B-hairpin of the novel ALFs identified in L.
vannamei (Litvan ALF-E to -G) showed distinct antimicrobial activity suggesting the functional
divergence of these peptides. Altogether, these results confirm that ALFs comprise a diverse
multigene family of AMPs, from sequence to expression regulation and function. Furthermore,
the application of synthetic peptides derived from the region between cysteines of the novel
ALFs (Litvan ALF-E to -G) was evaluated as potential novel antibiotics. These peptides
displayed an a-helix secondary structure, distinct from what is observed in the native peptide,
and were able to form pores in bacteria membranes. These peptides showed a broad
antimicrobial spectrum and no cytotoxicity to mammal cells, indicating that ALFs represent an
interesting family of bioactive molecules whose studies can contribute to the discovery of novel

antibiotics based on AMPs.

Keywords: host-defense peptides; anti-LPS; arthropods; antibiotics



LISTA DE FIGURAS

INTRODUCAO GERAL
Figura 1 - Principais mecanismos de acdo dos peptideos antimicrobianos.............cccccvveeeuveennnee. 17
Figura 2 - Estrutura 3D resolvida do ALF do camardo Penaeus monodon................................. 21

CAPITULO I: Revisio sobre peptideos antimicrobianos em crustaceos
Figure 1 - Antimicrobial peptides (AMPs) from crustaceans...........ccceevveeeeerieeerciieencieeesvee e, 30
Figure 2 - The crustacean AMP timeline............ooiiiiiiiiii i 32

Figure 3 - Widely distributed crustacean AMPs: crustins and anti-lipopolysaccharide factors

N ) ) 35
Figure 4 - Taxonomically-restricted crustacean AMPs from penaeid shrimp: penaeidins and
1577 B 01341 P 41
Figure 5 - Taxonomically-restricted crustacean AMPs from nonpenaeid shrimp................. 43
Figure 6 - Schematics of the main roles played by crustacean AMPs..................c.ooeevee. 51
Supplementary Figure 1 - Primary structure of penaeid shrimp AMPs.....................oo.. 66
CAPITULO 1I - SECAO A: Diversidade molecular e funcional de ALFs de camarées
peneideos

Figure 1 - The seven members of the shrimp ALF family.....................ooo 78
Figure 2 - ALFs form a diverse antimicrobial peptide family in decapod crustaceans............ 80

Figure 3 - Tissue expression distribution of shrimp ALFS and gene modulation in hemocytes

in response to pathogen challenge and tissue damage..............cooooviiiiiiiiiiiiiiiniin.n. 82
Figure 4 - Expression of ALFs during shrimp development....................coooiiiiiiiiiin. 84
Figure 5 - The antimicrobial spectrum of the novel shrimp ALFs.................ocoo 85

CAPITULO 1II - SECAO B: Identificaciio e caracterizacio molecular e transcricional de
AL Fs-like em camardées peneideos

Figura 1 - Alinhamento entre ALFS € ALFS-[ike...........cccccooiiiiiiiiiiiiiiiiiiie e, 100
Figura 2 — Reconstrucao filogenética de ALFs e peptideos relacionados a ALFs.................... 102
Figura 3 - Distribui¢do da expressdo génica de ALFs-3cys e ALFs-4cys em Litopenaeus
VARTAIMICL ....cveeeneeeeiee et e et e ettt e et e e st e s eat e s at e e s st e e e st e e snbaeesabeeesabaeenaseeensbeesnseeesanteesaseeennnne 103
Figura 4 — Niveis de transcritos de ALF-3cys e ALF-4cys no intestino médio de L.
VARTLATCL .....ceeeeeeeeeeeeeeeetteeeeaateeeeeatteeeeansateeeasaaeeesanssseeseansseeeeasssaeessnssteesennsseeessnnsseeeennsnnes 104
Figura 5 — Niveis de transcritos de ALFs-3cys e ALFs-4cys em diferentes tecidos de L.

vannamei € ao longo do seu desenvolvimento embIrioNATio ........cceeevveerveeiiieeiiienieeieenie e 106



CAPITULO III: Potencial biotecnolégico de peptideos derivados de ALFs
Figura 1 - Espectros de dicroismo circular dos peptideos derivados de ALFs.........cccoceviririinincncens 117
Figura 2- Ensaio de permeabilidade de membrana de E. coli ML35.........ccocvviiviniinnincnnen. 120

Figura 3 — Ensaio de citotoxicidade dos peptideos derivados de ALFs contra células de

INAINITETOS - .eeeeeeee et e e e e e e e e e eaee e e e e e e e aaeeeeeeeea e aaaeeeeeeaaaannaaaeeeeeeeneannnas 122



LISTA DE QUADROS

CAPITULO II - SECAO B: Identificacio e caracterizacio molecular e transcricional de
ALFs-like em camarées peneideos

Quadro 1 — Sequéncia dos iniciadores utilizados nas analises de expressdo génica.................. 97
Quadro 2 - Caracterizagdo molecular dos ALFs-like de peneideos.........c.ecoveeviierieeciienveennnen. 100
CAPITULO III: Potencial biotecnolégico de peptideos derivados de ALFs

Quadro 1 — Sequéncia aminoacidica, massa molecular (MM) e ponto isoelétrico tedrico (pl)
dOS PEPLIACOS SINLETICOS. .. uveeueiieirieiiieeiieeite et eete et e stteeteestteebeeseaeenseessaeesseessseensaeensaensseenseensns 113
Quadro 2 — Microrganismos € condigdes de CUItIVO........cccuieviiriiiiiieiiieiierie e 114

Quadro 3 - Espectro de atividade antimicrobiana de peptideos sintéticos derivados dos ALFs

dos Grupos E, F e G de Litopenaeus Vannamei.................ccocceeveueeceeneeaieesieeiieeseesieesee e 119
Quadro 4 - Atividade antimicrobiana sinérgica entre os peptideos sintetizados....................... 121
LISTA DE TABELAS

CAPITULO I: Revisio sobre peptideos antimicrobianos em crusticeos

Supplementary Table 1 - Summary of minimal inhibitory concentrations (MIC) for crustaceans

CAPITULO 1I - SECAO A: Diversidade molecular e funcional de ALFs de camarées
peneideos

Table 1 -. Nucleotide sequences of primers used in this Study.........ccceeevieeiiiieincienniieeieeee, 74



LISTA DE ABREVIATURAS E SIGLAS

aa — Residuos aminoacidicos

ALFs — Fatores anti-lipopolissacarideos

ALFs-like — Peptideos relacionados a ALFs

ALFs-3cys - Peptideos relacionados a ALFs contendo trés residuos de cisteina
ALFs-4cys - Peptideos relacionados a ALFs contendo quatro residuos de cisteina
AMPs — Peptideos antimicrobianos

cDNA — DNA complementar

CFU — Unidades formadoras de colonia

Cq — Ciclo de quantificagdo

dNTPs - Deoxinucleotideos trifosfatados

DAMPs — Padroes moleculares associados a perigo

DO — Densidade optica

EST — Expressed Sequence Tags

FIC - Concentragao inibitoria fracionaria

LPS — Lipopolissacarideo

LTA — Acido lipoteicéico

MAS — Solugao de Alsever Modificada

MBC — Concentragao bactericida minima

MIC — Concentragao inibitoria minima

MM — Massa molecular

M/PAMPs - Padroes moleculares associados a microrganismos/patogenos
ONPG - orto-nitrofenil B-D-galactopiranosideo

pb — Pares de base

PCR — Reagdo em cadeia da polimerase

PDB — Protein Data Bank

p/ — Ponto isoelétrico tedrico

RT-PCR — Transcri¢do reversa seguida de PCR

RT-gPCR - Transcrigdo reversa seguida de PCR quantitativa em tempo real
TSA — Transcriptome Shotgun Assembly

WGS — Whole Genome Shotgun

WSSV — Virus da Sindrome da Mancha Branca



SUMARIO

1. INTRODUCAO GERAL w17
2. OBJIETIVOS uuoiiiiuinsensinsuissassesssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssas 24
B B O 1) 115 A o I 0G ¥Y RURRRS 24
2.2, ODbJtIVOS ESPECTIICOS ..uvreuriiiiiiieeiieeeiee et e et e erte e et eeeeeeesteeesseeessaeeessseeessseeesseesnseennnes 24
3. CAPITULO I: Revisio sobre peptideos antimicrobianos em crusticeos...........o..oeseeee. 25
L. INEFOAUCTION ..ttt ettt sttt ettt et s et e bt eeaeeees 28
2. A brief history of the research on crustacean AMPS .........cccoocviieiiieeciiecceeee e, 30
3. Widely distributed crustacean AMPS ........ccccooeriiriiiiiiiiiienceeeee e 32
3L CIUSHINS .ttt ettt bttt et h e bt e et e et e et e e et e s st et e en s e en e e beenneese e beenteeneenes 33
3.2. Anti-lipopolysaccharide factors (ALFS)......ccccovieiiiiiiiiiieieeeieeeeeee et 36
4. Taxonomically-restricted crustacean AMPS..........c.ccocvieviiiriieiiieniecieee e 38
4.1. Dendrobranchiata (penaeid SHIIMP) ....cc.eeeeviiiiiiiieiieeiieie e 38
411 PeNACIAINS ..ottt et ettt et st b et e ae et et 38
4120 SEYLICINS ottt et ettt st b ettt 40
4.2. Pleocyemata (crayfish, palaemonids, crabs, IobSters) .......c..ccoceevuirieniniiiniinenicnicnenene 41
4.2.1. Crab proline-rich AMPS (PR-AMPS) ......coiiiiiiiiiieeiieeeeee e 42
4.2.2. Crab glycine-rich AMPS (GR-AMPS) ......cocooiiriiiiiiiiiiniieciceeeeeece e 42
4.2.3. ATASINIS 1.ttt ettt ettt ettt ettt a e bt e et e e et e bte e be e tt e e bt e e nteeabeeenteenbeenneas 44
4.2.4. HYASTALINS ...veetiieeiieeiteteet sttt ettt ettt ettt ettt et s bttt eae e sbe e b et beene e 44
4.2.5. ASTACIAINS ...eeviieiieeiieeee ettt ettt et ettt e et e ettt e et e et e s ate et e enteenbeenneas 45
4.2.6. Panusins (B-defensin-like peptides).......ccceeruieriiiieiieeiiieeeiie ettt 46
4.2.7. ParalithOCINS ....couiiiiiiiiiiiee et sttt et e 47
4.3. AMPs from nondecapod CrUStACEANS ..........cccvuuieriuiieeiiieeniieeeiieeeieeeereeesreeeereeeseaeeenaaeeens 47
5. Other antimicrobial-related molecules and unconventional AMPS..........ccccccooiiiiiiiinnncen. 48
6. Essential role of AMPs in crustacean immunity and in host-microbe interactions.............. 49
7. CONCIUSIONS ...ttt ettt et e sa e et e bt e et e e s bt e e bt e saeeenbeenaeeenne 52

RETEIENCES oo 53



Supplementary iNfOrmMAation ............cceeriieriieriieiie ettt ere e e be e e be e sae e 63

4.CAPITULO II: Novos fatores anti-lipopolissacarideos em camardes peneideos............ 68

4.CAPITULO II - SECAO A: Diversidade molecular e funcional de ALFs de camardes

PENEIACOS. c.cveeerruriesrarisssaresssenesserssssenesssssossasssssasssssasssssassssssssssssssssasssssasssssasssssasessssssssssssssnsssssnns 69
L. INEEOAUCTION ..ttt et ettt et e et e e bt e et eesateeabeesneeenneans 71
2. Materials and Methods .........c.oooiiiiiiii e 72
2.1. Database Searches and Phylogenetic Reconstructions............ccccuveeecvieerciieeeciieeeiee e 72
2.2. Animals and Tissue ColleCtion..........cocuieruiiiiiiiiiieieie et e 73
2.3. Experimental INfECtIONS. .......ccvieiiiiiiiiieiiicieecee ettt senae 73
2.4. Semiquantitative RT-PCR Analysis for Tissue Distribution of Gene Expression............ 73
2.5. Fluorescence-Based Reverse Transcription Real-Time Quantitative PCR ...................... 74
2.6. Peptide Synthesis, Oxidation and Characterization.............c.ceeverveeriienveenieeniieesieesneeneens 75
2.7. Antibacterial and Antifungal ASSAYS......cccuieevieriieiiieriieieerie ettt ereesee e e e eaae s 76
3 R ESUILS. e 76

3.1. ALFs from Penaeid Shrimp Comprise a Diverse Family Composed of Seven

1Y (55 00 ) 76
3.2. ALF Sequence Diversity Is Gene-Encoded...........cccoocueriiiiiniiiniiniiiiniieicncceeeceeene 78
3.3. ALFs Evolved from Gene Duplication Events before Shrimp Speciation........................ 79

3.4. ALFs Are All Expressed in Individual Shrimps and Differentially Modulated in Response

0 TISSUE DAMAZE .....eeeeiiiiiiie ettt e et e e st ee e st e e snbeeesaseeesnbeeennaeeenaeeens 81

3.5. Some ALF Genes Are Transcribed Early in Shrimp Development, while Others Are Mainly

EXPressed in JUVENILES. ......ooiuiiiiiiiiieiiieiie ettt ettt et e s e e e seaeenneens 83
3.6. Sequence Diversity of Shrimp ALFs Results in Distinct Antimicrobial Properties.......... 84
4. DISCUSSION. ...ttt ettt ettt ettt ettt sh ettt e b e et e eatesb e e bt esbesbtebeeabesbeebeentesbeentesaeenee 86
5. CONCIUSIONS ..entiitiiieieeie ettt ettt ettt e b ettt et s bt et et e e bt e be e e sate bt enteeaeenes 89

RETETEIICES. ..t e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s s s e e e e s e e e se s enan 90



4.CAPITULO II - SECAO B: Identificacio e caracterizacio molecular e transcricional de

ALFs-like em camaroes PENEIAEOS ....c..cevueecreressrrcsaensnisssecssrnssansssanssseessssssansssassssassssssssssssasass 92
L INEFOAUGAO ...t et e e e et e et e e e aae e e eaaeeeeaaeeeeaseeenseeeaseeennseeennes 92
2. Materials € MELOAOS ......eeuiiiiieiieeie ettt et ettt ettt e eaee 92
2.1, ANALISES 171 STIICO ..ottt ettt ettt e 92
2.2, ADIIMIATS ...ttt ettt ettt e b e et e bt e et e e bt e eab e e bt e et e e ehteeabeeebeeeabeeeaeeenbeenneesnneen 93
2.3. Coleta de tECIAOS  ...eecueieiieeiieetie ettt et ettt et sttt e eaee s 94
2.4, InfeCCOES EXPETIMENTALS .....eeeuvieeiiieeiieeeciieesteeeeteeesiaeeesereeesaeesaeeesbeeessseeesssesessseesnsseennnns 94
2.5. Extracao de RNA e sintese de CDNA .........oooiiiiiiiiiiiee e 95
2.6. Transcri¢do Reversa seguida de PCR convencional (RT-PCR).........cccccceviiniiiiinninnicen. 96
2.7. Transcri¢do Reversa seguida de PCR quantitativa em tempo real (RT-qPCR) ................ 96
3 RESUILAAOS ...ttt ettt 97
3.1. Diversidade molecular de ALFS-LiKe ..........cccoeviviiiieiiiiiniieeeee et 97
3.2, Expressao g€N1Ca A€ ALFS-LIKe........c..ooucuieeiiieeiiieeiie ettt vee e 103
4. DISCUSSAO ..ttt ettt ettt et st e bt et e bt e s et e e bt e eab e e bt e e ab e e bt e eabe e b e e sabeenbeeeabeenbeesabe e bt e eane 106
RETEIENCIAS. ¢ttt ettt ettt e b e e 108
5. CAPITULO III: Potencial biotecnolégico de peptideos derivados de ALFs .............. 111
L TNEFOAUGAO ...ttt ettt e e e et e e e e e eabaeesaseeesabeeesaseeesseeasseeensseesnseens 112
2. Materiais € MEOAOS ......eeviiiiieiieeie ettt ettt ettt st e et e st et et e e e enees 112
2.1. Sintese quimica de peptideos € dicroismo Circular...........coccceeeveriereineeieneenenieneeen 112
2.2. Testes antimMICTODIANOS ......ccuerviruierierieniieie ettt ettt sb et st sbe et st et eeesaeenaeeaneas 113
2.2.1. MICTOTZANISINIOS «.cuvveeutiesiteentieeureeteesereenseesuseeseessseenseessseenseessseenseessseenseessseenseessseanseessns 113
2.2.2. Testes antiDACLEIIANOS .....c..eeviruierierieriieie ettt ettt ettt sb et sbe et saeenbeene s 114
2.2.3 Testes de atividade antimicrobiana €m SINETZIA .........cccveeeruveerirreenirieerreeesreeesreeseneeeens 115
2.3. Ensaios de permeabilidade de membrana..............ccccueeeiiieeiiieniieeciee e 116
2.4. Ensaios de CItotOXICIAAAE .....c..eeiuiiiiiiiiieiieie e 116

3 R ESUIEATOS e e e et e e e ————aaeaaeena———— 117



3.1. Estrutura secundaria dos peptideos derivados de ALFS.......cccccoevieviieciieniieniiecieeieeee, 117

3.2. Espectro de atividade antibacteriana de peptideos derivados de ALFs.........ccccccveeuneee. 118
3.3. Ensaio de permeabilidade de membrana bacteriana.............ccccceeveerieeiiienieeniienieeneeenn. 120
3.4. Atividade sinérgica de peptideos SINEELICOS.......uieruieriieriieeiieiie et e et saee e 120
3.5. Efeito citotoxico de peptide0s SINELICOS ......eeevieriierieeiieeieeiieeieeniee et eveeeaeeenee e 121
4. DISCUSSAO ..eeeuevieeirieeeteeesteeesteeessteeassseeassseeassseeasseeassseeassseaasseeesssseessseseassessssseesssseesnsseesnsses 122
S (53 ()1 103 - USRS 124
6. DISCUSSAO GERAL ...ttt 127
7. CONCLUSAOQO E PERSPECTIVAS ..uuoveieerereeerenessesesessssssssesessssssssssessssssssssssesssssssssssens 133
B T 03 16] L T T R SURRRRR 133
B o ) 1T 5 A TP 133
REFERENCIAS .cocevueemrennscuseensesmssessssessssesssssssssssssessssesssssssssssssssssssssssasssssssssssssssssssssssess 134
APENDICE ....ouvucrnrernancnnenns 140

ANEXOS.....cuniirrniennensnennnssenssessnessecnees 142




17

1. INTRODUCAO GERAL

Peptideos antimicrobianos (AMPs, antimicrobial peptides) sao moléculas efetoras
associadas ao sistema imune inato e que apresentam diferentes fungdes imunes (HANCOCK;
HANEY; GILL, 2016), sendo a atividade antimicrobiana a mais reconhecida. Essas moléculas
compdem um grupo polifilético e sdo amplamente encontradas em organismos dos diferentes
Reinos. A partir da identificagdo, na década de 80, dos primeiros AMPs na hemolinfa da
mariposa Hyalophora cecropia (STEINER et al., 1981), uma série de moléculas andlogas foram
descritas, revelando uma grande diversidade estrutural e funcional. Inicialmente, os AMPs
foram caracterizados como pequenos peptideos (<10 kDa) anfipaticos e catidonicos (BULET;
STOCKLIN; MENIN, 2004). No entanto, essa definicdo passou a ndo contemplar toda a
diversidade encontrada, dado que AMPs com carater anidnico e de diferentes tamanhos também
tém sido amplamente caracterizados (HARRIS; DENNISON; PHOENIX, 2009). O mecanismo
de agdo dos AMPs ¢ bastante diverso (Figura 1) e esté relacionado essencialmente a composi¢ao

aminoacidica e a estrutura tridimensional da molécula.

Figura 1 — Principais mecanismos de a¢do dos peptideos antimicrobianos.
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Esquema ilustrativo representando os principais mecanismos de atuagdo dos AMPs em uma célula bacteriana. Em
detalhe, estdo representados os efeitos sobre a membrana celular do microrganismo. Adaptado de BROGDEN
(2005).
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Alguns AMPs atuam diretamente na membrana celular dos microrganismos por
interagdes eletrostaticas com os fosfolipidios anidnicos, causando a sua desestabilizagdo
(BROGDEN, 2005). Essas moléculas também podem inserir-se na bicamada fosfolipidica
levando a formagao de poros e, consequentemente, ao extravasamento do contetido intracelular
(BROGDEN, 2005). Outros AMPs podem, ainda, ligar-se a componentes da superficie
microbiana ou serem interiorizados, inibindo vias metabdlicas intracelulares essenciais ao
microrganismo (BROGDEN, 2005; WILMES et al., 2011).

O uso indiscriminado de antibioticos tem propiciado o surgimento e¢ a selecdo de
bactérias resistentes aos antibioticos convencionalmente utilizados, representando assim um
sério problema para a saude publica (MCKENNA, 2013; MAGANA et al., 2020). Bactérias
multirresistentes ameacam o sucesso de tratamentos baseados em antibidticos convencionais e
tém sido cada vez mais associadas a severas infec¢des hospitalares (MAGANA et al., 2020).
Portanto, o desenvolvimento de novos antibioticos ¢ de suma importancia e vem despontando
como uma das prioridades do setor farmacéutico. Nesse cenario, devido a atividade rapida e
eficiente contra um amplo espectro de microrganismos, os AMPs destacam-se por serem
moléculas com alto potencial biotecnologico para esta demanda (LEWIES et al., 2019;
MAGANA et al., 2020). O ambiente marinho ¢ composto por uma grande diversidade de
microrganismos, sendo esperado que animais adaptados a sobreviver nesse ambiente
apresentem um arsenal diverso de moléculas que atuem nas respostas de defesa. Dessa maneira,
esses animais representam um interessante modelo de estudo para a identificacdo de novos
AMPs com amplo espectro de atividade antimicrobiana (CHOUDHARY et al., 2017).

O cultivo de crustiaceos, em especial de camardes peneideos, ¢ uma pratica importante
em paises do sudeste asiatico e das Américas (FAO, 2020). O Brasil ¢ o décimo maior produtor
mundial, produzindo 54,3 mil toneladas de camardes em 2019, sendo a regido Nordeste a
principal responsavel pela producdo (IBGE, 2019; FAO, 2020). A espécie mais cultivada no
mundo € o camarao peneideo Litopenaeus vannamei devido as suas excelentes caracteristicas
zootécnicas, incluindo alta taxa de crescimento, alta fecundidade, tolerancia a alta densidade de
estocagem, a salinidades extremas, a baixas temperaturas e resistentes a0 manejo em cativeiro
(BRIGGS et al., 2004). Um dos principais desafios para o cultivo desses animais € o controle
de doencas infecciosas, responsaveis por altas taxas de mortalidade nos cultivos e perdas
econdmicas aos produtores (ASCHE et al., 2020). Os patdégenos de maior destaque nos cultivos
sdo o virus causador da Sindrome da Mancha Branca (WSSV, White Spot Syndrome Virus) e

as bactérias do género Vibrio (FLEGEL, 2019). Em janeiro de 2005, o aparecimento do WSSV
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em cultivos de Santa Catarina levou a altas taxas de mortalidade de camardes e,
consequentemente, ao fechamento da maioria das fazendas produtoras do estado (SEIFFERT;
WINCLERK; MAGGIONI, 2005). Em fun¢ao do impacto causado por doengas infecciosas no
cultivo desses animais, o estudo de AMPs de crustaceos cultivaveis tem avancado ndo apenas
para identificar moléculas com potencial biotecnoldgico, mas também para contribuir no
entendimento das respostas de defesa desses animais visando a sele¢cdo de animais mais
resistentes a patogenos.

Em crustaceos, os primeiros AMPs foram purificados na década de 90 a partir da
hemolinfa de caranguejos (6.5-kDa bac-like - SCHNAPP et al., 1996) e camardes peneideos
(peneidinas - DESTOUMIEUX et al., 1997). Desde entdo, diferentes familias de AMPs foram
identificadas, principalmente em espécies cultivaveis como os camardes peneideos, devido ao
seu interesse econdmico (ROSA; BARRACCO, 2010; SMITH; DYRYNDA 2015).
Atualmente, sdo reconhecidas doze familias distintas de AMPs em crustaceos: crustinas, fatores
anti-lipopolissacarideos (ALFs), peneidinas, stylicinas, proline-rich AMPs (PR-AMPs),
glicine-rich AMPs (GR-AMPs), arasinas, hyastatinas, astacidinas, panusinas, paralithocinas e
armadillidinas. A descri¢do detalhada de cada familia encontra-se no Capitulo I. Com excegao
das crustinas e dos ALFs, a maioria das familias de AMPs esté restrita a taxons especificos. Por
exemplo, em camardes peneideos (subordem Dendrobranchiata), quatro familias de AMPs
foram descritas: as peneidinas e as stylicinas, que sao encontradas exclusivamente nesse grupo,
e as crustinas e os ALFs, que sdo amplamente encontradas nos diferentes tdxons de crustaceos.
Além dessas doze familias, peptideos cuja fungdo principal estd associada a outros processos
bioldgicos, mas que apresentam atividade antimicrobiana, e AMPs derivados da clivagem de
outras proteinas também tém sido identificados em crustidceos (ex. lisozimas e peptideos
derivados da hemocianina) (KULKARNI ef al., 2021).

Historicamente, os ALFs foram inicialmente isolados da hemolinfa dos limulideos
Limulus polyphemus e Tachypleus tridentatus, na década de 80 (TANAKA et al., 1982). Esses
quelicerados marinhos apresentam um sistema de coagulacdo bastante sensivel a pequenas
concentragdes de lipopolissacarideos (LPS) da parede de bactérias Gram-negativas. Ao
reconhecer os LPS, os receptores celulares dos hemocitos ativam uma cascata de sinalizacao
que causa a liberacdo de granulos contendo uma série de moléculas imunoefetoras. Essas
moléculas atuam tanto no processo de coagulacao da hemolinfa, para contengdo da dispersao
dos patdgenos, assim como apresentam atividade antimicrobiana (IWANAGA et al., 1998).

Quando o lisado de hemocitos dos limulideos foi analisado por TANAKA e colaboradores
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(1982) um peptideo de aproximadamente 10 kDa foi encontrado sendo capaz de inibir a cascata
de coagula¢do da hemolinfa do limulus, o qual foi nomeada de fator “anti-LPS” ou ALF.
Posteriormente, testes de atividade biologica evidenciaram uma potente atividade
antimicrobiana desse peptideo contra bactérias Gram-negativas (MORITA et al., 1985).

Em crustaceos, os primeiros ALFs foram identificados no comeco dos anos 2000 em
duas espécies de camardes, Litopenaeus setiferus (GROSS et al., 2001) e Penaeus monodon
(SUPUNGUL et al., 2002), por meio da construcdo de bibliotecas de genes expressos em
hemocitos. Posteriormente, com o avango das técnicas de biologia molecular, novos ALFs
foram identificados em outras espécies de camardes, além de lagostas, caranguejos e lagostins
(TASSANAKAJON; SOMBOONWIWAT; AMPARYUP, 2015). A maioria dos ALFs
caracterizados até o momento foi identificada em espécies de interesse comercial e poucos
estudos analisaram a diversidade desses AMPs em outras ordens de Malacostraca, como
Amphipoda (LA;ABOOBAKER, 2017) e Isopoda (BECKING et al., 2020). Em camardes
peneideos, os ALFs sdo classificados em cinco grupos distintos (Grupos A-E), apresentando
diferentes assinaturas aminoacidicas e caracteristicas bioquimicas (PONPATREEP et al., 2012;
ROSA et al., 2013; JIANG et al., 2015). Além das diferengas em tamanho e massa molecular,
os ALFs de camardes peneideos apresentam pontos isoelétricos contrastantes: enquanto os
Grupos B e C sdo cationicos, os Grupos A, D e E sdo anidnicos (ROSA et al., 2013; JIANG et
al., 2015).

Em geral, as sequéncias de ALFs apresentam um peptideo sinal seguido de um
peptideo maduro de aproximadamente 100 residuos de aminoacidos. At¢é o momento, duas
estruturas tridimensionais de ALFs foram resolvidas: a do L-ALF de L. polyphemus por
cristalografia (HOESS et al., 1993) e a de ALFPm3 de P. monodon (ALF do Grupo B) por
ressonancia magnética nuclear (YANG et al, 2009). Ambas estruturas apresentam trés o-
hélices e quatro folhas-f3, demonstrando que a estrutura tridimensional dos ALFs ¢ conservada
nesses grupos taxonomicos (Figura 2). O peptideo maduro dos ALFs possui uma regido N-
terminal hidrofobica e dois residuos conservados de cisteina, cuja ligagao dissulfeto determina
a regido associada a ligacdo a LPS (Figura 2). Essa regido assume um formato de grampo (/-
hairpin) e normalmente ¢ composta por residuos de aminoacidos catidnicos (lisina/arginina)
que interagem com as cargas negativas do lipideo A do LPS (HOESS et al., 1993; YANG et
al.,2009) (Figura 2).
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Figura 2 - Estrutura de ALFPm3 do camardo Penaeus monodon.
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A. Representacdo esquematica da estrutura secundaria de ALFPm3, composta por trés a-hélices (em vermelho) e
quatro folhas-f (em amarelo). A ligagdo dissulfeto entre os residuos de cisteina esta representada pela ligagdo entre
o comego da folha B-2 e final da folha B-3. B. Estrutura 3D de ALFPm3 resolvida por RMN (PDB:2JOB - Yang
et al., 2009). C. Estrutura 3D de ALFPm3 evidenciando os residuos aminoacidicos envolvidos na ligacdo ao LPS
(Yang et al., 2009). D. Representagdo do S-hairpin evidenciando os residuos aminoacidicos envolvidos na liga¢do
ao LPS. Em azul estdo representados residuos aminoacidicos carregados positivamente e em vermelho residuos
aminoacidicos carregados negativamente.

Estudos in vitro comprovaram que peptideos derivados do f-hairpin apresentam
atividade antimicrobiana similar a molécula inteira (NAGOSHI et al., 2006; ROSA et al., 2013;
JIANG et al., 2015). YANG e colaboradores (2009) propuseram o envolvimento de seis
residuos aminoacidicos carregados na ligagdo de ALFPm3 ao lipideo A de LPS, quatro deles
encontrados na regido entre cisteinas e dois na regido flanqueadora, refor¢ando a importancia
dessa regido nas sequéncias de ALFs (Figura 2). Esses residuos ndo sdo conservados nos
diferentes grupos de ALFs encontrados em crustaceos, podendo resultar na divergéncia
funcional observada nessa familia (ROSA et al., 2013). A perda desses residuos nos ALFs do
Grupo D resulta na redu¢do da afinidade desses peptideos ao LPS e, consequentemente, a uma
menor atividade antimicrobiana (ROSA et al., 2013). Em contrapartida, substituicdes de
residuos nao carregados por residuos catidnicos levam a um aumento na atividade
antimicrobiana de peptideos derivados de ALFs (GUO et al., 2014). Além de ligarem-se ao
lipideo A dos LPS de bactérias Gram-negativas, alguns ALFs s3o capazes de ligarem-se ao

acido lipoteicdico (LTA) de bactérias Gram-positivas (SOMBOONWIWAT et al., 2008) e as
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B-glicanas dos fungos (SUN et al., 2011), conferindo assim um amplo espectro de atividade
antimicrobiana a essa familia de AMPs.

Os ALFs sao expressos e estocados nos hemocitos, que representam as células
imunoefetoras dos crustaceos, sendo liberados no plasma mediante estimulos microbianos
(SOMBOONWIWAT et al., 2008; ROSA et al., 2013; LI et al., 2015). Por outro lado, niveis
elevados de transcritos de alguns ALFs foram identificados em outros tecidos, como branquias
(LIU et al., 2013), orgao linfoide (LI et al., 2014), intestino e hepatopancreas (ZHU et al.,
2019), estando praticamente ausentes em hemocitos circulantes. Devido ao sistema circulatdrio
dos crustaceos ser semi-aberto ou aberto, ndo estd claro se esse padrao de expressdo estd
relacionado a populagdes hemocitarias especificas infiltradas ou residentes nesses tecidos ou
pela contribui¢do de outros tecidos na expressao de ALFs. Assim como observado em outros
AMPs, esses genes sdo regulados por fatores de transcricdo da familia NF-xB/Rel vinculados
as vias de sinalizagdo Toll, IMD e JAK/STAT (KAMSAENG et al., 2017; NIU et al., 2018;
SUN et al., 2017). A expressdo de ALFs ¢ induzida frente a diferentes patogenos (virus,
bactérias e fungos) e também frente a danos teciduais (PONPRATEEP ef al., 2012; ROSA et
al., 2013; GONCALVES et al., 2014). Esses peptideos apresentam um amplo espectro de
atividade antimicrobiana, apresentando atividade contra bactérias Gram-negativas, Gram-
positivas, fungos e virus (SOMBOONWIWAT et al., 2005; THARNTADA et al., 2009; LI et
al.,2015). Além da defesa contra microrganismos patogénicos, os ALFs apresentam um papel
crucial na manutengao da microbiota (PONPPRATEEP et al., 2012; WANG et al., 2014). Em
P. monodon, o silenciamento pods-transcricional de ALFs do Grupo B levou ao aumento de
bactérias na hemolinfa e, consequentemente, a morte dos animais (PONPRATEEP et al.,2012).

Os ALFs representam uma familia multigénica altamente diversa e com o maior
espectro de atividade antimicrobiana em relagdo aos outros AMPs descritos em crustaceos.
Genes relacionados a ALFs parecem ter divergido de maneira distinta em diferentes taxons de
crustaceos, sugerindo novas funcdes para essas moléculas. Além da atividade antimicrobiana
direta, o envolvimento de ALFs na regulacdo da microbiota (PONPPRATEEP et al., 2012;
WANG et al., 2014), nas respostas de defesa contra patogenos (de la VEGA et al., 2008;
PONPRATEEP et al., 2012; ROSA et al., 2013; GONCALVES et al., 2014) ¢ durante o
desenvolvimento embrionario (QUISPE et al., 2016) também j4 foram sido descritos. Ademais,
peptideos derivados do f-hairpin apresentam atividade biolodgica similar a molécula inteira,
facilitando a producdo e aplicagdo de peptideos derivados de ALFs. Devido a essas

caracteristicas, os ALFs representam um promissor alvo de estudos a fim de identificar e
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caracterizar moléculas com aplicagdes em sanidade aquicola e com potencial biotecnolégico
para o desenvolvimento de novos antibioticos derivados de AMPs. Diante deste contexto, o
presente estudo prop0s investigar e caracterizar a diversidade molecular de ALFs de camardes
peneideos, utilizando como modelo de estudo a espécie de camarao mais cultivada no mundo,
Litopenaeus vannamei. Além disso, buscou-se avaliar as implicagdes biologicas dessa
diversidade e o potencial uso biotecnologico de peptideos derivados de novos ALFs
identificados.

O presente documento esta dividido em trés capitulos, contemplando as atividades
realizadas. O Capitulo I se refere a um artigo de revisdo, que foi redigido em comemoragao
aos 25 anos da descoberta dos AMPs de crustdceos. Essa revisdo detalha a diversidade
molecular e funcional dessas moléculas e enfatiza a sua participagdo como efetores
imunolodgicos em crustaceos e nas interagdes microrganismo-hospedeiro. O Capitulo II se
refere ao artigo de identificacdo e caracterizagdo de novos membros de ALFs em camardes
peneideos (Se¢ao A). Nesse artigo, foi explorada a diversidade molecular e a divergéncia
funcional de ALFs em camardes peneideos. No Capitulo Il também foi realizada a
identificacdo, caracterizacdo molecular e avaliacdo do perfil de expressao de peptideos
relacionados a ALFs (ALFs-like) contendo trés ou quatro residuos de cisteina (Secao B). O
Capitulo III refere-se a avaliacao do potencial biotecnologico de peptideos sintéticos derivados
de ALFs como novos antimicrobianos.

Além disso, os trabalhos produzidos durante o periodo sanduiche encontram-se
disponiveis no Apéndice I e Anexo 4. O estagio doutoral sanduiche foi realizado no Instituto
Karolinska (Estocolmo, Suécia), no ambito do Programa Institucional de Internacionaliza¢do
da CAPES (CAPES PrInt) e do Programa Joint Brazilian-Swedish Research Collaboration
(STINT) e ocorreu entre os meses de fevereiro e dezembro de 2020. As atividades foram
realizadas sob orienta¢do do professor Bjorn Andersson, que coordena um grupo de pesquisa
referéncia em gendmica comparativa sobre a biologia de protozoarios e virus, buscando
identificar novos alvos de tratamento, portanto, ndo associado ao estudo com os AMPs. Durante
o estagio doutoral sanduiche, buscou-se o desenvolvimento profissional em bioinformatica,
além do estabelecimento de parcerias entre os laboratdrios brasileiro e sueco. A fim de atingir
esse objetivo projetos com analise de dados de transcritoma e gendmica comparativa foram
realizados. Esses projetos resultaram em um artigo como primeiro autor, submetido a revista
“eLife” (ISSN: 2050-084X) (Apéndice I) e um artigo em coautoria publicado na revista
“Frontiers in Cellular and Infection Microbiology” (ISSN: 2235-2988) (Anexo 4).
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2. OBJETIVOS

2.1. Objetivo geral
Caracterizar a diversidade molecular e funcional de fatores anti-lipopolissacarideos
(ALFs) em camardes peneideos e avaliar o seu potencial biotecnolédgico, utilizando como

modelo a espécie Litopenaeus vannamei.

2.2. Objetivos especificos

2.2.1. Caracterizar a diversidade molecular de ALFs em camardes peneideos;

2.2.2. Determinar a distribuicao da expressao génica em diferentes tecidos de animais juvenis;
2.2.3. Caracterizar o perfil transcricional de ALFs frente a infeccdes experimentais por
patdgenos de interesse aquicola;

2.2.4. Quantificar a expressdao de ALFs ao longo do desenvolvimento embrionario;

2.2.5. Avaliar a atividade antimicrobiana in vitro de peptideos sintéticos derivados da regiao
entre cisteinas de novos ALFs;

2.2.6. Avaliar o mecanismo de agao de peptideos derivados de ALFs;

2.2.7. Avaliar o efeito sinérgico de diferentes peptideos derivados de ALFs;

2.2.8. Avaliar o efeito citotoxico de peptideos derivados de ALFs em células de mamiferos.
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3. CAPITULO I: Revisio sobre peptideos antimicrobianos em crustaceos

O primeiro capitulo desta tese se refere a uma revisao que celebra os 25 anos da
descoberta dos primeiros AMPs em crustaceos. Esse capitulo serve como estado da arte da tese,
elencando a diversidade molecular e funcional dos AMPs e o seu papel nas respostas
imunologicas e nas interagcdes microrganismo-hospedeiro em crustaceos. Essa revisao foi

publicada na revista “Reviews in Aquaculture” (ISSN:1753-5131).
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Abstract

Antimicrobial peptides (AMPs) are widely distributed effector molecules that provide a first
line of defence for organisms that lack adaptive immunity, such as crustaceans. They also
represent bioactive molecules with great potential as therapeutic agents in aquaculture and
biomedicine. Over the last years, an intensive research effort has been devoted to the
identification and characterisation of antimicrobials in crustaceans resulting in the recognition
of twelve gene-encoded AMP families to date. In addition to classical linear and multi-domain
AMPs, crustaceans also rely on the production of unconventional ones, such as lysozymes and
AMPs encrypted in large proteins carrying nonimmune functions. Besides their molecular and
functional diversity, crustaceans have a particular AMP repertoire usually composed of diverse
multigene families of taxonomically-restricted peptides/polypeptides. In fact, only a few
families of AMPs are shared between crustaceans and their close arthropod relatives. This
review celebrates the silver jubilee of the discovery of the first crustacean AMPs and presents
an updated and comprehensive overview in terms of structure, diversity and biological
properties, emphasising their role in immune responses and in host-microbe interactions. We

also discuss the main progress achieved so far and major challenges remaining.

Keywords: anti-lipopolysaccharide factor (ALF), crustin, decapod, host defence peptide

(HDP), invertebrate immunity, penaeidin.
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1. Introduction

Crustaceans are one of the largest and most diverse animal groups on Earth in terms
of species, abundance and spatial distribution. They colonised all aquatic habitats from
hypersaline to freshwater ecosystems as well as some semiterrestrial and terrestrial habitats. In
their natural environment, crustaceans are exposed to abundant and changing microbial
communities, which include both commensals and opportunistic pathogens. The crustacean
body surfaces (including many internal organs, such as the haemolymph and the gastrointestinal
tract) harbour a dense and diverse natural microbiota.! While microorganisms hosted by
crustaceans help maintain homeostasis, under stressful conditions some can become highly
pathogenic. It is now widely recognised that environmental stressors, which can be of
anthropogenic origin, play a key role in crustacean-microbe interactions.?

Similar to other invertebrates, crustaceans defend themselves by a combination of
nonadaptive antimicrobial and antiviral responses mediated mainly by haemocytes, the
circulating immunocompetent cells,® but also by epithelial cells lining different organs, such as
gills and intestines.** The recognition of conserved molecular patterns present on the cell
surface of microbes by host pattern recognition sensors can activate different haemocyte
immune responses, including phagocytosis and the formation of nodules and capsules as well
as the release of nucleic acid extracellular traps.>® Crustacean haemocytes also mediate
important humoral responses (e.g., haemolymph clotting and melanin synthesis by the
prophenoloxidase system) and the production of cytotoxic free radicals and antimicrobial
peptides.>’

Antimicrobial peptides (AMPs) are natural defence molecules found in virtually all
kingdoms of life, from single-celled microbes to mammals. Classically, they are described as
gene-encoded peptides with less than 10 kDa, usually cationic, which selectively target the
negatively charged membranes of microbes.® In addition to classical cationic antimicrobial
peptides (CAMPs), the recent classification systems also embrace anionic antimicrobial
peptides (AAMPs), polypeptides larger than 10 kDa and AMPs encrypted in large proteins
carrying nonimmune functions.” Based on their amino acid composition, structure and
biochemical properties, they are often divided into different classes or families.>!® AMPs are
most effective against bacteria (both Gram-positives and Gram-negatives), yeasts and
filamentous fungi and, to a lesser extent, against protozoans, parasites and enveloped viruses.'!
More than antimicrobials, some AMPs are multifunctional molecules performing a wide range

of both immune and nonimmune functions, therefore, being considered as ‘host defence
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peptides’ (HDP). As crustaceans rely only on innate immune reactions for their defence, these
molecules play a critical role in host-microbe interactions and in warding off invading
pathogens.’

Since the discovery of the first crustacean AMPs,!>!3

several gene-encoded AMP
families and other antimicrobial-related molecules (e.g., lysozymes, multifunctional proteins
and nonribosomally synthesised AMPs encrypted in large proteins) have been identified and
characterised, especially in decapods due to their commercial importance. To the best of our
knowledge, twelve gene-encoded AMP families are currently recognised in crustaceans (Figure
1; Supplementary Table 1). Except for two families (crustins and anti-lipopolysaccharide
factors), the vast majority of AMPs from crustaceans are taxonomically restricted (Figure 1).
Another important feature is that most of these families are multigenic and comprise multiple
structural domains.” Besides, unlike most AMPs from insects that are produced by the fat body
and secreted to haemolymph in response to infections,'* crustacean AMPs are often
constitutively synthesised and stored in cytoplasmic granules of specific haemocyte
populations.'>"!7 With rare exceptions, the presence of most AMPs in other organs such as the
hepatopancreas (a digestive gland comparable to the liver in vertebrates) is often the result of
the migratory behaviour displayed by circulating haemocytes in crustacean tissues.*

Important advances have been made since the publication of the first comprehensive
review article on crustacean AMPs eleven years ago.’ Indeed, the development and application
of -omics technologies, new bioinformatics tools and both reverse and forward genetic
approaches using RNA interference (RNAi)-mediated posttranscriptional gene silencing
(PTGS) have profoundly revolutionised this scientific field in an unprecedented way. Through
this updated review, we provide a complete overview of recent progress achieved not only in
the identification of novel AMP families, but also in the understanding of their involvement in

both immune and nonimmune functions and in crustacean-microbe interactions.
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Figure 1. Antimicrobial peptides (AMPs) from crustaceans.
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Schematic representation of a simplified phylogeny of crustaceans, indicating the taxonomic distribution, the sites
of expression and the antimicrobial spectrum of the twelve gene-encoded AMP families currently recognised in
malacostracans.

2. A brief history of the research on crustacean AMPs

The outset of the history of crustacean AMPs began in the mid-90s of the last century
with the concomitant identification of two gene-encoded AMPs in the haemolymph of
brachyuran crabs (6.5-kDa bac-like peptide)'> and penaeid shrimp (penaeidins).!*> These

pioneering studies opened up a new and large avenue in this research field that allowed a better
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understanding of the immune system of crustaceans. Great advances in the study of crustacean
AMPs were in part possible thanks to two international collaborative networks headed by the
French woman researcher Evelyne Bachére: ‘Shrimp Immunity & Disease Control’ (INCO-
DC/IC18CT970209; countries: Brazil, Colombia, Ecuador, France, French Polynesia, Mexico,
Portugal, Sweden and Thailand; 1997-2000)!% and ‘/MMUNAQUA’ (INCO-DC/ICA4-CT-
2001-10023; countries: Belgium, Brazil, Chile, China, France and Thailand; 2002-2005).!° Of
important note, this research field has been specially conducted by women from different parts
of the Globe: Anchalee Tassanakajon (Thailand), Christine Braquart-Varnier (France),
Delphine Destoumieux-Garzon (France), Evelyne Bachére (France), Irene Soderhéll (Sweden),
Klara Stensvdg (Norway), Kunlaya Somboonwiwat (Thailand), Margherita Anna Barracco
(Brazil), Pikul Jiravanichpaisal (Thailand), Premruethai Supungul (Thailand), Rosamma Philip
(India), Swapna Antony (India), Valerie Smith (Scotland, UK) and Vivian Montero-Alejo
(Cuba). They and other very talented women scientists not cited here have inspired generations
of new researchers.

The timeline presented in Figure 2 illustrates the chronological extent of the main
discoveries concerning crustacean AMPs. Based on amino acid composition and structure, Rosa
and Barracco’ initially classified the 15 known crustacean AMPs into four main groups: (1)
single-domain linear a-helical AMPs and peptides enriched in certain amino acids (6.5-kDa
bac-like peptide, callinectin, astacidin-2, homarin and armadillidin), (2) single-domain peptides
containing cysteine residues engaged in disulphide bonds (anti-lipopolysaccharide factors or
ALFs, scygonadins and defensins), (3) multi-domain or chimeric AMPs (penaeidins, crustins,
hyastatins, arasins and stylicins) and (4) unconventional AMPs (haemocyanin-derived peptides
and histone-derived peptides).

However, recent studies have shown that some peptides are actually members of
previously described AMP families. For instance, while homarin?® has recently been
categorised as a B-defensin-like peptide of the panusin family'®, the callinectin antibacterial
peptide?! has been recognised as a member of the arasin family.?? Besides, based on
phylogenetic reconstructions, scygonadins? are now suggested to be polypeptides derived from
an ancestor ALF-related gene in crabs.?* On the other hand, the CMCC-1 peptide*> and the
glycine-rich peptide procambarin®® were only partially characterised and, up to now, they

cannot be considered as authentic crustacean AMPs.
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Figure 2. The crustacean AMP timeline.
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Illustration of the main events related to the identification of crustacean AMPs.

Thus, taking into account all these scientific evidences, twelve gene-encoded AMP
families are now recognised in crustaceans: crustins, anti-lipopolysaccharide factors (including
crab scygonadins), penaeidins, stylicins, crab proline-rich AMPs (including the 6.5-kDa bac-
like peptide), crab glycine-rich AMPs, arasins (including the callinectin peptide), hyastatins,
astacidins, panusins (including the homarin peptide), paralithocins and armadillidins (Figure
1). In this review, we organised the crustacean gene-encoded AMPs based on their taxonomic
distribution: (i) widely-distributed and (i1) taxonomically-restricted AMPs. The nonribosomally
synthesised AMPs are discussed with other crustacean antimicrobial-related molecules (see

section 5).

3. Widely distributed crustacean AMPs

From all currently recognised gene-encoded AMPs, only crustins and ALFs appear to
occur in most crustaceans (Figure 1). Besides their occurrence in malacostracan species, these
two AMP families are also found in other arthropod groups: crustins are present in some insects
from the order Hymenoptera (Arthropoda: Mandibulata: Insecta)?” and ALFs are also produced
by marine chelicerates (Arthropoda: Chelicerata: Merostomata).?®?° Curiously, the genome of

the freshwater branchiopod Daphnia pulex (class Branchiopoda) showed to be devoid of
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sequences encoding any of the twelve known crustacean AMP families.>® In fact, the D. pulex
genome lacks any previously known AMP sequence, suggesting that brachiopods have their
own arsenal of AMPs. Up to now, it is not yet clear if both crustins and ALFs were lost during
the evolution of the Branchiopoda (and other crustacean taxa) or if those genes emerged only

in the Malacostraca lineage.

3.1. Crustins

Crustins were first purified from the haemocytes of the shore crab Carcinus maenas
as a cationic 11.5-kDa antibacterial peptide with specific activity against Gram-positive marine
or salt-tolerant bacteria.>! The 11.5-kDa peptide was then named as ‘carcinin’ after the genus
Carcinus,** but with the identification of homologue sequences in penaeid shrimp? the term
‘crustin’ was coined to name this AMP family in crustaceans. To date, the development of
powerful deep sequencing technologies allowed the identification of crustin-like sequences in
different malacostracan species (e.g., amphipods, decapods and isopods) and even in some
hymenopteran insects.?’

Crustin precursors are composed of a leader sequence followed by a disulphide-rich
peptide/polypeptide containing a characteristic C-terminus whey acidic protein (WAP) domain
(Figure 3A; Supplementary Figure 1). Crustins structure is likely to be composed of two motifs,
a random coil N-terminus followed by a WAP domain displaying two B-sheets and an a-helix
segment.>*% The WAP motif is a 50-amino acid domain that holds eight cysteine residues in a
conserved arrangement that forms a tightly packed structure folded by four disulphide bridges.*°
This three dimensional arrangement is also found in other proteins displaying different
biological functions, from antimicrobial activity to proteinase inhibition and tissue
differentiation.>%

Crustins are recognised as one of the most diverse gene-encoded AMPs found in
crustaceans. Despite the systematic occurrence of a conserved C-terminus WAP domain, the
N-terminus of crustins is highly variable in length and amino acid composition (Figure 3A).
Based on the presence/absence of structural domains lying at the N-terminal region, crustins
were initially classified into three main categories, referred as Types I to II1.>* Type I crustins
(also known as ‘carcinins’) are characterised by the presence of four conserved cysteine
residues (the ‘cysteine-rich region’) upstream to the C-terminus WAP domain. They occur
mainly in Pleocyemata (e.g., crabs, lobsters and crayfish), but some members were also reported

in penaeid shrimp and isopods.*®*° Type II crustins are mainly present in penaeid shrimp
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(Dendrobranchiata) and possess a hydrophobic region enriched in glycine residues (the
‘glycine-rich region’) ahead of the cysteine-rich domain also found in Type I crustins. Based
on specific amino acid signatures, Type II crustins can be further subdivided into Type Ila
(‘crustins’) and Type IIb (‘crustin-like peptides’).*® Exceptionally, Type III crustins (also
known as single WAP domain-containing proteins) are composed of a single WAP domain and
may have a proline/arginine-rich region at the N-terminus.*! Currently, this classification
system, widely accepted in the literature, also includes proteins containing two WAP domains
exhibiting antimicrobial activity (Type IV or double WAP domain-containing proteins) and
crustins from hymenopteran insects (Type V).

Remarkably, phylogenetic reconstructions indicate that while crustins from Types I, 11
and V form a monophyletic group, Type III and IV crustins (single and double WAP domain-
containing proteins, respectively) belong to an external clade.***’*>* To our knowledge,
crustins are more than WAP domain-containing proteins (widely distributed in nature), but
(poly)peptides that display a specific amino acid signature of twelve cysteine residues (four
from the cysteine-rich region and eight from the WAP domain). Indeed, this arrangement of
twelve conserved cysteine residues was previously termed as ‘crustin domain’. Zhao and
Wang** proposed a classification system based on the presence of the crustin domain and
divided crustins into three groups: class 1 (corresponding to Type Ila crustins), class II
(corresponding to Type IIb crustins) and carcinins (corresponding to Type I crustins). More
recently, Vargas-Albores and Martinez-Porchas* proposed an alternative classification system
based on specific features of the N-terminal glycine-rich region. It is important highlight that
novel studies performing an exhaustive analysis of crustin diversity in crustaceans followed by
a robust phylogenetic reconstruction are still necessary to establish a precise classification
system and sheds light on the evolutionary history of this diverse AMP family.

Crustins are strong antibacterial peptides and are considered important crustacean
immune effectors. Usually, Type I crustins are mainly active against Gram-positive bacteria

and display weak activity against yeasts,®*

while Type II crustins display a broader
antibacterial spectrum against both Gram-positives and Gram-negatives.>!” Comparatively,
Type III and IV crustins display activity against both Gram-positive and Gram-negative
bacteria.® Besides their direct antimicrobial function, crustins display agglutinating properties
and can also bind to antimicrobial moieties, such as lipopolysaccharide (LPS) and lipoteichoic
acid (LTA).3>*4 Additionally, Type I crustins seem to be accumulated in damaged tissues,

indicating a probable role in tissue regeneration.*’
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Crustins are mainly expressed in granular haemocytes and are released into the plasma
in response to infections and tissue damage.*>*"#’ Recently, it was demonstrated that a Type
ITa crustin from the pink shrimp Farfantepenaeus paulensis (crusFpau) is produced by specific

granule-containing haemocyte subpopulations.!” On the other hand, high transcript levels of

some crustin members have been observed in other organs than haemocytes, such as gills,**%"

h,51’53’54

52 stomac intestine®* and ovaries.*’ The regulation of the crustins genes seems to be

mainly regulated by NF-kB transcription factors activated by both Toll and IMD signalling
pathways. 3235336 Interestingly, the maternal contribution to the offspring of Type II crustins

40,57

in penaeid shrimp*’>7 and of Type I crustins in crabs*’ highlights the importance of these AMPs

during crustacean development.

Figure 3. Widely distributed crustacean AMPs: crustins and anti-lipopolysaccharide factors
(ALFs).
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2JOB). Evolution of the ALF-related genes: while scygonadins probably diverged from an ancestor ALF-related
gene in crabs, ALF-like sequences containing three or four cysteine residues evolved in penaeid shrimp.
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3.2. Anti-lipopolysaccharide factors (ALFs)

Anti-lipopolysaccharide factors (ALFs or anti-LPS factors) are amphipathic peptides
containing a central-hairpin structure able to bind to microbial surface components. ALFs were
first identified in the marine chelicerates (horseshoe crabs) Limulus polyphemus and Tachypleus
tridentatus as potent inhibitors of LPS-induced haemolymph clotting.?®?° Additionally, ALF
activity against Gram-negative bacteria was further demonstrated, suggesting its role as
multifunctional effectors in host response to infections.?’ The first crustacean ALF members
were identified in the early 2000’s by the analysis of haemocyte transcriptomes of two penaeid
shrimp species, Litopenaeus setiferus®® and Penaeus monodon.>® Interestingly, while only one
ALF variant was described in horseshoe crabs, crustaceans ALFs form a diverse and multigene
family.

ALFs are encoded as precursor molecules composed of a leader sequence followed by
a mature polypeptide with a highly hydrophobic N-terminal region and two conserved cysteine
residues (Figure 3B). The three-dimensional structure of recombinant ALFs from L.
polyphemus (rLALF)®® and P. monodon (rALFPm3; PDB: 2J0B)°! was solved using X-ray and
NMR spectroscopy strategies, respectively. Both structures consist of three a-helices, one at the
N-terminus and two at the C-terminus, packed against a four-stranded B-sheet (Figure 3B). The
two conserved cysteine residues stabilise a central B-hairpin (also known as ‘LPS-binding
domain’ or LPS-BD) of 20 amino acid residues (Figure 3B; Supplementary Figure 1). This
central B-hairpin is considered the core region for ALF biological activity. Interestingly,
synthetic peptides derived from the central B-hairpin display antimicrobial activity and binding
properties similar to the entire molecule.®> % The mechanism of action of ALFs is intimately
associated with their ability to bind to microbial moieties, such as LPS from Gram-negative
bacteria and LTA from Gram-positive bacteria, and B-glucans from fungi.®® Seven charged
amino acid residues located in the central f-hairpin and flanking B-strands have been proposed
to be involved in LPS binding of rALFPm3°' (Figure 3B; Supplementary Figure 1). These
charged residues are not conserved in all ALFs, which may contribute to the functional
divergence observed for this AMP family.>*%*

ALFs from penaeid shrimp are classified into seven Groups (Groups A to G) with
distinct amino acid signatures and biochemical features.?* Besides their differences in size and
molecular weight, shrimp ALFs also display contrasting electrostatic characteristics. For

instance, ALFs from Groups B, C and F display cationic properties, whereas Groups A, D, E
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and G are anionic (Figure 3B). Phylogenetic reconstructions found that some ALF Groups are
shared among different decapods while other Groups are taxon-specific.?*

The ALF family has the broadest spectrum of antimicrobial activity when compared
to the other crustaceans AMPs. For instance, the shrimp ALFPm3 (Group B) exhibits strong
activity against Gram-negative and Gram-positive bacteria, fungi and viruses.®**”-%® On the

24,66,69-73 other

other hand, while some ALFs exhibit lower antibacterial and antifungal activities,
members are quite inactive in in vitro assays.?***’:7* Notably, even though these peptides do
not exhibit significant antimicrobial activities, some members can still display binding
properties.”* These findings suggest that some ALFs may act in synergy with other AMPs or
may be involved in additional biological roles, such as the promotion of wound healing and in
the regeneration of tissues.?*

The ALF genes share a conserved structural organisation composed of three exons
interrupted by two introns. The second exon encodes the four-stranded p-sheets containing the
two cysteines that flank the central B-hairpin.** The gene expression of ALFs is generally
modulated by distinct pathogens (e.g., viruses, bacteria and filamentous fungi) and by tissue
damage.?*%*7>76 This gene regulation seems to be controlled by both NF-xB (Toll and IMD)
and JAK/STAT pathways.”” % Most ALFs are simultaneously expressed in the haemocytes of
a single animal.>*%* As observed for other crustacean AMPs, the ALFPm3 from P. monodon
was shown to be exclusively produced by granular haemocytes.®> However, some ALF
members are predominantly expressed by other tissues than haemocytes, such as gills,?!
lymphoid organ,’! intestines and hepatopancreas.®? Considering that the circulatory system of
crustaceans is generally an open system with haemolymph flowing freely in the body cavity, it
is still not clear if these expression patterns are related to tissue-specific cells or infiltrating
haemocytes.*®°

In addition to the authentic members of the ALF family, sequences displaying similar
molecular signatures have been also described in crustaceans. Scygonadins are anionic ALF-
related molecules originally purified from the seminal plasma of the mud crab Scylla serrata.”
Indeed, both scygonadins and ALFs are very similar in terms of structure and gene organisation.
In terms of structure, scygonadin precursors are composed of a leader sequence followed by a
mature polypeptide containing two cysteine residues flanking 17 amino acid residues. They are
predominantly expressed in the ejaculatory duct of males during the mating period and in the

early stages of embryogenesis.®* Regarding their antimicrobial properties, in vitro assays have

shown that both recombinant and native polypeptides display activity mainly against Gram-
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positive bacteria.*>**# Phylogenetic reconstructions suggested that scygonadins diverged from
an ancestor ALF-related gene only in crabs (Figure 3B). Likewise, ALF-like sequences
containing three or four cysteine residues are exclusively found in penaeid shrimp,?* indicating

that distinct ALF-related molecules might have evolved in crustaceans (Figure 3B).

4. Taxonomically-restricted crustacean AMPs

All known AMP families were only described in crustaceans from the class
Malacostraca. Except for crustins and ALFs, most crustacean AMPs are specific to a particular
taxonomic group. For economic reasons, the best characterised crustacean AMP families have
been identified in cultivated species from the order Decapoda. The order Decapoda is divided
into two suborders: Dendrobranchiata (penaeid shrimp) and Pleocyemata (e.g., crayfish,
palaemonids, crabs and lobsters). From the ten taxonomically-restricted AMP families, two are
specific of penaeids (penaeidins and stylicins) and seven are exclusively found in decapods
from Pleocyemata (PR-AMPs, GR-AMPs, arasins, hyastatins, astacidins, panusins and
paralithocins). Apart from these nine decapod-specific AMPs, only one AMP family was

described in terrestrial isopods (Peracarida: Isopoda), the armadillidins (Figure 1).

4.1. Dendrobranchiata (penaeid shrimp)

The Dendrobranchiata (with two superfamilies: Penaecoidea and Sergestoidea)
includes many species commonly referred to as ‘shrimp’ or ‘prawn’. Particularly, this taxon
assemblies the most important cultivated crustacean species, the Pacific whiteleg shrimp
Litopenaeus vannamei, the black tiger shrimp P. monodon, the blue shrimp Litopenaeus
stylirostris, the fleshy prawn Fenneropenaeus chinensis and the kuruma prawn Marsupenaeus
Jjaponicus. Up to now, only two penaeid shrimp-specific gene-encoded AMPs were described:

penaeidins and stylicins (Figure 1).

4.1.1. Penaeidins

Penaeidins were first discovered in the Pacific whiteleg shrimp (L. vannamei) by
combining both biochemical and molecular approaches. Three peptides (initially named Pen-1,
-2 and -3) were purified in their mature forms and tested for their range of antimicrobial
activity.!® These three penaeidins were initially classified into three classes, but a subsequent
study showed that class 1 and class 2 were actually isoforms of the same class (renamed class

1/2).86 This same molecular study also found the existence of a fourth penaeidin class, named
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class 4.5 Since the discovery of the first penaeidin members, a series of homologue sequences
have been identified in different shrimp species, and a classification system and standard
nomenclature were proposed.!® This classification system was based on amino acid sequence
signatures and divided penaeidins into three subgroups: PEN1/2, PEN3 and PEN4. A fourth
penaeidin subgroup (PEN5) was later recognised in F. chinensis and P. monodon. 3%

PENI1/2 to -5 are considered as ‘classic penaeidins’ and are produced as precursors
containing a leader sequence followed by a two-domain cationic peptide (4.7-7.2 kDa).? The
mature peptide is composed of an N-terminal proline/arginine-rich region followed by a C-
terminal region containing six conserved cysteine residues (Figure 4A; Supplementary Figure
1). The three-dimensional structure of a recombinant PEN3 from L. vannamei (Litvan PEN3;
PDB: 1UEQ) and a synthetic PEN4 from L. setiferus (Litset PEN4; PDB: 1XV3) was solved
by NMR spectroscopy and is composed of an unconstrained motif at the N-terminus followed
by an amphipathic helix and two coils stabilised by three disulphide bonds at the C-terminus®”-*
(Figure 4A). The mature peptides can be also posttranslationally modified by an N-terminal
pyroglutamic acid and a C-terminal amide."?

Besides the four classical subgroups, a unique member holding an additional N-
terminal serine-rich region was identified in the kuruma prawn M. japonicus, the MjPen-11 (12.1
kDa)’! (Figure 4A; Supplementary Figure 1). An et al.”! then proposed a division of penaeidins
into two subfamilies, subfamily I (PEN1/2 to -5) and subfamily II (MjPen-II), but this
classification system is not universally accepted due to the lack of consistent phylogenetic
resolution. Most recently, another unique penaeidin was discovered in L. vannamei and named
BigPEN.?? Indeed, the L. vannamei BigPEN is a large member of 27.1 kDa that contains an
additional repeat (RPT) region at its N-terminus (Figure 4A; Supplementary Figure 1). Unlike
the other three structural regions found in penaeidins (serine-rich, proline-rich and cysteine-
rich), the RPT region is not rich in any specific amino acid residue.””

Interestingly, the distribution of the different penaeidin members appears to be species-
specific. While PEN3 showed to be present in many species, PEN1/2 and PEN4 are restricted
to Occidental species from the genera Litopenaeus and Farfantepenaeus.”®> On the other hand,
PENS appears to be only present in some Oriental (Asian) species (Fenneropenaeus,
Metapenaeus and Penaeus).”* Finally, while MjPen-II-like sequences were also identified in
transcriptomic datasets from Penaeus longistylus (GenBank: GGTUO01007281) and Penaeus
latisulcatus (GenBank: GGTT01006437), BigPEN homologues appears to be present in

different penaeid groups (Farfantepenaeus, Fenneropenaeus, Metapenaeus, Penaeus).
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Each penaeidin member is encoded by a separate gene and simultaneously transcribed
in a single shrimp.®®%> The cysteine-rich region, a characteristic of penaeidins, is specifically
encoded by a separate exon.®”*° Interestingly, this cysteine pattern is also found in hyastatins,

a crab-specific AMP family (see below).”¢

Penaeidins are constitutively expressed in granular
haemocytes of healthy individuals and are massively released into the plasma in response to
microbial challenge.!® During infections, penaeidin-expressing haemocytes migrate to sites of
infection and were shown to colocalise with the bacterial pathogens.”” In L. vannamei,
penaeidins represent more than 10% of the transcripts expressed in haemocytes,'>* being
PEN3 the most expressed gene by far.”> The regulation of the penaeidin genes seems to be
controlled by both Toll and IMD NF-kB pathways.3%%2

Most penaeidins from subgroups PEN1/2, PEN3 and PEN4 are active against Gram-
positive bacteria and filamentous fungi,> while PENS5 is active against some Gram-negative
bacteria®” and also participates in antiviral defences against the White spot syndrome virus
(WSSV).®8 Comparatively, the MjPen-II polypeptide showed to be active against both Gram-
positive and Gram-negative bacteria.’! The involvement of penaeidins as antiviral effectors was
also described. For instance, L. vannamei penaeidins showed to interact with WSSV envelope
proteins preventing the viral propagation.”” Besides their direct antimicrobial function, these
peptides also behave as cytokines attracting haemocytes towards sites of injury.’® Furthermore,

some members can bind to chitin, suggesting a role in wound healing. !

4.1.2. Stylicins

Stylicins were initially identified as transcripts associated with shrimp survival to
pathogenic Vibrio infections.”” These undescribed sequences were then recombinantly
expressed and examined for their biological functions.!® Stylicins are encoded as precursor
molecules composed of a leader sequence followed by an anionic two-domain peptide (8.6-9.2
kDa) composed of an N-terminal proline/arginine-rich region and a C-terminus containing 13
conserved cysteine residues'® (Figure 4B; Supplementary Figure 1). In the genera Litopenaeus
and Farfantepenaeus, stylicins form a diverse AMP family composed of two members (STY1
and STY?2), while in M. japonicus and P. monodon only a single member was identified’>!"!
(Figure 4B). All known stylicin genes share a similar gene organisation: two exons interrupted
by a single intron.'’!

The antimicrobial activity of stylicins seems to be restricted to filamentous fungi as

described for the recombinant rLsty-Stylicinl from the blue shrimp L. stylirostris.'®
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Interestingly, the rLsty-Stylicinl peptide also displayed a strong LPS-binding activity and the
ability to agglutinate Gram-negative bacteria, suggesting additional roles for these anionic
AMPs.'% Stylicins are constitutively expressed in the haemocytes, whose expression is induced
in response to both bacterial and viral infections.'%1%2 However, in animals succumbing to
lethal fungal infections, the gene expression of stylicins is drastically reduced.”® Remarkably,
the stylicins from L. vannamei (Lvan-Stylicins) are also produced by the columnar epithelial
cells lining the midgut (Figure 4B), suggesting that these effectors are also involved in the

control of the gut microbiota and in shrimp intestinal defences.'®!

Figure 4. Taxonomically-restricted crustacean AMPs from penaeid shrimp: penaeidins and
stylicins.
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gastrointestinal tract STY2

columnar epithelium of the midgut
P. monodon STY
tissue-infiltrating haemocytes M. japonicus STY

(A) Schematic representation (not to scale) of the structural organisation of the classic penaeidins (PEN1/2 to PEN-
5), MjPen-1I and BigPEN: the serine-rich region (blue), the repeat region (yellow), the proline/arginine-rich (PRP)
region (red) and the cysteine-rich region (green). Threedimensional structure of Litvan PEN3 (PDB: 1UEO) from
the Pacific whiteleg shrimp Litopenaeus vannamei. (B) Schematic representation (not to scale) of the structural
organisation of stylicins: the PRP region (red) and the cysteine-rich region (green). Stylicins from L. vannamei
(Lvan-Stylicins) are produced by both circulating and tissue-infiltrating hemocytes and by the columnar epithelial
cells lining the midgut. Duplication of the stylicin gene occurred in penaeids from the genera Lifopenaeus and
Farfantepenaeus.

4.2. Pleocyemata (crayfish, palaemonids, crabs, lobsters)

The Pleocyemata (with ten infraorders: Achelata, Anomura, Astacidea, Axiidea,
Brachyura, Caridea, Gebiidea, Glypheidea, Polychelida and Stenopodidea) is a very diverse
suborder that includes nearly all nonpenaeid decapods, such as crayfish, palaemonids,

anomuran and brachyuran crabs, spiny and true lobsters, etc. Seven specific gene-encoded
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AMPs were identified in this decapod taxon: PR-AMPs (brachyuran crabs), GR-AMPs
(brachyuran crabs), arasins (brachyuran crabs and crayfish), hyastatins (brachyuran crabs),

astacidins (crayfish), panusins (spiny and true lobsters) and paralithocins (anomuran crabs)

(Figure 1).

4.2.1. Crab proline-rich AMPs (PR-AMPs)

Crab proline-rich AMPs (PR-AMPs), historically the first AMPs to be isolated from
crustaceans, are short linear cationic peptides found in brachyuran crabs from the superfamily
Portunoidea (Carcinidae and Portunidae).'®® The first PR-AMP member was originally purified
from the haemocytes of C. maenas and named °6.5-kDa bac-like peptide’ due to its sequence
similarity to the bovine neutrophil antibacterial peptide, bactenecin-7.'2 PR-AMPs are produced
as precursors containing a leader sequence followed by a mature peptide (4-6 kDa) containing
many repeats of the Pro-Arg-Pro tripeptide (Figure 5A). This structural motif, usually known
as PRP-domain, is also found in other crustacean AMP families, such as arasins, astacidins,
hyastatins and penaeidins.” These highly cationic AMPs (pI ~12) are active against both Gram-

positive and Gram-negative bacteria, including Vibrio species.!>!*

4.2.2. Crab glycine-rich AMPs (GR-AMPs)

GR-AMPs (for glycine-rich AMPs) are cationic peptides of ~3 kDa that were first
identified in the mud crab Scylla paramamosain by screening a haemocyte expressed sequence
tag (EST) library for putative glycine-rich AMPs.!'* The first GR-AMP member, S.
paramamosain GRPSp, displayed no similarities to other previously described AMP families.
Nonetheless, GRPSp homologues showed to be present in genomes of other brachyuran crabs
from the family Portunidae, including the swimming crab Portunus trituberculatus (GenBank:
VSRR010040263). Crab GR-AMPs are mainly expressed by haemocytes and are produced as
precursors containing a leader sequence followed by a cationic peptide (p/ ~9.6) containing a
pair of cysteines likely to form a disulphide bond (Figure 5B). Like the NLP-1 AMP from the
nematode Caenorhabditis elegans, GRPSp also contains the glycine structural motifs Gly-Tyr-
Gly-Gly and Gly-Gly-Tyr-Gly, that flank its two cysteine residues (Figure 5B). A chemically
synthesised GRPSp peptide showed bacteriostatic activities only against the Gram-positives
Aerococcus viridans and Micrococcus luteus.'** A similar in silico approach was also adopted
for the identification of AMP-encoding transcripts in the red swamp crayfish Procambarus

clarkia.?® However, unlike GRPSp, the spectrum of antimicrobial activity of the putative
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glycine-rich peptide identified in P. clarkii, tentatively referred to as ‘procambarin’, has not yet

been determined, and therefore it cannot be considered as an authentic crustacean AMP.

Figure 5. Taxonomically-restricted crustacean AMPs from nonpenaeid shrimp (crab proline-
rich AMPs or PR-AMPs, crab glycine-rich AMPs or GR-AMPs, arasins, hyastatins, astacidins,
panusins, paralithocins and armadillidins) and unconventional AMPs encrypted in large
proteins carrying nonimmune functions (the C-terminal fragment of haemocyanins).
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(A) Schematic representation (not to scale) of the structural organisation of PR-AMP precursors. The proline and
arginine residues found in the proline/arginine-rich (PRP) region are highlighted in red. (B) Schematic
representation (not to scale) of the structural organisation of GR-AMP precursors. The two glycine motifs found
in the mature glycine-rich peptide are highlighted in blue. (C) Schematic representation (not to scale) of the
structural organisation of arasins: the PRP region (red) and the cysteine-rich region (green). The four cysteine
residues found in arasins are spaced in a pattern similar to protegrins, tachyplesins and gomesins. (D) Schematic
representation (not to scale) of the structural organisation of hyastatins: the variable N-terminal region (yellow)
and the cysteine-rich region (green). The six cysteine residues found in hyastatins are spaced in a pattern similar

G

PY1

cysteine pattern of B-defensins

| di ide bond

PVHCt [PDB: 2N1C]



44

to penaeidins. (E) Schematic representation (not to scale) of the structural organisation of astacidin precursors.
Astacidins are divided into three main groups (Astacidin-1 to -3) and one divergent group containing astacidins
from Parastacidae species. (F) Panusin precursors are composed of a leader sequence (signal peptide or SP)
followed by an anionic prodomain (PD) and a mature peptide containing six cysteine residues at positions
conserved in B-defensins. (G) Schematic representation (not to scale) of the structural organisation of paralithocin
precursors. The six internal cysteine residues found in paralithocins are spaced in a pattern similar to B-defensins.
(H) Schematic representation (not to scale) of the structural organisation of armadillidin precursors. The glycine
motifs found in the mature peptide are highlighted in blue. (I) Primary amino acid sequence of shrimp (Litopenaeus
vannamei) haemocyanin (GenBank: AHY8647) showing the C-terminal fragment generated by its proteolysis.
Threedimensional structure of PvHCt (PDB: 2N1C) from L. vannamei. SP = signal peptide/leader sequence.

4.2.3. Arasins

The history of arasins goes over a decade back when this AMP family was first
characterised in 2008. It all started with the identification of a proline/arginine-rich peptide of
3.7 kDa from the haemocytes of the blue crab Callinectes sapidus.>' At that time, this peptide
(named ‘callinectin’) was only partially characterised and its complete amino acid sequence
was only reported twelve years later.’> The characterisation of the callinectin full sequence
revealed that it is not a unique AMP but rather a member of the arasin family.'%

Arasin precursors are composed of a leader sequence and a cationic two-domain
peptide (3.7-5.2 kDa) including a linear proline/arginine-rich N-terminal region followed by a
C-terminal region containing four cysteine residues (Figure 5C). Interestingly, these four
cysteine residues are spaced in a pattern similar to other AMPs, such as protegrins, tachyplesins
and gomesins (Figure 5C). Whereas callinectin is posttranslationally modified by the oxidation
of its N-terminal tryptophan residue and by a C-terminal amide,?? the mature Ha-arasinl from
the small spider crab Hyas araneus is processed by the cleavage of two residues (Arg-His) at
the C-terminal end.'%

Arasins are found in crabs and crayfish and are constitutively synthesised and stored
in granular haemocytes.?>!% These AMPs show a broad spectrum of activity against both
Gram-positive and Gram-negative bacteria.!%195-107.108 Begides its antimicrobial properties, the
N-terminal proline/arginine-rich region of the Ha-arasinl (the truncated peptide ‘PR-39’)
displayed chitin-binding activity in vitro.'® Moreover, it was shown that the most probable

mechanism of action of this truncated peptide involves intracellular targets.!®

4.2.4. Hyastatins
Hyastatins are cationic disulphide-rich polypeptides (~12 kDa) produced by the
granular haemocytes of brachyuran crabs. The first hyastatin member was purified from spider

crabs (H. araneus) and exhibited antimicrobial activity against yeasts and both Gram-positive
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and Gram-negative bacteria.”® They are synthesised as precursor molecules and, after the
cleavage of the leader sequence, the mature polypeptide is posttranslationally modified by a C-
terminal amide.”® Structurally, hyastatins are composed of a variable N-terminal region
followed by a C-terminal region containing six conserved cysteine residues (Figure 5D). The
N-terminal region of hyastatins can differ in terms of both length and amino acid composition.
For instance, while the N-terminus of H. araneus hyastatin (HaHyastatin) is rich in glycine
residues, the N-terminal region of hyastatins from S. paramamosain''® and P. trituberculatus
do not possess any specific amino acid signature. Interestingly, the glycine-rich N-terminus of
the hyastatin from H. araneus showed the ability to bind chitin.”®

Apart from the presence of a variable N-terminal region, perhaps the most intriguing
structural feature of hyastatins is in their C-terminus. Noteworthy, the C-terminal cysteine
pattern of hyastatins is identical to that found in penaeidins (Figure 5D) and their genomic
organisation is quite similar: two exons interrupted by a single intron.”>!'% In both cases, the
second exon codes for the six conserved cysteine residues. These finding suggest a close
evolutionary relationship between hyastatins and penaeidins. However, until now, it is not clear
whether they are only close cousins or members of the same superfamily of decapod-specific

AMPs.

4.2.5. Astacidins

Astacidins are short cationic proline/arginine-rich peptides originally isolated from the
haemocytes of the freshwater crayfish Pacifastacus leniusculus.''! They comprise a multigene
AMP family, apparently restricted to crayfish (Astacoidea and Parastacoidea), which are
subdivided into three main groups (Astacidin-1 to -3) and one divergent group containing
astacidins from Parastacidae species'!? (Figure 5E). The first member of this family, the P.
leniusculus astacidin-2 belonging to the Astacidin-1 group, showed to be synthesised in
haemocytes as a precursor molecule (Figure 5E), which after leader sequence cleavage, is
processed at both ends resulting in a mature peptide amidated at the C-terminus.!''! However,
unlike astacidins from groups 1 and 3, Astacidin-2 members seem to be not processed at their
C-terminal region (proteolytic cleavage of the two last C-terminal residues).'!'> Generally,
astacidins possess a broad spectrum of activity, being active against both Gram-positive and
Gram-negative bacteria.!!!"!!3 In addition to their antibacterial properties, astacidins have also

the ability to bind to bacterial cell wall components.''?
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4.2.6. Panusins (B-defensin-like peptides)

Panusins are related to defensins, which are undoubtedly one of the best studied gene-
encoded AMPs, being found in nearly all multicellular organisms, from fungi and plants to
invertebrates and vertebrates.!’ Defensins comprise a large and diverse group of disulphide-
rich peptides that are classified into two superfamilies: cis-defensins and trans-defensins.!'*
While cis-defensins are widely distributed across fungi, plants and animals (especially in
invertebrates), trans-defensins are exclusive of metazoans. Based on the arrangement of their
six conserved cysteine residues, frans-defensins are subdivided into different families: a-
defensins, B-defensins, 0-defensins and big defensins. While most trans-defensins are limited
to vertebrates, big defensins are present in both protostomes and deuterostomes. Big defensins,
believed to be the ancestors of frams-defensins, have a very scattered distribution across
metazoans (horseshoe crabs, amphioxi and most lophotrochozoans) and show the same cysteine
pairing pattern found in B-defensins (Cysi-sCys2-4Cyss-6).° Even if B-defensins are vertebrate-
specific, some B-defensin-like peptides also occur in a restricted group of decapod crustaceans.

The B-defensin-like peptides from crustaceans are known as ‘panusins’ and are found
in true lobsters (Nephropidae) and spiny lobsters (Palinuridae).!'> Panusins are short cationic
peptides (~4 kDa) that were first discovered in the Japanese spiny lobster Panulirus japonicus
by screening a haemocyte EST library.'!® Typically, panusins precursors are composed of a
leader sequence followed by an anionic prodomain and a mature cationic peptide (p/ ~8.5)
containing six cysteine residues at positions conserved in vertebrate B-defensins (Figure 5F).
The mature peptides are then posttranslationally modified by a C-terminal amide.'®!"> These -
defensin-like peptides are mainly produced by granule-containing haemocytes'® and are active
against both Gram-positive and Gram-negative bacteria and yeast even at high salt
concentrations.'!®

Interestingly, the panusin member Hoa-D1 from the American lobster Homarus

6

americanus'® appears to be the same peptide (homarin) that was previously identified by

Battison et al.?°

At that time, the H. americanus homarin peptide was only partially
characterised and showed activity against ciliated protozoans and a Vibrio strain isolated from
lobster intestinal contents.?’ Finally, it is important to highlight that trans-defensins have a very
narrow taxonomic distribution (lobsters, spiny lobsters and vertebrates) and that, to date, unlike
their other arthropod relatives such as insects and chelicerates, homologues of cis-defensins

were not found in any crustacean species.’
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4.2.7. Paralithocins

Paralithocins are the most recent AMPs to be identified in crustaceans. They are
disulphide-rich peptides originally isolated from haemocyte extracts of the red king crab
Paralithodes camtschaticus.''” They comprise a multigene family composed of three members
(paralithocin-1, paralithocin-2 and paralithocin-3) that are produced as precursors containing a
leader sequence followed by a cationic peptide (4-5 kDa) containing eight conserved cysteine
residues engaged in four disulphide bridges (cysteine pairing: Cysi1-8Cys2-6Cys3-5Cysa.7) (Figure
5@G). Interestingly, despite the presence of an additional disulphide bond (Cys1-Cyss), the other
six internal cysteine residues found in paralithocins show the same cysteine pairing pattern

> and in both big defensins and vertebrate B-defensins'® (Figure 5G).

found in panusins'!
However, no clear phylogenetic relationships appear to exist between paralithocins and those
cysteine-rich AMP families. All native paralithocin members showed a weak antibacterial

activity in vitro, being mainly active against Gram-positive marine bacteria.'!’

4.3. AMPs from nondecapod crustaceans

Due to their economic importance, most studies have been carried out in decapod
crustaceans and, therefore, only very few research groups have ventured to study AMPs in other
taxa. Until now, only one gene-encoded AMP family was identified and fully characterised in
a nondecapod species, the armadillidins (Figure 1). Armadillidins are linear cationic peptides
originally isolated from the haemocytes of the woodlouse Armadillidium vulgare (Peracarida:
Isopoda).!'® They are produced as precursors containing a leader sequence followed by a mature
peptide (4.4-5.7 kDa) rich in glycine residues that is posttranslationally modified by a C-
terminal amide®'"® (Figure S5H). They are exclusively found in terrestrial isopods
(Armadillidiidae and Porcellionidae)®, and in 4. vulgare two isoforms were identified:
armadillidin H and armadillidin Q.!' Both isoforms are characterised by the presence of the
sixfold repeated motif Gly-Gly-Gly-Phe and differ in only one amino acid residue (His or GIn
at position 33) (Figure 5H). A. vulgare armadillidins H and Q showed a broad spectrum of
activity, being active against both Gram-positive and Gram-negative bacteria and filamentous
fungi.'!® It was shown that armadillidin H induces cell membrane damages in prokaryotic cells
and that the most probable mechanism of action involves membrane permeabilisation.'!”

Apart from the isopod-specific armadillidin AMP, a peptide referred to ‘CMCC-1’,
with specific antibacterial activity against the Gram-positive Staphylococcus aureus, was

identified in the Antarctic krill Euphausia superba (Eucarida: Euphausiacea).”> Unfortunately,
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this peptide was only partially characterised and its sequence and biochemical features were

not yet determined.

5. Other antimicrobial-related molecules and unconventional AMPs

In addition to those classical gene-encoded AMPs, diverse peptides with antimicrobial
activity are encrypted in proteins better known for other biological functions and sometimes
being generated as a cleavage product. In this section, we briefly explore the findings of these
antimicrobials in crustaceans.

In crustaceans, haemocyanins are copper-containing oxygen carrier proteins that can
be processed in different bioactive peptides involved in multiple functions, including
antimicrobial activity. They are produced by the hepatopancreas and constitutively released into
the plasma. In shrimp, the C-terminus fraction of haemocyanin generates an anionic histidine-
rich peptide folded as an amphipathic alpha-helix (Figure 5I) that displays strong activity
specifically against fungi.!?*!?! These peptides accumulate at the surface of fungal hyphae
disrupting plasma membrane integrity and causing fungal death.!?! Remarkably, it was shown
that these haemocyanin fragments are constitutively present in the haemolymph, but facing
injury or immune-challenge, their quantity is significantly increased in the plasma.'?® On the
other hand, in the crayfish P. leniusculus, the C-terminal proteolysis of haemocyanin by a
cysteine-like proteinase generates a cationic peptide active against both Gram-positive and
Gram-negative bacteria.'*?

Lysozymes are proteins that display antimicrobial activity but generally are not
considered classical AMPs due to their enzymatic activities targeting specific molecules. Two
types of lysozymes, the invertebrate type (i-type or destabilase) and the chicken or conventional
type (c-type), have been described in crustaceans, displaying activity against Gram-negative
bacteria.!**1%> Lysozymes kill bacteria by catalytic hydrolysis of cell wall peptidoglycan, but
it also exhibits catalysis-independent antimicrobial properties.® Recently, it was shown that
these peptides interact with WSSV proteins and are involved in shrimp antiviral response.!?¢

Histones are DNA-binding proteins that form the nucleosome and are involved in the
regulation of DNA transcription, replication and assembly. A series of studies have shown that
histones and histone-derived fragments exhibit broad-spectrum antimicrobial activities, playing
a role in the innate immune defence of different animal taxa.'?’ In shrimp, it was shown that

128

core histone proteins from the haemocytes display antimicrobial activity' = in a process
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involving the release of extracellular traps (ETs).® During ET formation, DNA and AMPs form
complex structures to entrap invading microbes.®

Peritrophins are proteins that interlock chitin fibrils to form the peritrophic membrane
of invertebrates. They were first isolated from the intestine of insects, but some homologues
have been identified in several invertebrates, including crustaceans. Peritrophins display
important roles in the digestive system, surrounding food bolus, facilitating digestion, and
protecting the gut from abrasion, toxins and infections.'” In crustaceans, peritrophin-like
proteins are also found as components of the egg layer and seem to be implicated in host

131 and were shown

defence.!3° Peritrophin-like proteins displayed in vitro antimicrobial activity
to be able to bind to WSSV envelope proteins.!*> However, additional studies are still necessary
to explore the mechanism of action of these proteins and clarify their role in crustacean
immunity.

Furthermore, some immune effectors related to microbial recognition and signalling
pathways were described displaying antimicrobial activity in crustaceans. Lectins are a complex
group of glycoproteins that act as pattern recognition receptors due to their noncatalytic highly
conserved domain that recognises specific sugar moieties on the surface of microorganisms.’
Although antimicrobial activity is not the primary role of lectins, several studies have shown
that lectins exert direct antimicrobial functions.!** Finally, pellino is an evolutionarily
conserved protein that plays a crucial role in immune response, acting as a scaffold molecule in
the Toll NF-xB pathway. Pellino-1 expression was shown to be induced in some crustacean

134,135

species after microbial challenge and pellino-derived peptides displayed antimicrobial

activity and the ability to bind DNA.'®

6. Essential role of AMPs in crustacean immunity and in host-microbe interactions

AMPs are diverse molecules, displaying distinct biochemical features, sites of
expression, and molecular functions in addition to their widely documented antimicrobial
activity. Indeed, it has been recently proposed that these molecules should be referred to as
‘host defence peptides’ to better define their multifaceted roles as immunomodulatory
mediators.'*® In this section, we expand on the previously mentioned roles played by AMPs in
crustacean immunity, which go beyond the antimicrobial function described for each family in
the previous sections.

The interaction between the immune system and the diverse array of microorganisms

that harbours the crustacean body surfaces (e.g., haemolymph and the gastrointestinal tract) is



50

essential to animal health and survival.! Together with other immune effectors, AMPs play a
major role regulating antimicrobial responses and, consequently, the balance between
homeostasis and pathogenesis. These effectors seem to be expressed synergistically by
infiltrated haemocytes* and the epithelia>!°"!*7 (Figure 6). In the black tiger shrimp P.
monodon, the silencing of ALFPm3 (Group B ALF) by RNAI leads to an increase in bacteria
in shrimp tissues resulting in shrimp death.”®> A similar response was observed in M. japonicus,
in which the silencing of a C-type lectin, whose interaction with haemocyte receptors is
responsible for the regulation of AMP expression, results in the proliferation of the
haemolymph microbiota and shrimp death!*® (Figure 6). AMP expression affects not only the
total amount of bacteria but also the microbiota composition as shown for a gill-abundant
crustin, whose reduced expression in gills led to a change in the proportion of both potentially
pathogenic and nonpathogenic bacteria.!’” Besides, it has been shown that the expression of a
Type II crustin in the extremophile deepsea hydrothermal vent shrimp Rimicaris exoculata is
spatiotemporally correlated with the establishment of ectosymbiotic microbial communities.'*’

In addition to regulating the host microbiome, the involvement of AMPs in pathogenic
infections has been widely studied in crustaceans. It has been shown that Vibrio-resistant
animals display higher expression of AMP genes when compared to susceptible ones.”®!4
Moreover, the silencing of ALFs and crustins results in a higher mortality rate after Vibrio and
WSSV experimental infections”>$%-126.141-143 (Figyre 6). Likewise, taxonomically-restricted

AMPs contribute to the defence against bacterial and viral infections as reported for

92,99 110,140

penaeidins, arasins,'* hyastatins and astacidins.!"® Regarding the antiviral response,

ALFs, crustins, penaeidins and lysozymes showed to be able to bind to proteins in the WSSV,
inhibiting viral replication >!:6892126.144.145 Eyrthermore, AMPs have also been shown to

participate in the defence against fungal infections.!%-121-141
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Figure 6. Schematics of the main roles played by crustacean AMPs
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(A) in the regulation of the microbiome and (B) in many immune and nonimmune functions.

Besides their direct effect on host-microbe interactions, a series of distinct roles in
animal homeostasis have been reported for AMPs. In crustaceans, the expression of some AMP
families including ALFs,** crustins*’ and stylicins!! is induced in response to tissue injuries,
although little is known about the precise way AMPs promote wound healing (Figure 6).
Penaeidins have shown cytokine activity promoting the migration of penaeidin-expressing
haemocytes from the peripheral haemolymph towards the infection site by autocrine
activity.”® Additionally, penaeidins, hyastatins and arasins display a binding affinity to
exoskeleton chitin, suggesting that they could be involved in wound healing and/or molting
process.'>?%1% Distinct crustin members have been shown to promote phagocytosis,>* bacteria
agglutination'*® and haematopoiesis.'*” Furthermore, some AMPs (e.g., ALFs, crustins and
stylicins) display binding affinity to LPS, an important inflammation-inducing molecule in
vertebrates (Figure 6). Indeed, shrimp ALFs can suppress the production of proinflammatory
cytokines in LPS-stimulated cervical cancer HeLa cells,'*® indicating that these AMPs could be

involved in homeostasis-related processes.



52

7. Conclusions

Over the past 25 years since the identification of the first AMPs, the joint efforts of
researchers worldwide have contributed to a better understanding of the immune system of
crustaceans and of the essential role of these molecules in host-microbe interactions. In recent
years, the advance in novel sequencing techniques and the generation of crustacean genomes
and transcriptomes have allowed the identification of a series of novel AMP families and
isoforms as well as the characterisation of molecular pathways that were previously described
only in other invertebrate models. Furthermore, the application of RNAi and other gene
silencing methodologies contributed to shedding light on the function of AMPs, unrevealing
potential roles as immune effectors in addition to antimicrobial properties.

As bioactive molecules, crustacean AMPs are relevant due to their potential as novel
therapeutic agents for the health of cultivated animals and humans. As discussed in section 6,
some studies have shown the involvement of AMP families in the survival of animals against
pathogenic infections. Now, with the publication of the genomes of important cultivated
species,'*1% the discovery of additional genetic markers (e.g., single-nucleotide polymorphism
and copy number variation) in AMP genes has the potential to greatly contribute to the selection
of disease-resistant animals. Given their wide range of bioactive properties, crustacean AMPs
have also been widely explored for their potential as therapeutic agents. For instance, ALF-
derived peptides are diverse bioactive molecules, modulating inflammatory responses and
displaying activity against human parasites, viruses and tumours.'*®131:152 These features
emphasise the potential of crustacean AMPs as biotechnological tools and how these peptides
may open the way for future drug developments.

Despite the great advance in the identification and characterisation of AMPs in
crustaceans, some questions remain to be answered in future years. For instance, to date, only
a few studies have described the structure and the precise mechanism of action of crustacean
AMPs. Understanding the three dimensional structure of these peptides and how they interact
with microorganisms is essential for their future application. Also, crustaceans display a diverse
arsenal of anionic AMPs, however little is known about the way these anionic molecules
interact with microorganisms and their roles as immune effectors. Finally, we still lack
understanding about the presence of AMPs in taxa other than Malacostraca, since the majority
of the studies have been focused on cultivated species or species of interest to aquaculture. The

characterisation of AMPs in other crustacean groups would not only allow the identification of
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novel AMP families and isoforms but also substantially contribute to the understanding of the

evolution of AMPs in invertebrates and the discovery of novel bioactive molecules.
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AMPs Gram-positive bacteria Gram-negative bacteria Fungi
Bacillus megaterium 1.25-2.5 uM [1]
Staphylococcus haemolyticus 2.5-5 uM [1]
Aerococcus viridans 0.312-0.625 uM [1] Vibrio harveyi 2.5-5 uM [1]
Staphylococcus aureus 3.13-6.25 uM [2] Klebsiella pneumoniae 10-20 pM [1]
crustins Streptococcus iniae 3.13-6.25 uM [2] Escherichia coli 2.5-5 p\M [4] Saccharomyces cerevisiae 12.5-25 pM [3]
Corynebacterium glutamicum 1.6-3.1 pM [3] Pseudomonas aeruginosa 1.25-2.5 uM [4]
Micrococcus luteus 0.62-1.25 uM [4] Vibrio anguillarum 5 pM [4]
Corynebacterium stationis 1.25-2.5 uM [4]
Microbacterium maritypicum 1.25-2.5 pM [4]
Escherichia coli 0.095-0.19 uM [5]
Aerococcus viridans 1.356-3.12 uM [5] Klebsiella pneumoniae 3.12-6.25 uM [5]
Ba?’lllus megaterium 0.19-0.39 uM [5] Salrr.zon.ella Q}phlmyrzum 6.25-12.5 uM [5] Fusarium oxysporum 1.56-3.12 M [5]
Micrococcus luteus 1.56-3.12 uM [5] Vibrio alginolyticus 0.39-0.78 uM [5] .
. S o . Botrytis cinerea 3.12-6.25 pM [5]
ALFs Corynebacterium stationis 5-10 pM [6] Vibrio anguillarum 0.78-1.56 uM [5] T
; . o . . Penicillium crustosum 12.5-25 pM [5]
Microbacterium maritypicum 5-10 uM [6] Vibrio harveyi 0.78-1.56 uM [5] Candida albicans 10 uM [7]
Staphylococcus aureus 10-20 uM [6] Enterobacter cloacae 3.12-6.25 uM [5] K
Bacillus subtilis 10-20 pM [6] Erwinia carotovora 1.56-3.12 uM [5]
Vibrio nigripulchritudo 5-10 uM [6]
Bacillus megaterium 2.5-5 uM [8] Nec;gzrhocszematococca 215_55- 2'&”%/[ [8]
.. ) spora crassa 2.5-5 pM [8]
Aerococcus viridans 0.3-0.6 uM [8] ; L
Alternaria brassicicola 2.5-5 pM [8]
Staphylococcus aureus 6.25 UM [9] Escherichia coli 2.5-5 pM [8] Botrytis cinerea 5-10 uM [8]
penaeidins Micrococcus luteus 0.78 pM [9] >R 4 K

Bacillus thuringiensis 1.56 uM [9]
Bacillus cereus 1.56 uM [9]
Bacillus subtilis 6.25 pM [9]

Klebsiella pneumoniae 3.13 uM [9]

Fusarium solani 3.13 pM [9]
Fusarium oxysporum 3.13 uM [9]
Gloeosporium album 6.25 pM [9]

Verticillium dahliae 3.13 uM [9]

stylicins

na

na

Fusarium oxysporum 2.5 uM [10]
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Escherichia coli 12.5-25 uM [11]

PR-AMPs Micrococcus luteus 0.78-1.56 uM [11] Vibrio harveyi 0.195-0.39 uM [11] nd
Vibrio parahaemolyticus 3.13-6.25 uM [11]
Micrococcus luteus 12.5-25 uM [12]
GR-AMPs Aerococcus viridans 6.25-12.5 uM [12] na nd
Micrococcus luteus 0.39-0.78 uM [12]
arasins Bacillus subtilis 6.25-12.5 uM [12] Vibrio harveyi 0.78-1.56 uM [12] nd
Aerococcus viridans 0.195-0.39 uM [12] Vibrio anguillarum 3.125-6.25 uM [12]
Staphylococcus haemolyticus 6.25-12.5 uM [12]
Corynebacterium glutamicum 0.4 uM [13] Escherichia coli 12.5 M [13]
hvastatins Micrococcus luteus 1.25-2.5 pM [14] Pseudomonas stutzeri 0.63-1.25 pM [14] Saccharomyces cerevisae 12.5 uM [13]
¥ Staphylococcus aureus 0.63-1.25 uM [14] Pseudomonas fluorescens 1.25-2.5 uM [14] Candida albicans 6.3-12.5 uM [13]
Micrococcus lysodeikticus 2.5-5 pM [14] Aeromonas hydrophila 1.25-2.5 uM [14]
Micrococcus luteus 5.44 uM [15] Shigella flexneri 0.5 uM [15]
astacidins Bacillus subtilis 1.06 uM [15] Pseudomonas aeruginosa 4.24 uM [15] nd
Bacillus megaterium 1.06 uM [15] Escherichia coli 1 pM [16]
Staphylococcus aureus 2 uM [16] Acinetobacter baumannii 2 u\M [16]
. Staphylococcus aureus 0.7-1.7 uM [17] Escherichia coli 0.9-1.5 uM [17] . .
panusins Bacillus subtilis spizizenii 2.3-2.9 uM [17] Klebsiella pneumoniae 1.0-1.8 uM [17] Candida albicans 2-4 M [17]
Corynebacterium glutamicum 12.5 M [18]
paralithocins Carnobacterium mobile 12.5 uM [18] na nd
Carnobacterium funditum 12.5 uM [18]
Micrococcus lysodeikticus 2.37 uM [19] Escherichia coli 9.5 uM [19]
Staphylococcus lentus 4.75 uM [19] Pseudomonas syringae 4.75 pM [19]
armadillidins Bacillus subtilis 9.5 uM [19] Aeromonas hydrophila 9.5 pM [19] Alternaria brassicicola 7.6 pM [19]

Bacillus pumilus 4.75 uM [19]
Bacillus megaterium 2.37 uM [19]

Enterobacter cloacae 9.5 uM [19]
Flavobacterium breve 9.5 pM [19]

In this table the minimum inhibitory concentration described in the reviewed literature is summarized for each family of crustacean AMPs. For details on
AMPs sequence, microorganism strains and antimicrobial assay methodology please visit the reference cited. na: non-active; nd: non-determined
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Supplementary Figure 1: Primary structure of penaeid shrimp AMPs
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(A) Primary structure of crustins (Type I: carcininPm2 and MjCrul-2; Type Ila: Crustin Lv and crusFpau; Type
IIb: crustinPm7 and Crustin-like Lv; Type I1I: LvSWD and PmSWD; Type IV: LvDWD and PmDWD). Dashed
lines indicate the structural domains: the glycine-rich region (blue), the cysteine-rich region (green) and the whey
acidic protein (WAP) domain (red). (B) Primary structure of anti-lipopolysaccharide factors (ALF-A: ALFPm?2
and Litvan ALF-A; ALF-B: ALFPm3 and Litvan ALF-B; ALF-C: ALFPm6 and Litvan ALF-C; ALF-D: ALFPm8
and Litvan ALF-D; ALF-E: ALFPm9 and Litvan ALF-E; ALF-F: ALFPm10 and Litvan ALF-F; ALF-G:
ALFPm11 and Litvan ALF-G). (C) Primary structure of the classic penaeidins (PEN1/2: Litvan PEN1/2 and
Farpau PEN1/2; PEN3: Litvan PEN3, Penmon PEN3 and Fenchi PEN3; PEN4: Litvan PEN4 and Farpau PEN4;
PENS: Penmon PENS and Fenchi PENS), MjPen-II and BigPEN. Dashed lines indicate the structural domains: the
serine-rich region (blue), the repeat region (yellow), the proline/arginine-rich (PRP) region (red) and the cysteine-
rich region (green). (D) Primary structure of stylicins (STY1: Lvan-Stylicinl and Lsty-Stylicinl; STY2: Lvan-
Stylicin2 and Ls#y-Stylicin2: Stylicins from Asian species: Pmon-Stylicin and Mjap-Stylicin). Dashed lines
indicate the structural domains: the PRP region (red) and the cysteine-rich region (green).
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4. CAPITULO II: Novos fatores anti-lipopolissacarideos em camarées peneideos

No capitulo II ¢ apresentada a divergéncia funcional de ALFs em camardes peneideos.
A partir de analises in silico em bancos de dados publicos foi possivel identificar, caracterizar
e classificar os ALFs de camardes peneideos em sete grupos distintos (Grupos A a G). Ademais,
foram identificados peptideos relacionados a ALFs, aqui denominados de ALFs-like, que,
possivelmente, derivaram de um gene ancestral de ALFs em taxons especificos. Utilizando a
espécie L. vannamei como modelo, foi demonstrado que os ALFs compdem uma familia
altamente diversa de AMPs, em nivel de sequéncia, expressdao génica e funcdo. Este capitulo
foi separado em duas se¢des: Seco A que reporta os resultados referentes aos ALFs (publicado
na revista “Marine Drugs”, ISSN: 1660-3397); Se¢ao B que apresenta os resultados referentes
aos ALFs-like (peptideos que apresentam assinaturas aminoacidicas similares a ALFs contendo

trés ou quatro residuos de cisteina).

SECAO A: Diversidade molecular e funcional de ALFs de camardes peneideos.

SECAO B: Identificagdo e caracterizagdo molecular e transcricional de ALFs-like em camardes

peneideos.
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SECAO A: Diversidade molecular e funcional de ALFs de camardes peneideos.
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Abstract

Anti-lipopolysaccharide factors (ALFs) are antimicrobial peptides with a central B-hairpin
structure able to bind to microbial components. Mining sequence databases for ALFs allowed
us to show the remarkable diversity of ALF sequences in shrimp. We found at least seven
members of the ALF family (Groups A to G), including two novel Groups (F and G), all of
which are encoded by different loci with conserved gene organization. Phylogenetic analyses
revealed that gene expansion and subsequent diversification of the ALF family occurred in
crustaceans before shrimp speciation occurred. The transcriptional profile of ALFs was
compared in terms of tissue distribution, response to two pathogens and during shrimp
development in Litopenaeus vannamei, the most cultivated species. ALFs were found to be
constitutively expressed in hemocytes and to respond differently to tissue damage. While
synthetic B-hairpins of Groups E and G displayed both antibacterial and antifungal activities,
no activity was recorded for Group F B-hairpins. Altogether, our results showed that ALFs form
a family of shrimp AMPs that has been the subject of intense diversification. The different
genes differ in terms of tissue expression, regulation and function. These data strongly suggest

that multiple selection pressures have led to functional diversification of ALFs in shrimp.

Keywords: host defense peptide; antimicrobial peptide; anti-LPS factor; host—microbe

relationship; functional diversity; invertebrate immunity; crustacean; antimicrobial activity
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1. Introduction

Anti-lipopolysaccharide factors (ALFs) are multifunctional antimicrobial host defense
peptides (AMPs) with the ability to bind to microbial surface molecules. They were initially
characterized as potent inhibitors of lipopolysaccharide (LPS)-induced clotting in marine
chelicerates, the horseshoe crabs Tachypleus tridentatus and Limulus polyphemus [1]. In
addition to their LPS-binding properties, they were also shown to be highly active against
Gram-negative bacteria [2]. In the early 2000s, ALF homologues were identified in hemocyte
transcriptomes from two penaeid shrimp, Litopenaeus setiferus and Penaeus monodon [3.,4].
Although ALF sequences have been extensively identified in many species, these AMPs appear
to be exclusive of marine chelicerates and crustaceans.

ALFs are genetically encoded as precursor molecules composed of a leader sequence
followed by a mature peptide containing two conserved cysteine residues [5]. The three-
dimensional structure of both horseshoe crab and shrimp ALFs consists of three a-helices
packed against a four-stranded B-sheet [6]. In this structure, the two cysteines flank a central -
hairpin of 20 residues stabilized by a single disulfide bond. This central B-hairpin (also known
as “LPS-binding domain” or LPS-BD) is the functional domain of ALFs and holds key charged
amino acids involved in the recognition and binding of microbial cell wall components, such
as LPS from Gram-negative bacteria, lipoteichoic acid from Gram-positive bacteria and [3-
glucans from fungi [7]. Indeed, the mechanism of action of ALFs is intimately associated with
their ability to bind to those microbial moieties. Notably, ALFs are known to be highly active
against a broad range of bacteria, fungi and some enveloped viruses [8].

Different from horseshoe crabs, ALFs form a diverse and multigenic family of AMPs
in penaeid shrimp. Shrimp ALFs are composed of five members (Groups A to E), which differ
in terms of primary structure and biochemical characteristics [5]. While ALFs from Groups A
and D possess anionic properties, Groups B and C are exclusively composed of cationic
peptides. Interestingly, while cationic ALFs exhibit potent antimicrobial activities against a
broad range of bacterial and fungal strains [9], anionic ALFs from Group D have impaired
antimicrobial properties [10]. The limited antibacterial activity of Group D ALFs is likely due
to the lack of most residues involved in LPS binding of cationic ALFs from Group B [10].
Group E ALFs were only described in the kuruma prawn Marsupenaeus japonicus as cationic
(MJALF-E1) and anionic (MJALF-E2) peptides, with antimicrobial activity restricted to Gram-

negative bacteria [11].
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At present, little is known about the evolutionary forces that may have shaped the
diversification of ALF sequences in shrimp. To address this question and explore the biological
implications of such sequence diversity, we combined a series of molecular, phylogenetic,
transcriptional and functional analyses. By using an in silico mapping method, we have
identified novel ALF members in different penaeid species. Bayesian phylogenetic
reconstructions revealed the existence of seven ALF groups in shrimp: the previously described
Groups A to E, and the novel Groups F and G evidenced here. Each ALF group is encoded by
a different locus in the shrimp genome. Through a quantitative PCR-based approach, we have
assessed the expression of the seven ALF genes in terms of tissue distribution and
transcriptional response to two pathogens (Vibrio harveyi and WSSV), but also during different
shrimp development stages (from fertilized eggs to larval and post-larval stages) in the shrimp
L. vannamei. Finally, we evaluated the antimicrobial activity of synthetic peptides based on the
central B-hairpin of the three novel ALFs identified in L. vannamei (Groups E to G) and
presented evidence that the sequence diversity of shrimp ALFs can be reflected in their
biological properties. Altogether, the tissue distribution, regulation and biological functions of
ALF genes reveal that various evolutionary pressures have led to functional diversification of

the ALF family in penaeid shrimp.

2. Materials and Methods
2.1. Database Searches and Phylogenetic Reconstructions

ALF sequences were methodically collected from publicly accessible databases and
used for the search of homologous sequences in both annotated and non-annotated databases.
Only full-length coding sequences were considered. Homology searches were performed using
tBLASTx at NCBI. Exon-intron boundaries were defined by alignment of the cDNA and
genomic sequences. All nucleotide sequences were manually inspected and analyzed using
open-access bioinformatics tools. Three-dimensional models for L. vannamei ALFs were built

with SWISS-MODEL (https://swissmodel.expasy.org/) using ALFPm3 NMR resolution (PDB:

2JOB1) as a template. Deduced amino acid sequences were aligned using MAFFT multiple

alignment program (https://mafft.cbre.jp/alignment/server/). Bayesian phylogenetic analysis

was conducted in MrBayes 3.1.2 (http://mrbayes.sourceforge.net/), using WAG+G as

substitution model, with two runs of 107 generations, sample rate of 1000 and burn-in of 25%.

Neighbor-joining analysis was conducted in MEGA X [27]. Bootstrap sampling was reiterated



73

1000 times using a 50% bootstrap cutoff. Trees were drawn using FigTree v1.4.2

(http://tree.bio.ed.ac.uk/software/figtree/).

2.2. Animals and Tissue Collection

Litopenaeus vannamei juveniles (10 £ 2 g) and at different development stages were
obtained from the Laboratory of Marine Shrimp (Federal University of Santa Catarina,
Floriandpolis, Brazil). Each developmental stage was identified microscopically and collected
as previously described [16] while juveniles were acclimated in controlled conditions for at
least one week before any experimentation. Hemolymph was collected from the ventral sinus
into a precooled modified Alsever solution (27 mM sodium citrate, 336 mM NaCl, 115 mM
glucose, 9 mM EDTA, pH 7.0) and hemocytes were isolated by centrifugation. After
hemolymph collection, the following tissues were harvested by dissection: foregut,
hepatopancreas, midgut, hindgut, muscle, gills and nerve cord. Tissues were rinsed in Tris-
saline solution (10 mM Tris, 330 mM NaCl, pH 7.4), homogenized in TRIzol reagent (Thermo
Scientific, Asheville, NC, USA) and processed for semiquantitative RT-PCR analysis.

2.3. Experimental Infections

Two unrelated shrimp pathogens were chosen for experimental infections, the Gram-
negative Vibrio harveyi and the White spot syndrome virus (WSSV). For the bacterial infection,
6 x 107 CFU/animal of V. harveyi ATCC 14126 under 100 pL sterile seawater (SSW) or 100
uL SSW (injury control) were injected. For the viral infection, shrimp were injected with 100
pL of a WSSV inoculum containing 3 x 10? viral particles. The WSSV inoculum was prepared
from muscle tissues of WSSV-infected shrimp as previously described [14]. Animals injected
with 100 puL of a tissue homogenate prepared from WSSV-free shrimp were used as injury
control for the viral infection. At 48 h post-infections, hemocytes were collected, pooled (three
pools of five animals per condition) and processed for gene expression analysis. Naive (non-

stimulated) animals were used as a control for all experimental conditions.

2.4. Semiquantitative RT-PCR Analysis for Tissue Distribution of Gene Expression

Total RNA was extracted using TRIzol reagent (Thermo Scientific, Asheville, NC,
USA) according to the manufacturer’s protocol. RNA samples were treated with DNase I
(Thermo Scientific) at 37 °C for 15 min and precipitated with 0.3 M sodium acetate (pH 5.2)

and isopropanol (1:1; v:v). RNA amount and quality were assessed by spectrophotometric
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analysis and the integrity of total RNA was analyzed by 0.8% agarose gel electrophoresis. First
strand cDNA was synthesized from 1 pg of total RNA using the RevertAid Reverse
Transcription kit (Thermo Scientific, Asheville, NC, USA) and oligo(dT)2-18 primers. PCR
reactions were carried out in a 15-uL reaction volume containing 1 pL ¢cDNA, 2 mM MgCl2,
0.4 mM dNTP Mix, 0.4 uM of each primer (Table 1) and 1 U Tag DNA Polymerase (Sinapse,
Sao Paulo, SP, Brazil). PCR conditions were as follows: 1 cycle of denaturation at 95 °C for 10
min followed by 30-35 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s. PCR products
were analyzed by electrophoresis (1.5% agarose gel) and stained by ethidium bromide. The

expression of the LvActin gene was used as endogenous control.

Table 1. Nucleotide sequences of primers used in this study.

Gene Forward primer (5’-3) Reverse primer (5°-3’) Amplicon
LvActin! TAATCCACATCTGCTGGAAGGTGG TCACCAACTGGGATGACATGG 846 bp
LvActin? CCACGAGACCACCTACAAC AGCGAGGGCAGTGATTTC 142 bp
LVEF1a? TGGCTGTGAACAAGATGGACA TTGTAGCCCACCTTCTTGACG 103 bp
LvL40? GAGAATGTGAAGGCCAAGATC TCAGAGAGAGTGCGACCATC 104 bp
LvRpS6? AGCAGATACCCTTGGTGAAG GATGCAACCACGGACTGAC 193 bp
Litvan ALF-A'? CTGATTGCTCTTGTGCCACG TGACCCATGAACTCCACCTC 113 bp
Litvan ALF-B'? GTGTCTCCGTGTTGACAAGC ACAGCCCAACGATCTTGCTG 123 bp
Litvan ALF-C'? ATGCGAGTGTCTGTCCTCAG TGAGTTTGTTCGCGATGGCC 115 bp
Litvan ALF-D!2 TGTGTTGGTTGTGGCACTGG CAACGAGGTCAATGTCACCG 131 bp
Litvan ALF-E!2 TGCTACGTGAATCGCAGTCC CGCTTCCTCTTCCGACAATG 100 bp
Litvan ALF-F12 AAGCTCTCATTCCTGGTCGG GGGTGTAACGAAGTACGTGC 180 bp
Litvan ALF-G'? CCGCTGCATGTCAAGTATCC TCAGCAGTAGCAGTGTCAGC 140 bp

! Primers for semiquantitative analysis of gene expression (RT-PCR)
’Primers for quantitative analysis of gene expression (RT-gPCR)

2.5. Fluorescence-Based Reverse Transcription Real-Time Quantitative PCR (RT-
qPCR)

RT-qPCR amplifications were performed in a final volume of 15 pL containing 0.3
UM of each primer (Table 1), 7.5 puL of reaction mix (Maxima SYBR Green/ROX qPCR Master
Mix 2x; Thermo Scientific, Asheville, NC, USA) and 1 pL of cDNA. The RT-qPCR program
was 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Melt curve
analysis was performed to evaluate primer specificity. The eukaryotic translation elongation
factor 1-alpha (LvEFla) and the ribosomal protein LvL40 were used as reference genes of
expression data in hemocytes. Relative transcript levels were determined by the comparative
standard curve method using a standard curve derived from 2-fold dilution series of a cDNA

pool of all samples. Differences we considered significant at p < 0.05 (one-way ANOVA and
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Tukey’s multiple comparison test). Gene expression of ALFs during shrimp development was

assessed in twelve developmental stages as previously described [16].

2.6. Peptide Synthesis, Oxidation and Characterization

Synthetic peptides based on the central B-hairpin of ALF-E (Litvan ALF-E3;.s3:
GCYVNRSPYLKKFEVHYRADVKCG), ALF-F (Litvan ALF-F30.51:
GCTYFVTPKVKSFELYFKGRMTCG) and ALF-G (Litvan ALF-G34-55:
GCSYSTRPYFLRWRLKFKSKVWCG) were obtained in a Liberty Blue automated
microwave peptide synthesizer (CEM Corp, Matthews, NC, USA) using Fmoc-protected amino
acids (Iris Biotech GmBH (Marktredwitz, Germany) and Rink Amide AM resin (loading: 0.6
meq/g). Fmoc deprotection was carried out with 20% v/v piperidine in DMF, couplings were
performed with DIC/OxymaPure activation (1/1 eq) and additional couplings with
TBTU/DIEA/OxymaPure activation (1/2/1 eq). Peptides were cleaved with
TFA/TIS/DOT/H20 (92.5/2.5/2.5/2.5) [trifluoroacetic acid/triisopropylsilane/2,2-
(ethylenedioxy)-diethanethiol/ultrapure water] and purified by RP-HPLC (JASCO Corp.,
Tokyo, Japan) on a XBridge™ BEH C18 column (100 x 4.6 mm, 3.5 um) (Waters Corp.,
Milford, MA, USA) with a 0-70% acetonitrile-water mixture gradient over 30 min at a flow
rate of 1 mL/min. Peptides were further lyophilized and analyzed by MALDI-TOF mass
spectrometry in a LCMS-2020 ESI-MS (Shimadzu Corp., Kyoto, Japan) to confirm their
molecular masses.

Then, peptides were oxidized as previously reported [28]. In brief, 5 mg of the crude
peptide were first reduced with 10% B-mercaptoethanol (95 °C for 5 min) then dissolved in
50% (v/v) AcOH/H20 and later diluted in 32 mL of oxidation buffer (2 mM guanidinium
chloride, 10% isopropyl alcohol and 10% dimethyl sulfoxide). The pH was adjusted to 5.8 with
ammonium hydroxide. The peptide solution was subjected to air oxidation at room temperature
for 18 h. The peptide solution was then acidified to pH 2.5 and purified using a SPE CI18
(Waters Corp., Milford, MA, USA). The peptides were eluted with 5%, 20%, 40%, 60% and
80% acetonitrile in 0.05% TFA ultrapure water at a flow rate of 1 mL/min. The fractions were
collected, and the acetonitrile was evaporated on a Savant SPD 1010 SpeedVac Concentrator
(Thermo Scientific, Asheville, NC, USA). The fractions were analyzed by MALDI-TOF mass

spectrometry.
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2.7. Antibacterial and Antifungal Assays

The antimicrobial activity of synthetic peptides was assayed against the Gram-positive
bacteria Bacillus cereus ATCC 11778, Bacillus subtilis ATCC 6633, Brevibacterium stationis
CIP 101282, Microbacterium maritypicum CIP 105733, Micrococcus luteus CIP 5345 and
Staphylococcus aureus ATCC 25932, the Gram-negative bacteria Aeromonas salmonicida
ATCC 33658, Escherichia coli SBS363, Pseudomonas aeruginosa ATCC 9027, Vibrio
alginolyticus ATCC 17749, Vibrio anguillarum ATCC 19264, Vibrio harveyi ATCC 14126
and Vibrio nigripulchritudo CIP103195, the yeast Candida albicans MDMS8 and the
filamentous fungus Fusarium oxysporum.

Minimum inhibitory concentrations (MICs) were determined in duplicate by the liquid
growth inhibition assay, as previously described [29]. MIC values are expressed as the lowest
concentration tested that causes 100% growth inhibition. Poor Broth (PB: 1% peptone, 1%
NaCl, pH 7.2) was used for standard bacteria, while PB supplemented with 0.5 M NaCl (PB—
NaCl) was used as a culture medium for Vibrio strains. For B. stationis and M. maritypicum
cultures, PB-NaCl medium was supplemented with 20 mM KCl, 5 mM MgSO4 and 1.5 mM
CaCl,. Potato dextrose broth (Kasvi, Sdo José dos Pinhais, PR, Brazil) at half strength was used
for cultures of F. oxysporum while Sabouraud medium (1% peptone, 4% glucose, pH 5.6) was
used for yeast cultures. The growth of bacteria and yeast was monitored spectrophotometrically
(A =595 nm), while F. oxysporum hyphae formation was observed in an inverted microscope.
After MIC determination, bacterial cultures were plated in nutrient agar for 24—48 h for the

determination of the bactericidal activity of the synthetic peptides.

3. Results
3.1. ALFs from Penaeid Shrimp Comprise a Diverse Family Composed of Seven
Members

By using an exhaustive in silico screening approach, we recovered 47 unique ALF
sequences (complete CDS) from both publicly available annotated and non-annotated databases
for 10 penaeid shrimp species (Decapoda: Penaeidae). With all predicted amino acid sequences
in hand, we performed multiple alignments in order to classify the obtained sequences into the
five previously described ALF groups (Groups A to E). Surprisingly, from our sequence
analysis, shrimp ALFs clustered into seven distinct groups with specific amino acid sequence
signatures (Figure 1A). In addition to already documented ALFs from Groups A to E, we

identified here two novel groups that were conveniently named Group F and G (Figure 1A).
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Across shrimp species, ALFs corresponded to full-length transcripts that encode for
precursors composed of a signal peptide (22 to 28 residues), followed by a mature peptide
(10.74 to 12.23 kDa) containing two conserved cysteine residues (Figure 1A). Besides their
differences in size and molecular weight, shrimp ALFs also displayed contrasting electrostatic
characteristics. Notably, while ALFs from Groups B, C and F showed cationic properties,
Groups A, D, E and G were composed of anionic ALFs (Figure 1B). However, independently
of their differences in primary structure and biochemical properties, the seven ALFs shared a
similar three-dimensional architecture: three a-helices packed against a four-stranded -sheet
(Figure 1C). Members of the seven groups were identified in at least four different shrimp
species (Farfantepenaeus aztecus, L. vannamei, M. japonicus and P. monodon). Remarkably,
Group G ALFs were the only members that were not identified in the genus Fenneropenaeus
(F chinensis, F. indicus and F. penicillatus). On the other hand, two different members from
Group C were identified in F. chinensis (FcALF2: JX853775 and FcALF3: JX853776), M.
japonicus (MjALF-C1: AB210110 and MjALF-C2: KU160498) and P. monodon (ALFPm6:
JN562340 and ALFPm7: KX431031).

Our knowledge of ALF intraspecific sequence diversity was also enriched by the
discovery of novel sequences in F. aztecus (Groups A to G), F. penicillatus (Groups A to F), L.
vannamei (Groups E to G) and P. monodon (Groups D to G). Besides, according to our in silico
analyses, some ALFs from M. japonicus were classified in a different Group to that previously
categorized by Jiang and colleagues [11]. For instance, the sequence MjALF-A2 [11] is actually
a member of Group G and not an ALF from Group A, whereas the cationic MjALF-D1
(GenBank: KU160499) belongs to Group F and not to Group D (which gathers anionic
sequences only). More surprisingly, the sequence MjALF-El (GenBank: KY627760),
previously classified as a cationic member of Group E, did not fit in any ALF Group. Indeed,
its mature sequence contains an additional cysteine residue (apart of the two cysteines holding
the central B-hairpin structure) that is not found in ALFs from either marine chelicerates or
crustaceans. Interestingly, coding sequences related to MjALF-El were also found in P.
monodon and L. vannamei. Unlike the three-cysteine-containing sequences from M. japonicus

and P. monodon, the sequences identified in L. vannamei contain four cysteines.
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Figure 1. The seven members of the shrimp ALF family.
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(A) Multiple alignments of the consensus amino acid signature of each ALF member (Groups A to G) found in
penaeid shrimp. Identical residues are highlighted in black while “X” indicates any amino acid. Positively and
negatively charged residues are displayed in blue and red, respectively. The conserved cysteine bond is indicated
by the arrows. The position of a-helices (red helices) and B-sheets (yellow arrows) is based on the three-
dimensional (3D) structure of ALFPm3 (PDB: 2JOB). Intragroup amino acid identity values are indicated on the
right. (B) Biochemical properties of shrimp ALFs. MW: molecular weight; pl: theoretical isoelectric point; aa:
amino acid residues. (C) Predicted 3D structure of L. vannamei ALFs. The structural models were built based on
the NMR (nuclear magnetic resonance) structure of ALFPm3. (D) Not-to-scale schematic representation of ALF
genes from P. monodon: Group A (ALFPm2: EF523561), Group B (ALFPm3: EF523562), Group C (ALFPm6:
IN562340), Group D (ALFPmS8: NIUS010164210), Group E (ALFPm9: NIUS010076396), Group F (ALFPm]10:
NIUS011801312) and Group G (ALFPm11: NIUS010749450). Boxes represent the exons, and lines represent the
introns. Multiple alignments of the amino acid sequences encoded by the exon 2 (white box). Triangles (V)
indicate the two conserved cysteines. Residues involved in LPS binding of ALFPm3 are highlighted in black.
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3.2. ALF Sequence Diversity Is Gene-Encoded

To gain insights into the origin of the molecular diversity of the shrimp ALF family, we
searched for ALF gene sequences in both annotated (GenBank Nucleotide) and non-annotated
(Whole-Genome Shotgun Contigs) databases. From our in silico mining analysis, seven unique

genomic sequences were identified in P. monodon: ALFPm2 from Group A (GenBank:
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EF523561), ALFPm3 from Group B (GenBank: EF523562), ALFPm6 from Group C
(GenBank: JIN562340), ALFPmS8 from Group D (GenBank: NIUS010164210), ALFPm9 from
Group E (GenBank: NIUS010076396), ALFPm10 from Group F (GenBank: NIUS011801312)
and ALFPml1l from Group G (GenBank: NIUS010749450). Each genomic sequence
corresponded to a specific ALF member and we found no evidences that ALFs from different
Groups could be encoded by a same genomic sequence.

Despite their differences in terms of sequence signatures, all genes shared a similar
structural organization: three exons interrupted by two introns (Figure 1D). Every sequence
presents a second exon that encodes the four stranded B-sheets, with the two cysteines
delimiting the central B-hairpin. This structure holds the seven charged residues involved in
LPS binding and is considered as the functional domain of ALFs. As shown in Figure 1D, not
all P. monodon ALFs contain those conserved residues found in ALFPm3 from Group B [6].
Regarding the other gene regions, the first exon covers the 5'-untranslated region (UTR), the
leader sequence and the hydrophobic N-terminal portion of the mature peptide (the first a-
helice), and the third exon encodes the two C-terminal a-helices of the mature peptide and the

3’'-UTR.

3.3. ALFs Evolved from Gene Duplication Events before Shrimp Speciation

In order to unravel the phylogenetic relationships of the shrimp ALFs, phylogenetic
reconstructions were performed with ALF sequences from 38 species of decapod crustaceans
(suborders Dendrobranchiata and Pleocyemata) and three species of marine chelicerates (the
horseshoe crabs Carcinoscorpius rotundicauda, L. polyphemus and T. tridentatus).
Additionally, we analyzed the ALF-related sequences containing three and four cysteine
residues and scygonadins (anionic AMPs from crabs that contain two cysteines flanking 17
amino acid residues [12]). Our Bayesian phylogenetic analysis revealed that ALFs comprise a
large and diverse gene family in decapod crustaceans. The first striking piece of information is
that the three/four-cysteine-containing peptides (including MjALF-E1), as well as scygonadins,
are not authentic members of the ALF family since they form a separate and distant clade from
all other sequences (Figure 2A). Indeed, the ALF clade gathered sequences from both
crustaceans and marine chelicerates. Regarding the crustacean group, ALFs were split into two
main clades (Figure 2A). The first clade included ALFs from Group A, while the second clade

gathered ALFs from six additional groups (B to G). Interestingly, sequences from non-penaeid
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species (Pleocyemata) were found in all shrimp ALF groups, but they also formed exclusive

groups distinct from those found in penaeids (Figure 2A).

Figure 2. ALFs form a diverse antimicrobial peptide family in decapod crustaceans.
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(A) Bayesian and (B) neighbor-joining trees of ALFs from decapod crustaceans and marine chelicerates (horseshoe
crabs). Cationic and anionic ALF groups from penaeid shrimp are displayed in blue and red, respectively. Posterior
probabilities (Bayesian) and bootstrap values (neighbor-joining) higher than 50% are shown in the nodes. The list
of the ALF sequences included in analyses (annotations, sequences and GenBank accession numbers) is provided
in https://www.mdpi.com/1660-3397/16/10/381/s1.

Then, an additional phylogenetic tree was constructed to determine the phylogenetic
relationships among the seven shrimp ALF groups (A to G) (Figure 2B). In this tree, shrimp
ALFs clustered into two main clades: a first clade containing ALFs from Group A and a second
clade divided into three branches. Within the second clade, all cationic shrimp ALFs (Groups
B, C and F) clustered into one branch, and anionic ALFs from Groups E and G clustered into a

second branch (Figure 2B). Group D ALFs clustered in a third branch (Figure 2B). Altogether,
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our results suggest that the sequence diversity found in the ALF family was likely driven by
gene duplication events before the divergence of decapod crustaceans (Dendrobranchiata and
Pleocyemata). Notably, the gene expansion and subsequent diversification of the ALF family
seems to have occurred in crustaceans and not in marine chelicerates. Actually, in marine

chelicerates, only one ALF type was identified.

3.4. ALFs Are All Expressed in Individual Shrimps and Differentially Modulated in
Response to Tissue Damage

We further focused on the transcriptional profiles of shrimp ALFs in terms of tissue
distribution. For gene expression analyses, we considered the seven ALFs from the Pacific
white shrimp L. vannamei (Litvan ALF-A to -G). First, the gene expression distribution of
Litvan ALFs was assessed in eight different tissues of healthy juveniles by semiquantitative
RT-PCR analysis. Overall, Litvan ALFs were mainly detected in circulating hemocytes and
gills (Figure 3A). Transcripts of Litvan ALF-A and Litvan ALF-B were detected in foregut,
midgut, hemocytes, gills and nerve cord, while the expression of Litvan ALF-C was observed
in midgut, hemocytes, and gills (Figure 3A). Besides, while the expression of Litvan ALF-E
and Litvan ALF-G was exclusively detected in hemocytes and gills, Litvan ALF-F was mainly
expressed in the foregut (Figure 3A). Unlike the other ALF groups, the expression of Litvan
ALF-D was only detected in hemocytes (Figure 3A). For all genes, no signals were observed
in hepatopancreas, hindgut and muscle (Figure 3A).

ALF gene expression was then studied in response to infections and wounding. We first
asked whether ALF genes were all transcribed in a single animal or whether their diversity
reflected inter-individual sequence variability. Transcripts of the seven ALF genes were
detected in the circulating hemocytes of every individual shrimp, as determined by RT-qPCR
(Figure 3B). However, important variation was observed in the basal transcription of each gene
among individuals (Figure 3B). While the basal gene expression of Litvan ALF-A to Litvan
ALF-F varied from 2- to 6-fold among individuals, variations up to 11.3-fold were found for

Litvan ALF-G gene expression (Figure 3B).
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Figure 3. Tissue expression distribution of shrimp ALFS and gene modulation in hemocytes in

response to pathogen challenge and tissue damage.
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(A) Semiquantitative RT-PCR analysis of L. vannamei ALFs in shrimp tissues: foregut (FG), hepatopancreas (HP),
midgut (MG), hindgut (HG), hemocytes (HE), muscle (ML), gills (GL) and nerve cord (NC). The expression of
the LvActin gene was used as endogenous control. The anatomic location of the tissues is indicated in the shrimp
image. The Venn diagram summarizes the main sites of expression of L. vannamei ALFs. (B) mRNA basal levels
of L. vannamei ALFs in the circulating hemocytes from five individual shrimp. (C) Gene expression profile of
ALFs in the hemocytes of shrimp at 48 h after experimental infections with V. harveyi (grey bars) or WSSV (black
bars). Results are presented as mean + standard deviation of relative expressions (three biological replicates) and
statistical differences are indicated by asterisks (*) (one-way ANOVA/Tukey, p <0.05). N: naive (non-stimulated)
shrimp (white bars), S: sterile seawater injury control, V: V. harveyi ATCC 14126 (6 x 107 CFU/animal), W—:
tissue homogenate inoculum prepared from WSSV -free shrimp, W+: WSSV (3 x 10 viral particles/animal).

Next, we analyzed the gene expression profile of Litvan ALFs in response to microbial
challenge and injury. Two unrelated shrimp pathogens were chosen: the Gram-negative V.
harveyi and the White spot syndrome virus (WSSV). The transcriptional response of Litvan
ALFs was quantified by RT-qPCR in shrimp hemocytes 48 h after infections. This time point

was chosen on the basis of previous studies from our group [13,14,15]. Anionic ALFs from
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Groups A, D and E did not respond to pathogens nor to injury (Figure 3C). Conversely, cationic
ALFs (Groups B, C and F) and the anionic Group G ALF showed significant changes in
expression only in response to tissue injury. Indeed, the expression of Litvan ALF-B (2.6-fold),
Litvan ALF-C (18.7-fold), Litvan ALF-F (3.6-fold) and Litvan ALF-G (8.3-fold) was
significantly induced in circulating hemocytes after the injection of a tissue homogenate
prepared from shrimp muscle (Figure 3C). Similarly, the expression of Litvan ALF-B (2.7-fold)
and Litvan ALF-F (4.1-fold) also increased after the injection of sterile seawater. The pathogens
(V. harveyi and WSSV) did not modulate further ALF expression. Notably, independently of
the experimental condition, a high variability in gene expression was observed for all ALFs

(Figure 3C).

3.5. Some ALF Genes Are Transcribed Early in Shrimp Development, while Others Are
Mainly Expressed in Juveniles

Finally, we studied the expression of the three new L. vannamei ALFs (Groups E, F and
Q) at different stages of shrimp development: fertilized eggs, nauplii, protozoeae, mysis,
postlarvae and juveniles. The expression profile of Litvan ALFs from Groups A to D was
previously reported [16]. Three distinct patterns of expression were observed for ALF groups
E to G over L. vannamei development. ALFs from Groups E and F were detected at all
developmental stages, but Group F expression could only be quantified from nauplius stages
(Figure 4). Group E expression did not vary significantly over the entire shrimp development,
from larvae to juveniles. In contrast, Group F expression was maximum in protozoea III (ZIII)
and then decreased significantly in juveniles (PL17) (Figure 4). Finally, Group G ALF was only
expressed from protozoea III (ZIII), and its expression increased significantly up to juvenile

stages (PL17) (Figure 4).
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Figure 4. Expression of ALFs during shrimp development.
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(A) Gene expression profile of Litvan ALF-E, -F and -G in twelve developmental stages: fertilized eggs at 0—4 h
post-spawning (EI), fertilized eggs at 7—11 h post-spawning (EII), nauplius I (NI), nauplius V (NV), protozoea I
(Z1), protozoea III (ZIII), mysis I (MI), mysis III (MIII), postlarva 2 (PL2), postlarva 9 (PL9), postlarva 17 (PL17).
Representative images of the developmental stages are indicated at the bottom of the graph. Results are present as
mean * standard deviation. The red dotted line indicates the expression in hemocytes from juveniles while the
solid blue underline highlights the stages at which the expression was detected (valid dissociation curve) but not
quantified (Cq values higher than the limit of quantification). Different letters indicate significant differences
among the developmental stages and asterisks (*) shows significant differences between each developmental stage
and hemocytes from juveniles (one-way ANOVA/Tukey, p < 0.05). (B) Results of principal component analysis
showing the relationship among the expression profile of L. vannamei ALFs during shrimp development. (C) The
life cycle of the Pacific white shrimp L. vannamei.

3.6. Sequence Diversity of Shrimp ALFs Results in Distinct Antimicrobial Properties
The functional domain (central B-hairpin) of the three novel ALF members identified in
L. vannamei (Groups E, F and G) was generated by chemical synthesis to evaluate their
antimicrobial properties. Indeed, this functional domain is considered a good proxy of the full-
length ALF antimicrobial properties [9,10,17]. Minimal inhibitory concentration assays were
performed against Gram-positive and Gram-negative bacteria and fungi (yeast and filamentous)
(Figure 5). From the three synthetic peptides, Litvan ALF-Gss.s5 displayed the broadest range
of antimicrobial activity, being effective against all tested Gram-positive bacteria, the Gram-
negative V. nigripulchritudo and the filamentous fungus F. oxysporum (Figure 5). This peptide
could also affect the growth of the Gram-negative bacteria E. coli and V. harveyi at 40 uM (data
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not shown), but total inhibition was only observed against V. nigripulchritudo. Additionally,
Litvan ALF-G34.55 exhibited bactericidal activity against the Gram-positive bacteria B. cereus,
B. stationis and M. maritypicum. On the other hand, synthetic B-hairpins of Litvan ALF-E3;.s3
could inhibit only the growth of marine Gram-positive bacteria (B. stationis and M.
maritypicum) and F. oxysporum (Figure 5). Notably, no antimicrobial activity was observed for
Litvan ALF-F3.s1 B-hairpin even at 40 uM. None of the synthetic peptides was able to inhibit
the growth of the Gram-negative bacteria 4. salmonicida, P. aeruginosa, V. alginolyticus and
V. anguillarum, and of the yeast C. albicans. Thus, according to their synthetic B-hairpin, Group
G and to a lower extent Group E ALFs show a broad spectrum of antimicrobial activities,
whereas Group F is devoid of antifungal and antibacterial activity. However, in agreement with
a very poor conservation of residues involved in LPS binding (Figure 1D), ALFs from Groups

E—-G were almost inactive against Gram-negative bacteria (Figure 5C).

Figure 5. The ant1m1crob1al spectrum of the novel shrimp ALFs

A | , B Litvoan ALF-E: 10-20 pM Litoan ALF-E: <10 yM [§
\ Litoan ALF- G 5-10 uM 2 Litoan ALF-F: <40 uM
- A Litoan ALF-G: <5 uM
Raz Kae Ras Kso » o
.{T‘as \\ HKs
\\ \\ N )
Litvan ALF-| E Litvan ALF- F’ Litvan ALF-G
21-56 3-54 2358

Microorganisms

MIC MBC MIC MBC MIC MBC

Gram-positive bacteria

Bacillus cereus ATCC 11778 >40 >40 >40 >40 20-40 20-40
Bacillus subtilis ATCC 6633 >40 >40 >40 >40 10-20 >40
Brevibacterium stationis CIP 101282 20-40 >40 >40 >40 5-10 20-40
Microbacterium maritypicum CIP 105733 20-40 >40 >40 >40 5-10 10-20
Micrococcus lutews CIP 5345 >40 >40 >40 >40 10-20 >40
Staphylococcus aureus ATCC 25932 >40 >40 >40 >40 10-20 >40
Gram-negative bacteria

Aeromonas salnonicida ATCC 33658 >40 >40 >40 >40 >40 >40
Escherichia coli SBS363 >40 >40 >40 >40 >40 >40
Pseudomonas aeruginosa ATCC 9027 >40 >40 >40 >40 >40 >40
Vibrio alginolyticus ATCC 17749 >40 >40 >40 >40 >40 >40
Vibrio anguillarum ATCC 19264 >40 >40 >40 >40 >40 >40
Vibrio harveyi ATCC 14126 >40 >40 >40 >40  >40 >40
Vibrio nigripulchritudo CIP 103195 >40 >40 >40 >40 20-40 >40
Fungi

Candida albicans MDMB8 >40 >40 >40 >40 >40 >40
Fusarium oxysporim 10-20 nd >40 >40 5-10 nd

(A) Predicted three-dimensional structure of the central B-hairpin of Litvan ALF-E, -F and -G. The structural
models were built based on the NMR structure of ALFPm3 (PDB: 2JOB). Conserved residues involved in LPS
binding of ALFPm3 are displayed in blue. (B) Representative images of the effects of ALFs against F. oxysporum:
(B1) fugal spore inhibition (antifungal effect); (B2) fungal spore germination (no antifungal activity). Bars = 20
pm. (C) Spectrum of antibacterial and antifungal activities of synthetic peptides based on the central B-hairpin of
Litvan ALF-E, -F and -G. Minimum inhibitory (MIC) and Minimum bactericidal (MBC) concentrations are
expressed in uM. nd: non-determined.
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4. Discussion

We showed here that shrimp ALFs are composed of seven distinct members (Groups A
to G) with contrasting biochemical properties, activities and expression patterns. Particularly,
ALF sequences were found to vary from cationic to anionic with important consequences on
their antimicrobial activities. Overall, ALFs comprise the most diverse AMPs found in penaeid
shrimp. Indeed, such diversity has not been observed in any other gene-encoded AMP families
from shrimp, which are exclusively composed of cationic (penaeidins and crustins) or anionic
(stylicins) members [8,12]. ALF diversity is encoded by at least seven genes that arose from
successive  duplications and subsequent mutations (nucleotide substitutions and
insertion/deletion events) before decapod crustacean speciation occurred. This indicates that
strong evolutionary pressures have driven the functional diversification of ALF genes, giving
rise to neo- or sub-functionalization and retention in the shrimp genome.

We found that shrimp ALFs are paralogous genes that evolved before the speciation of
the suborder Dendrobranchiata (penaeid shrimp). Indeed, ALF diversity, which is the subject
of the present study, goes beyond penaeid shrimp and extends to other decapod species from
the suborder Pleocyemata (including crayfish, crabs, lobsters, freshwater prawns, etc.). Some
ALF members from non-penaeid decapods fall into the seven groups characterized here for
penaeid shrimp. However, the ALF diversity found in the suborder Pleocyemata is different
from penaeid shrimp (Dendrobranchiata). It is likely that the remarkable gene expansion and
diversification of ALF sequences through gene duplication and subsequent mutation have
fueled adaptation to different lifestyles and environments (and their associated pathogens)
among crustaceans. Here, we have focused our study on shrimp ALFs, as a good sub-
representative of ALF diversity. In order to support our hypothesis, we showed that the
biological activities and expression patterns of ALF genes have diverged. In particular, we
found that some ALFs are antimicrobial, whereas others are not. Some are expressed early
during shrimp development, whereas others are expressed in late developmental stages. Finally,
ALFs differ in their tissue distribution and responses to tissue damage. However, much more
biological data are still needed on the expression and functions of the different ALF members
to understand ALF evolution. This ambitious objective will require the development and use of
emerging gene-silencing technologies (such as CRISPR-Cas9 and RNA interference) to
achieve specific invalidation of closely-related genes in crustaceans and further phenotyping.
Similarly, molecular tools such as in situ hybridization could reveal the tissue specificity of

ALFs and thus, they would help in uncovering other biological functions. Finally, a
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classification of all crustacean ALFs (from both decapod and non-decapod species) based on
robust phylogenetic reconstructions may avoid misleading classifications and lead to consensus
among researchers.

With the identification of two novel ALF groups, we found that ALFs from Groups E and
G share a common ancestor gene. Interestingly, Group G is lacking in species of the genus
Fenneropenaeus whereas it is found in species of the genera Farfantepenaeus, Litopenaeus,
Marsupenaeus and Penaeus. Although it cannot be ruled out that data are missing from publicly
accessible databases, the absence of Group G in Fenneropenaeus could result from a gene loss
event within this genus. Alternatively, the duplication event that originated these two genes
may not have occurred in the genus Fenneropenaeus. Indeed, the evolutionary history of each
group traced a particular trajectory in each shrimp species. For instance, while Group C ALFs
from F. chinensis (FcALF2 and FcALF3 [17]), M. japonicus (MjALF-C1 and MjALF-C2 [11])
and P. monodon (ALFPm6 and ALFPm7 [18,19]) are composed of two members, in other
penaeids this group appears to be composed by a single gene. However, we do not favor this
last hypothesis as Group G is found in a diversity of penaeid species. Interestingly, in L.
vannamei, Group G ALF was shown here to (i) have broader and more potent antimicrobial
activity than Group E ALF, according to their B-hairpin activity, and (i1) to be expressed at late
developmental stages whereas Group E expression tends to decrease over ontogenesis.
Therefore, it 1s tempting to speculate that Group E confers antimicrobial protection at larval
stages when Group G is still not expressed, whereas Group G provides a selective advantage to
the Litopenaeus genus in facing infections at juvenile and adult stages when they are more
exposed to different environmental challenges.

We showed that the expression of the seven ALF genes is simultaneous in the circulating
hemocytes of a single shrimp. This result is particularly interesting because it suggests that the
different ALF members may act synergistically to improve their antimicrobial properties.
However, it is still unknown whether they are produced by the same hemocyte populations.
Comparatively, the different penaeidin members of L. vannamei (Litvan PEN1/2, -3 and -4) are
constitutively expressed by the granular cell populations [20]. Although the expression of ALFs
has been detected in hemocytes from juveniles, some members (Groups C, E and F) appeared
to be transcribed in larval stages of shrimp development that precede the emergence of these
immune cells [21]. Instead, the expression of ALFs from Groups A, B, D and G was quite
similar to that observed for other shrimp AMPs that are exclusively produced by hemocytes

[16]. On the one hand, the expression of ALFs early in development could be the result of
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maternal transmission [16,22] but, on the other hand, those transcripts might originate from
other shrimp tissues. Interestingly, in different species, including L. vannamei, the expression
of ALFs from Groups C and F was mainly detected in other tissues (digestive system, gills,
eyestalk) than in the circulating hemocytes [17,18,19]. However, only the expression of ALFs
from Group B (ALFPm3 from P. monodon) was studied by immune staining [23]. More
knowledge about the precise sites of ALF production will contribute to understand the
involvement of these AMPs in shrimp epithelial defenses, especially those occurring in gills
and intestines [15].

One important finding from this study concerns the differential gene expression pattern
of shrimp ALFs in response to various challenges. Indeed, the different ALF genes found across
penaeids showed to be responsive to various shrimp pathogens, from viruses to bacteria and
filamentous fungi [11,14,15,18]. Moreover, RNA interference (RNA1)-mediated gene silencing
assays have confirmed that ALFs are directly involved in shrimp survival to infectious diseases
[18,24,25]. Additionally, our results provided new evidences for the role of ALFs in other
biological processes. Interestingly, while ALFs from Groups A, D and E were not regulated,
the expression of the other ALF genes was induced in response to tissue damage. Particularly,
ALFs from Groups C and G were shown to be responsive to a tissue homogenate prepared from
shrimp muscle (injury control for the WSSV infection), suggesting that they can be modulated
by danger/damage-associated molecular patterns (DAMPs). This nonspecific transcriptional
response could be associated with additional biological roles involving the promotion of wound
healing and the rapid regeneration of tissues [20]. Additionally, we showed that some ALFs are
modulated in the shrimp gut in response to infections, suggesting that ALFs can act as a first
line of defense in tissues continuously exposed to microbe-rich environments [15,19].
Therefore, it is possible that those ALF variants have evolved novel functions associated with
the control of the intestinal microbiota. The shrimp intestinal microbiota is a complex and
dynamic community that is directly influenced by both biotic and abiotic factors [13], but
probably it is also by the constitutive expression of immune-related genes. In fact, RNAi
experiments revealed that ALFs from Groups B [18] and C [25] play an essential role in the
control of the bacterial communities residing in the hemolymph. However, more functional
genomic studies are required to understand the role of ALF in shrimp intestinal defenses.

Another relevant conclusion taken is that the antimicrobial activity of the functional
domain of ALFs (central B-hairpin) is associated with its primary sequence rather than to its

charge. Despite their differences in primary structure and biochemical features, the seven ALF
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groups shared a similar tertiary structure. However, the residues involved in LPS binding are
not conserved among the seven groups, confirming the neo-functionalization hypothesis
proposed by Rosa and colleagues [10]. Indeed, LPS binding has been demonstrated for the
limulus ALF sequence, which shares a common ancestor with all shrimp ALFs. Taking into
account previous studies [9,10,11,17] and the present results, shrimp ALFs have proved to
display a diverse spectrum of antimicrobial activity. While some members exhibited a broad
range of antimicrobial activity (Groups B and G), some others displayed limited (Groups A, C
and E) or very weak action (Groups D and F). One possible explanation is that the effectiveness
of the antimicrobial activity of each ALF group is directly proportional to the amount of
positively charged amino acids in its central B-hairpin structure [26]. However, we showed that
the highly cationic central B-hairpin structure of Litvan ALF-Fi9.54 (pI = 9.24) was not active
against the microorganisms tested in this study. Likewise, synthetic B-hairpins of the FcALF1
(Group F) from F. chinensis was also poorly active against both Gram-positive and Gram-
negative bacteria [17]. Thus, besides their overall net charge, other features may interfere
directly on their biological activities. Given these results, the determination of the amino acid
residues involved in the interaction with other microbial surface molecules (peptidoglycan,
lipoteichoic acid, B-glucans, etc.) may provide valuable information of the mechanism of action

of ALFs against other microorganisms beyond Gram-negative bacteria [7].

5. Conclusions

In conclusion, the combination of our molecular, transcriptional and functional data
revealed that ALFs comprise the most diverse AMP family found in penaeid shrimp. We
showed that they are composed of seven members encoded by different genes that follow a
diverse pattern of expression. Our results also strongly suggest that the expansion and
diversification of shrimp ALFs have shaped novel functions for this AMP family beyond their
primary antibacterial properties. Thus, ALFs represent an attractive model to explore the
impacts of the molecular diversity of immune-related genes on host—microbe interactions.
Finally, ALFs possess the broadest spectrum of antimicrobial activity when compared to other
shrimp AMPs. These bioactive peptides undoubtedly show biotechnological potential for the
development of novel antibiotics derived from AMPs, as well as for the development of

selective breeding programs.
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SECAO B: Identificacio e caracterizacio molecular e transcricional de ALFs-like em

camaroes peneideos

1. Introducao

Além dos ALFs, peptideos que apresentam assinaturas aminoacidicas semelhantes,
como as scygonadinas e peptideos relacionados a ALFs contendo mais de dois residuos de
cisteinas (ALFs-like), t€ém sido identificados em crustaceos. As scygonadinas sdo peptideos
anidnicos que apresentam estrutura génica e peptideo maduro semelhantes aos ALFs (HUANG
et al.,2006; YEDERY; REDDY, 2009; QIAO et al., 2016). No entanto, esses peptideos foram
descritos apenas em caranguejos do género Scylla e sdo expressos principalmente no ducto
ejaculatorio de machos durante o periodo de acasalamento e nos primeiros estidgios de
desenvolvimento embriondrio (XU et al., 2011). De maneira similar, sequéncias de ALFs-like
foram identificadas exclusivamente em camardes peneideos (JIANG et al., 2015; Capitulo II,
Se¢do A). Atualmente, pouco se conhece acerca da diversidade, perfil de expressdo e papel
bioldgico desses peptideos e ndo esta clara a sua relagdo filogenética com os ALFs. Dessa
maneira, na Secdo B deste capitulo serdo apresentadas a caracterizagdo e a classificacao da
diversidade molecular de ALFs-like encontrados em peneideos e a sua relagdo filogenética com
os ALFs auténticos. Ademais, os tecidos envolvidos na expressao desses peptideos € o seu
envolvimento nas respostas de defesa de L. vannamei frente a infecgdes por patdgenos de

interesse aquicola foram também investigados.

2. Materiais e Métodos
2.1. Analises in silico

A partir das sequéncias nucleotidicas e aminoacidicas de ALFs de camardes peneideos
encontradas na se¢do anterior e de sequéncias de scygonadinas (GenBank: AAWS57403,
ABMO05493, ABI96918), foi realizada uma busca por novos ALFs nos genomas disponiveis de
L. vannamei (GenBank: GCA_003789085.1), P. monodon (GenBank: GCA 015228065.1) e
M. japoniocus (GenBank: GCA 002291165.1). As buscas foram feitas utilizando as
ferramentas tBLASTx e tBLASTn (http://blast.ncbi.nlm.nih.gov/Blast.cgi) no banco Reference

RNA sequences (RefSeq rna). Também foram feitas buscas de sequéncias similares em
diferentes espécies de crustaceos nos bancos de dados nao anotados Expressed Sequence Tags
(ESTs), Transcriptome Shotgun Assembly (TSA) e Whole Genome Shotgun Contigs (WGS).

As sequéncias aminoacidicas deduzidas foram analisadas em relagdo a presenca de peptideo
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sinal pela ferramenta SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP) enquanto

que a predicdo do ponto isoelétrico tedrico (p/) e da massa molecular (MM) dos peptideos
maduros  foi  realizada com a  ferramenta ~ ExPASy  ProtParam  Tool

(http://web.expasy.org/protparam/). As sequéncias aminoacidicas dos peptideos maduros foram

alinhadas utilizando a ferramenta Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) e

as arvores filogenéticas foram geradas com o programa MEGA X (KUMAR et al., 2018). Para
a construcao da arvore filogenética, foi utilizado o método de Maximum Likelihood (pairwise
deletion) com 1.000 replicatas (bootstraps) e o modelo de substituicao Le Gascuel. A arvore
gerada foi editada com o programa FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/)
Diferentes bibliotecas de RNAseq de L. vannamei (tecidos: SRR6327812,
SRR1951370, SRR6147939, SRR1407787, SRR2060962, SRR2060963; maturagdo dos
ovarios: SRR2060963, SRR2060964, SRR2060965; estagios do desenvolvimento:
SRR1460493, SRR1460494, SRR1460495, SRR1460504 ¢ SRR1460505) foram baixadas do

banco de dados SRA (https://www.ncbi.nlm.nih.gov/sra) usando a ferramenta SRA toolkit

v2.10.5 (http://ncbi.github.io/sra-tools/). A qualidade dos reads foi verificada utilizando a

ferramenta FastQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) e
qualquer sequéncia de adaptador, assim como, bases com qualidade inferior a 30 foram
removidas usando a ferramenta Trimmomatic v0.39 (BOLGER et al., 2014). A anélise de
expressao génica foi realizada utilizando o pacote RSEM v1.3.3 (LI; DEWEY, 2011). Os reads
filtrados foram mapeados no transcritoma de referéncia deduzido do genoma disponivel de L.
vannamei (GenBank: GCA_003789085.1) utilizando a ferramenta STAR v2.7.3 (DOBIN et al.,
2013). Os valores de expressao foram normalizados pelo RSEM para transcritos por milhao

(TPM).

2.2. Animais

Camardes juvenis da espécie L. vannamei (10 £ 2 g), de ambos os sexos e
aparentemente sadios, foram cedidos pelo Laboratério de Camardes Marinhos
(UFSC/CCA/LCM) do Departamento de Aquicultura da UFSC e transportados para o setor de
aquarios do Laboratorio de Imunologia Aplicada a Aquicultura (UFSC/CCB/LIAA). Os
animais foram mantidos em aquarios com aeragdo constante e agua salgada renovada
diariamente em 30%. Os animais foram alimentados ad [ibitum, duas vezes ao dia, com ragao

comercial e aclimatados por sete dias antes da realiza¢do dos experimentos.


http://www.cbs.dtu.dk/services/SignalP
http://web.expasy.org/protparam/
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://tree.bio.ed.ac.uk/software/figtree/
https://www.ncbi.nlm.nih.gov/sra
http://ncbi.github.io/sra-tools/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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2.3. Coleta de tecidos

Foram coletados nove diferentes tecidos/drgados de trés animais juvenis: hemolinfa,
musculo, branquias, cordao nervoso, pedunculo ocular, hepatopancreas, intestino anterior
(estobmago), intestino médio, e intestino posterior. A hemolinfa foi extraida da regido ventral do
abdome na presenca da solugdo anticoagulante MAS (Solu¢do 35 de Alsever Modificada: 115
mM glicose, 336 mM NaCl, 27 mM citrato de s6dio, 9 mM EDTA, pH 7,2) na proporcao de
1:2 (hemolinfa:MAS) e agrupado em pools de trés animais. Apods a coleta, a hemolinfa foi
centrifugada (1.500 xg por 10 min a 4°C) e o precipitado celular, correspondente aos hemocitos,
suspendido em 1 mL de TRIzol (ThermoFisher Scientific) para extracio do RNA total. Em
seguida, os camardes foram sacrificados por hipotermia (banho de gelo por 10 min) para coleta
dos demais tecidos. Cada tecido foi coletado independentemente, lavado em solugdo Tris-NaCl
gelada (10 mM Tris, 330 NaCl, pH 7,4) agrupado em pools de trés animais e macerados em 1
mL de TRIzol (ThermoFisher Scientific) com auxilio de pistilos estéreis. Os macerados de
tecido foram centrifugados (12.000 xg por 10 min a 4°C) e os sobrenadantes armazenados a -
20°C para posterior extragao de RNA total.

Para analise das por¢des do intestino médio, o intestino médio (n=3) de animais
estimulados e nao-estimulados com a bactéria Vibrio harveyi ATCC 14126 (infecgdo per os —
item 2.4) foi coletado com auxilio de bisturi e lavado em Tris-NaCl (10 mM Tris, 330 mM
NaCl, pH 7,4). Em seguida, as amostras de intestino médio foram seccionadas com bisturi em
trés porcdes iguais: por¢do anterior, medial e posterior. Apos a coleta, as amostras foram
maceradas em TRIzol (ThermoFisher Scientific) conforme descritos acima e armazenados a -

20°C para extracao de RNA total.

2.4. Infeccdes experimentais

As infec¢des experimentais foram realizadas com dois patdogenos de interesse
aquicola: a bactéria Gram-negativa V. harveyi ATCC 14126 e o virus causador da Sindrome da
Mancha Branca (WSSV). Para a infec¢ao bacteriana, os animais (n=30) foram injetados
intramuscularmente, entre o primeiro e segundo segmentos abdominais da regido dorsal, com
100 uL do inéculo bacteriano (6x107 unidades formadoras de colonia (CFU)/animal)
suspendido em dgua do mar filtrada. A dose utilizada foi previamente padronizada como capaz
de matar 50% dos animais infectados em dois dias (SILVEIRA et al., 2018). Como controle,
foram utilizados animais ndo-estimulados (n=15; Grupo “Naive”) e animais injetados com adgua

do mar filtrada (n=15; Grupo “Salina”). O preparo do indculo viral foi realizado segundo o
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protocolo adaptado de GONCALVES et al., (2014) a partir de tecido muscular de camardes
diagnosticados positivos para o WSSV. Para as infec¢des virais, os animais (n=15) foram
injetados intramuscularmente, entre o primeiro € o segundo segmentos abdominais da regiao
dorsal, com 100 pL do inéculo viral (3x10? particulas virais/animal). A dose utilizada foi
previamente padronizada como capaz de matar 50% dos animais infectados em sete dias
(SILVEIRA et al., 2018). Como controle foram utilizados animais ndo-estimulados (n=15;
Grupo “Naive”) e animais injetados com tecido muscular de camardes livres de WSSV (n=15;
Grupo “WSSV-free”). Apos os desafios, os animais foram mantidos em condigdes controladas
por 48 h até a realizacdo da coleta da hemolinfa e do intestino médio. A coleta dos tecidos foi
realizada em 3 pools de 5 animais/condi¢do, conforme descrito no item 2.3.

A infeccdo experimental per os foi realizada seguindo a metodologia descrita por
PILOTTO e colaboradores (2018), porém utilizando a bactéria Gram-negativa V. harveyi
ATCC 14126. A cultura de V. harveyi foi preparada em meio LB-NaCl (0,5% extrato de
levedura, 1% peptona, 3% NaCl, pH 7,2) e incubada a 20°C durante 12 horas sob agitacao.
Ap6s esse periodo, a cultura foi centrifugada a 1000 xg por 10 min e suspensa em agua do mar
filtrada (0.22 um). A densidade Optica da suspensdo bacteriana foi ajustada para DOgoonm = 2,5
(correspondente a 1,5%107 CFU/mL). Em seguida, com auxilio de uma pipeta, foram inseridos
no aparelho bucal dos camardes (n=3), 50 pL da suspensdo bacteriana (aproximadamente
7,5%10° CFU/animal). Como controle, foram inseridos no aparelho bucal de outros camardes
(n=3) 50 uL de 4gua do mar estéril. Apds 21 horas da infeccdo, os animais foram anestesiados
(gelo por 10 min) e sacrificados. O intestino médio dos animais foi coletado com auxilio de

bisturi e seccionado conforme detalhado no item 2.3.

2.5. Extracao de RNA e sintese de cDNA

Para extragdo de RNA total, adicionou-se cloroformio nas amostras armazenadas em
TRIzol (ThermoFisher Scientific), seguido de uma centrifugacdo a 12.000 xg por 15 min a 4°C.
O RNA total foi precipitado com isopropanol e lavado duas vezes com etanol 75% gelado. O
RNA obtido foi suspendido em agua livie de DNA/RNA/DNases/RNases e tratado com 1 U da
enzima DNase I (ThermoFisher Scientific) a 37°C por 15 min, para a eliminagdo de possivel
DNA gendmico contaminante. Em seguida, a enzima foi inativada a 65°C por 10 min na
presenca de 4,5 mM EDTA e as amostras de RNA precipitadas com 0,3 M acetato de sodio (pH
5,2) e isopropanol (1:1; v:v). Finalmente, o RNA total foi lavado com etanol 75% gelado e

suspendido em 4gua livre de DNA/RNA/DNases/RNases. A quantificacdo do RNA total
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extraido foi feita por espectrofotometria (NanoVue Plus), enquanto a integridade das amostras
foi analisada por eletroforese em gel de agarose 0,8%. Para a sintese de DNA complementar
(cDNA), foi realizada a transcri¢ao reversa de 1 pg de RNA total utilizando o kit RevertAid

Reverse Transcription (ThermoFisher Scientific), seguindo as instrugdes do fabricante.

2.6. Transcricdo Reversa seguida de PCR convencional (RT-PCR)

As reagdes de Transcricdo Reversa seguida de PCR convencional (RT-PCR) foram
realizadas utilizando-se 1 pLL. de cDNA (diluido 10 vezes), 0,2 uM de cada iniciador (Quadro
1), 0,4 mM de dNTP Mix, 2 mM de MgCl> e 1 U da enzima Taq DNA Polimerase (Sinapse
Biotecnologia). Para a amplifica¢do das sequéncias de ALFs-like, foi realizada uma etapa de
desnaturacdo inicial a 95°C por 5 min, seguida de 30 ou 35 ciclos de 95°C por 30 s para
desnaturacdo, 60°C por 30 s para hibridizacao dos iniciadores e 72°C por 30 s para extensdo e,
por fim, uma etapa final de extensdo a 72°C por 5 min. O gene da B-actina (LvActina - Quadro
1) foi utilizado como controle de expressdo e de qualidade das amostras. Para a amplificagdo
da sequéncia da B-actina, foi realizada uma etapa de desnaturacdo inicial a 95°C por 5 min,
seguida de 35 ciclos de 95°C por 40 s, 56°C por 40 s e 72°C por 40 s e uma etapa final de
extensdo a 72°C por 5 min. Os produtos de amplificagdo foram analisados em eletroforese em

gel de agarose 1,5 % corado com brometo de etidio (0,5 pg/mL).

2.7. Transcricdo Reversa seguida de PCR quantitativa em tempo real (RT-qPCR)

As reagdes de Transcricdo Reversa seguida de PCR quantitativa em tempo real (RT-
gPCR) foram realizadas utilizando-se o sistema StepOnePlus Real-Time PCR Systems
(Applied Biosystems). As reacdes foram realizadas em duplicata, utilizando 1 pL de cDNA
(diluido 10 vezes para amostras de hemocitos e 20 vezes para amostras de intestino médio), 0,2
uM de cada iniciador (Quadro 1) e 7,5 pL. de Maxima SYBR Green/ROX qPCR Master Mix
2x (ThermoFisher Scientific). Ao término dos ciclos, foi realizada uma curva de dissociagdo
(60-95°C; 0,3°C/s) das amostras para verificar a especificidade dos iniciadores. Para o calculo
de expressdo relativa foi utilizado o método 2444 (LIVAK; SCHMITTGEN, 2001). Nas
andlises de expressdo génica frente a infec¢des experimentais, os resultados foram
normalizados pela média geométrica de dois genes de referéncia (LvActina e LvRpS6; Quadro
1) e calibrados com os valores de ACq do grupo “Naive” (animais ndo-estimulados). Para as
andlises de comparagdo da expressao génica entre as diferentes por¢des do intestino médio, foi

utilizada como condigdo calibradora a média aritmética das trés por¢des. Para as andlises de
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comparag¢do de expressao génica de uma mesma porg¢ao do intestino médio (anterior, medial ou
posterior) entre animais infectados e nao infectados, foi utilizada como condigdo calibradora a
média da expressao génica dos animais ndo infectados. Os dados de RT-qPCR foram analisados
utilizando o teste de andlise de variancia (ANOVA), seguido pelo teste de comparagao de
médias de Tukey no programa GraphPad Prism 5.01 (GraphPad Software). As diferencas entre
os grupos com variacdes de expressdo inferiores a 1,5 vezes e com valor de P<0,05 ndo foram
consideradas significativas. Os graficos de expressao relativa ao longo do desenvolvimento

foram gerados no programa GraphPad Prism 5.01 (GraphPad Software).

Quadro 1 — Sequéncia dos iniciadores utilizados nas andlises de expressao génica.

Gene Referéncia Sequéncia dos iniciadores (5°-3) Produto de
[n° GenBank] amplificacio
LvActina CADORET et al., (1999) Fw:TAATCCACATCTGCTGGAAGGTGG 846 pb
(RT-PCR) [AF300705] Rv:TCACCAACTGGGATGACATGG
LvActina WANG et al., (2007) Fw:CCACGAGACCACCTACAAC 142 pb
(RT-qPCR) [AF300705] RviAGCGAGGGCAGTGATTTC
LvRpS6 GONCALVES et al., (2014) Fw:AGCAGATACCCTTGGTGAAG 193 pb
[FE080516] Rv:GATGCAACCACGGACTGAC
LvALF-3cys [XM 027362708.1] Fw:GTGTTCATATCACTGGTCGG 174 pb
Rv:ATAAGGCATCCAGTCCTTCG
LvALF-4cys [XM 027358404.1] Fw:TTGCTCGGCATCTTCTTGGG 126 pb
Rv:CACAGGTGAAAGTGCACTGG

LvRpS6: proteina ribossomal S6. Fw: sequéncia do iniciador senso. Rv: sequéncia do iniciador antisenso. pb:
pares de base

3. Resultados
3.1. Diversidade molecular de AL Fs-like

Além de sequéncias correspondentes a ALFs (Capitulo II, Se¢do A), buscas por
sequéncias similares resultaram na identificacdo de sequéncias relacionadas a ALFs (ALFs-like)
apresentando trés ou quatro residuos de cisteinas, que foram aqui denominados ALFs-3cys e
ALFs-4cys, respectivamente. O alinhamento entre ALFs e ALFs-like estd disponivel na Figura
1A, onde os residuos de cisteina estdo destacados. As buscas em bancos de dados anotados e
ndo anotados resultaram na identificagdo de 15 sequéncias de ALFs-like encontradas
exclusivamente em seis espécies distintas de camardes peneideos: L. vannamei (n=5), P.
monodon (n=3), M. japonicus (n=3), Penaeus merguiensis (n=2), Fenneropenaeus chinensis

(n=1) e Fenneropenaeus penicillatus (n=1), (Quadro 2, Figura 1A).
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Em L. vannamei, foram identificados dois genes de ALFs-4cys codificando para um
peptideo maduro catidnico de 107 residuos aminoacidicos, com massa molecular de 12,5 kDa
e trés genes de ALFs-3cys codificando para um peptideo maduro anidnico de 109 residuos
aminoacidicos, com massa molecular de 12,3 kDa (Quadro 2). Em P. monodon, foram
encontrados trés genes de ALFs-3cys codificando para um peptideo maduro de 106 a 116
residuos aminoacidicos, com massa molecular de 13,0 kDa (Quadro 2). Em M. japonicus, foram
encontrados trés genes de ALF-3cys codificando para um peptideo maduro cationico de 107 a
111 residuos aminoacidicos, com massa molecular de 12,4 a 13,23 kDa (Quadro 2). Em P.
merguiensis foram recuperados dois transcritros completos de ALF-4cys codificando para um
peptideo maduro cationico de 106 (12,5 kDa) e para um peptideo maduro anionico de 108
residuos aminoacidicos (12,7 kDa) (Quadro 2). Por fim, foram recuperados dois transcritos de
ALF-4cys incompletos, um na espécie F. penicillatus, codificando para um peptideo maduro
cationico de 92 residuos aminoacidicos (10,7 kDa) e outro na espécie F. chinensis, codificando
para um peptideo maduro anidnico de 103 residuos aminoacidicos (12,1 kDa) (Quadro 2).

A estrutura dos genes codificantes para esses peptideos foi analisada nas espécies com
genomas disponiveis em banco de dados (L. vannamei, P. monodon e M. japonicus) e
comparadas com os genes de ALFs. Assim como descrito para os ALFs (Capitulo II, Secao A),
os genes codificantes para ALFs-like sdo compostos por trés €xons e dois introns de tamanhos
variados (Figura 1B). Em todos os genes (ALFs, ALFs-3cys e ALFs-4cys), o segundo éxon
codifica a porcao central do peptideo maduro, os dois residuos de cisteina conservados em todas
as sequéncias e um dos residuos extra de cisteina encontrado em ALFs-4cys (Figura 1). O
primeiro éxon codifica a regido 5'-UTR, o peptideo sinal e a por¢ao N-terminal do peptideo
maduro, enquanto o terceiro éxon codifica a por¢ao C-terminal do peptideo maduro, contendo
o terceiro residuo de cisteina em ALFs-3cys e o quarto residuo de cisteina em ALFs-4cys

(Figura 1), assim como a regido 3’-UTR.
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Figura 1 - Alinhamento entre ALFs e ALFs-like
A

ALF-A GETD01024664 ———QGVQDLIPSLVQKIVQLWHSDEVEFMGHS
ALF-B GQ227486 ———QGWQAVAAAVASKIVHLWENEETELL

RYSQRPSFYRWELYFNGI PGWAPFTGRYRT-RSPSGAVEHATRDFVOKALQSNLITEDDARIWLEH
RFTVKPYIKRLQLNYK PGHTTIK T-RSHSGVAGRTARDFVEKAFRDGLISEQDAKEWLN

ALF-C GETD01033447 ———SGWEALVPATANKLTQLWESGELELLGH SVIPEFKEWQLYFRG PGWTAIRGOART-RSRSGVVGRT TODF VEKAFGACGLITESEAQVWLNS
ALF-D FE115964 ———FSLEKDLFVEVIKDQVSLWRTGDI DLVGHS®TYNVKPDI DGFELYFIGSVT®PGHT TLRGEGNT-RSKSGVVNAAVEDF IQKALKAGLVTEEEAKPHLV
ALF-FE FE069658 ——RPQLGDVLGSVVETFLKNAVKT SELTILD RSPYLKKFEVHYRAD PGHT IIVGRESDHTNPNNSELDATEDEF VKQAVIKGIMTDVEAAEYL
ALF-F KJ000049 ———OVWETLIPLITQQVVYLWKT GERFMFGHESTY FVT PEVKSFELY FKGRMT®PTLSNVRGEALT-RSRSGVEARKTVEDY VRKVVERKGV ITEEEAKAWLNK

ALF-G GETZ01049665% QFMEDQDNYASDIFSNIFNYLVKDGEIELLGHY&SYSTRPYFLRWRLKFKS PGHTLVYGSASESSSVSNS IONATINF IQKAYQEGV ITEEDAKPHLOGNH

Lvan XP 027218509.1 — - KEKLLTY IAQELT
Lvan XP 027214209.1 ———- KEKLLTY IAQELT
Lvan XP 027214207.1 ———- KEKLLTYIAQELT
Pmon XP 037782357.1 ———NKKTQLTHYTAKETT

GRNGSVTE FSVTPESKDWMPYHESNE
GRNGSVTE FSVIPKSKDWMPYHESNE
GRNGSVTE FSVITPES IDHMPYHESNE,
GEYGNVTFLNNS DVYPKLEEWKFHYQSSE,

PDWTNIVGEATG-RORVLTAAKARKDIVVRALDIGLFNFYDGKAWLFSETATDTNNIMLSL—
PDWTNIVGEARG-RERVITAAKARKDF VVRALDIGLFNEYDGKAWLFSELATDTNNIMLSL—
PDWTNIVGEATG-RORVLTAAKARKDF VVRALDIGLFNFYDGKAWLFSETATDTNNIMLSL—
PSWPDIVGEARG-RORLSTSMKAVVHF LTKAEKDELFTYARGKFWLLSQVYRNKDNIVESSL

W1 TEGVEFMGY. LOVQPRFSFWTLYYQSSE
WLTTGANFLTH TKPEKFTNWRLYYEGIF,
LI'RGEMTFLGH TLVPEFS FWNLY YDGTFE"
LTRGEMTFLGH TLVPKFSFWNLYYDGTE"
LTRGKMTFLGH TLVPKFSEWNLYYDGTF"

TGWTAIKGEATA-RORLGSAEEAVRDF IKKVIKGDT IRQI DVSKRFEEHKNVTGT P
SEWPGIEGTAVT-ROKLSTAERAVOSFLOQGI DKRLFRSVDARNWLAERFSLYQRNVTETRSFSVV
POWTNIEGKHEK—ReKLTATMAAMEQF LREKGIAKGLFKFREATDWLNDERNATTTS
POWTITEGKYEK—ROKLTATMAAMEQF LRKGTAKGLFKYREATDWLNDERNATATS
POWTDIEGNSER-ROKTDAVLKAMEQF LRKGT AKGLFKYREATDWLNDMRNKSRLLPVYR—

Pmon XP 037782356.1 ———KKKEQLINQVARELL
Pmon XP 037781888.1 ——-NKRLELIFYVSQELL
Mjap XP 042869036.1 —-NEKRILQKDITRE
Mjap XP 042869035.1 —NEKRTL.QKDITRE
Mjap XP 042869037.1 ——NKKRTL.OKDITRE

GRGNGENG  Laaene

WMNESVTFMGHS®KTEVEHRESHWT VY H
WITKRVTFMGHS &KTEVEHRF SHAT VY H!
WMTRGINFMGH PEDLOVLPRES FWT LEY!
WMTDEARKTMGY SEDLOVOPRESART LY Y
WMTEEATFMGY SeDLOVOPRFSARLLY YE 85F,
WMTRGINFMGHT®DLOVLPRES FWMLEYQ®SE

DHWPNITGKASS—ROKLATAEESMRDFVDKATNSNLIRRIDVERWLEEQRNGSATLT
DHWPNITGKASS-ReKLATAKESVRDFVDKATNSNLIREIDVERWLEEQENGSTTLT
THIIGEAQS-ReRLGAAREAVEDFVDRAIRYNLIRQIDATEWYEEQRNITKTF
SEWTDI IGEARS—ROKLGAAEDAVRDFVDKATEENLTIRQVDVSKRHSQEQKNVTRTE
TEHTDI IGKAVS-ReKLEAAEDAVENF VDTAMONNLIRQIDASKWYEEQNN
THIIGEAES-ReRLGAAEEAVEDFLDKATIRYNLIRQIDA

Lvan XP 027214205.1 ———KKKGKLTKEVARHIL
Lvan XP 027214206.1 ———KKEGKLTKEVARHLL
Pmer GIXQ01025398.1 ———KKKQQLVIEVARELL
Pmer GTXQ01025399.1 -TKQQKQKLTKEVAWKLL
Pchi GIYE01052958.1 —-KKQEREQLINQVSWTLL
Fpen GFRT01026013.1 ———KKKQQLVIQVARELL

B

EXON 2

A. Alinhamento de ALFs-like encontrados em camardes peneideos e de sequéncias representativas dos sete grupos de ALFs (Grupos A-G) em L. vannamei. Em preto estdo os
residuos de cisteina conservados em todas as sequéncias e em vermelho os residuos de cisteina encontrados em ALFs-like que ndo estdo presentes em ALFs. O quadrado delimita
os residuos aminoacidicos codificados pelo éxon 2. Lvan: Litopenaeus vannamei. Pmon: Penaeus monodon. Mjap: Marsupenaeus japonicus. Pmer: Penaeus merguiensis.
Pchi: Fenneropenaeus chinensis. Fpen: Fenneropenaeus penicillatus.B. Estrutura génica de ALFs e peptideos relacionados a ALFs composta por 3 éxons e 2 intros.




Quadro 2 - Caracterizagcdo molecular dos ALF’s-like de peneideos.

100

Espécie LOCI identificador n°aa | MM (Da) pl n° cisteinas

LOC113807189 | XP 027214205.1 | 107 | 1250030 | 9,39 4
LOC113807190 | XP 027214206.1 | 107 | 1252335 | 9,78 4
Lovannamei | 0113811032 | XP 027218509.1 | 109 | 12393,13 | 7,00 3
LOC113807192 | XP 027214209.1 | 109 | 12421,14 | 6,32 3
LOC113807191 | XP 027214207.1 | 109 | 12378,12 | 6,31 3
LOC119578796 | XP 037782356.1 | 106 | 1229515 | 9,08 3
P.monodon | LOC119578797 | XP_037782357.1 | 112 | 1313693 | 7,07 3
LOC119578362 | XP 037781888.1 | 116 | 13576,53 | 9,41 3
LOC122251296 | XP_042869036.1 | 107 | 1249042 | 9,47 3
M. japonicus | LOC122251295 | XP_042869035.1 | 107 | 1247545 | 9,44 3
LOC122251297 | XP 042869037.1 | 111 | 1322451 | 10,02 3
- GIXQ01025398.1 | 106 | 1254849 | 8,77 4

P. merguiensis
- GIXQ01025399.1 | 108 | 12770,59 | 5,49 4
F. penicillatus - GFRT01026013.1 | 92 | 10798,56 | 848 4
F. chinensis - GIYE01052958.1 | 103 | 12153,76 | 4,90 4

aa: residuos aminoacidicos; MM: massa molecular predita; pI:ponto isoelétrico tedrico

A fim de compreender a relagdo filogenética entre esses peptideos e os ALFs, foi
realizada uma reconstru¢do filogenética de ALFs de crustaceos decapodes (capitulo II, Se¢ao
A), ALFs de quelicerados marinhos, ALFs-3cys, ALFs-4cys e scygonadinas (Figura 2). As
sequéncias foram agrupadas em dois grandes clados, um referente aos ALFs auténticos (ALFs
de crustaceos decapodes e ALFs de quelicerados marinhos) e outro referente aos peptideos
relacionados a ALFs (scygonadinhas, ALFs-3cys e ALFs-4cys) (Figura 2). No clado dos ALFs
¢ possivel visualizar os ALFs de quelicerados marinhos, os sete grupos de ALFs de camardes
peneideos (Grupos A a G) e outros ALFs de crustaceos decapodes (Figura 2). No clado referente
aos peptideos relacionados a ALFs, as sequéncias foram agrupadas em pelo menos trés grupos
distintos: um primeiro grupo referente as scygonadinas, um segundo grupo com ALFs-3cys de
L. vannamei e a sequéncia XP_037782357.1 de P. monodon e um terceiro grupo com ALFs-

4cys e os peptideos catidnicos com 3 cisteinas de M. japonicus e P. monodon. Todas as
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sequéncias encontradas de ALFs-3cys e ALFs-4cys formaram um clado distinto de ALFs e
relacionado a scygonadinas, confirmando que esses peptideos com trés ou quatro cisteinas nao
sao ALFs auténticos, mas sim compdem um grupo a parte, aqui denominados ALFs-like.

Os resultados da analise filogenética (Figura 2) em conjunto com as caracteristicas
bioquimicas de cada peptideo (Quadro 2) indicam que pelo menos dois grupos distintos de
ALFs-like sdo encontrados em L. vannamei: os peptideos com trés cisteinas (ALFs-3cys) de
carater anidnico e os peptideos com quatro cisteinas (ALFs-4cys) de carater cationico. Com
base nesses resultados, essas duas sequéncias foram escolhidas para as analises de expressao

génica subsequentes, avaliando a divergéncia funcional desses peptideos e comparando-as com

os ALFs (Capitulo II, Secao A).
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Figura 2 — Reconstrucao filogenética de ALFs e peptideos relacionados a ALFs.

Arvore filogenética de ALFs e peptideos relacionados a ALFs, reconstruida pelo método de Maximum likelihood. Os Grupos de ALFs auténticos de camardes peneideos (Grupos
A a G) estdo representados em azul (cationicos) e vermelho (anidnicos). Os ALFs de quelicerados marinhos (QM) estdo representados em amarelo. As scygonadinas (Scy) estdo
representadas em verde e ALFs-3cys e ALFs-4cys estdo representados em azul ciano.
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3.2. Expressao génica de ALFs-like

A fim de verificar os diferentes tecidos envolvidos na expressdo desses peptideos, a
distribuicao da expressao génica foi verificada por RT-PCR em nove diferentes tecidos/érgaos
de camardes L. vannamei (hemocitos, musculo, branquias, cordao nervoso, pedinculo ocular,
intestino médio, intestino posterior, hepatopancreas e estomago). O perfil de expressdo se
mostrou diverso nos tecidos analisados (Figura 3), porém os transcritos de ALFs-/ike ndo se
mostraram expressos em hemocitos circulantes, como ocorre com os ALFs auténticos (Capitulo
I, Se¢ao A). Transcritos de ALF-3cys foram detectados nas branquias, corddo nervoso,
pedunculo ocular, intestino médio, intestino posterior ¢ estdmago (Figura 3). Transcritos de
ALF-4cys foram detectados no corddo nervoso, pedunculo ocular e estdmago e uma banda com
menor intensidade foi observada no intestino médio (Figura 3). Em todos os tecidos analisados,
a amplificacdo de transcritos de B-actina mostrou-se estavel (Figura 3), confirmando a

integridade dos cDNAs utilizados.

Figura 3 - Distribui¢do da expressdo génica de ALF-3cys e ALF-4cys em Litopenaeus

vannamei
HE MS BR CN PO IM IP HP ST
LvActin — — e - “. B846Db
LvALF-3cys 174 pb
LvALF-4cys 126 pb

Eletroforese em gel de agarose (1,5%) corado com brometo de etidio mostrando a amplificagdo de transcritos de
peptideos relacionados a ALFs e B-actina (LvActin - controle). pb: pares de base. HE: hemdcitos. MS: musculo.
BR: branquias. CN: corddo nervoso. PO: pedunculo ocular. IM: intestino médio. IP: intestino posterior. HP:
hepatopancreas. ST: estdmago

Em seguida, os niveis transcricionais dessas novas sequéncias foram quantificados em
hemocitos e intestino médio de animais desafiados com a bactéria Gram-negativa V. harveyi
ATCC 14126 ou com o WSSV. Optou-se por avaliar a expressao em hemocitos a fim de
confirmar a auséncia de expressdo nesse tecido e em intestino médio que representa o tecido
diretamente associado a uma das principais vias de entrada de microrganismos nas infecgdes in
vivo. Confirmando os resultados de RT-PCR, a expressdao relativa de ALFs-like ndo foi
observada em hemocitos de animais controle ou infectados via sistémica pelos dois patogenos.
No intestino médio, foi possivel quantificar a expressdo de ambos os genes em todos os grupos,

no entanto nao houve modulagdo da expressao frente as infecgdes experimentais (Figura 4A).
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A fim de confirmar que esses peptideos ndo sdo modulados no intestino médio frente a
infec¢des bacterianas, optou-se por realizar um segundo experimento de infec¢do, mais similar
ao processo natural de infecg¢do. Para isso os animais foram desafiados per os com a bactéria V.
harveyi ATCC 14126 e o nivel de expressao desses peptideos foi quantificado em diferentes
por¢des do intestino médio de camardes sadios ou infectados. Como resultado, ndo foi
encontrada diferencga na expressdo de ALF-3cys e ALF-4cys entre as trés por¢des do intestino
médio (Figura 4B), nem mesmo modulacdo em nenhuma porgao apods a infeccdo bacteriana

(Figura 4C).

Figura 4 — Niveis de transcritos de ALF-3cys e ALF-4cys no intestino médio de L. vannamei
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A. Graficos de expressao relativa de ALFs-like em intestino médio frente infecgdes experimentais. N: animais
naive. S: animais controle injetados com salina. V: animais infectados com V. harveyi ATCC 14126. W-: animais
controle que receberam indculo livre de virus. W+: animais desafiados com WSSV. Em branco estao representados
os animais do grupo naive, em cinza os animais da infeccdo experimental bacteriana e em preto da infecgdo
experimental viral. B. Graficos de expressao relativa de ALFs-like em trés porgdes distintas de intestino médio de
animais controle (ndo desafiados): (A) anterior; (M) medial, (P) posterior. C. Graficos de expressao relativa de
ALFs-like em trés porg¢des distintas de intestino médio de animais controle (em branco) e desafiados per os com a
bactéria V. harveyi ATCC 14126 (em cinza). (A) anterior; (M) medial, (P) posterior. Os resultados estdao
apresentados como média + desvio padrao de triplicatas bioldgicas.
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Devido as semelhangas com as scygonadinas, que sdo expressas majoritariamente nas
gonadas do caranguejo S. serrata, os niveis de transcritos de ALF-3cys e ALF-4cys foram
avaliados, por andlises in silico, nas gonadas de camardes adultos e ao longo do
desenvolvimento embrionario de L. vannamei. Os niveis de transcritos de ALF-3cys e ALF-
4cys foram quantificados em diferentes bibliotecas transcritomicas disponiveis em bancos de
dados publicos. Inicialmente, os niveis de transcritos em bibliotecas de gonadas maduras
(ovarios e testiculos) foram comparados com os niveis de transcritos em bibliotecas de outros
quatro tecidos (hemocitos, branquias, estomago e pedunculo ocular). Os transcritos de ALF-
3cys e ALF-4cys foram identificados em maior abundancia nas bibliotecas de gdbnadas maduras
(testiculos e ovarios) e em menor escala em bibliotecas de pedunculo ocular e estomago (Figura
5A). Em seguida, os niveis de transcritos de ALF-3cys e ALF-4cys foram quantificados ao
longo da maturagdo do ovario de L. vannamei. Para isso, os niveis de ALF-3cys e ALF-4cys
foram quantificados em bibliotecas de ovarios de camardes fémeas em diferentes estagios de
maturagdo gonadal, decorrente do processo de ablagdo do pedunculo ocular visando induzir a
maturacdo ovariana (PENG et al., 2015). Trés bibliotecas de ovarios foram avaliadas em fémeas
nas fases de: (i) pré-ablacdo; (ii), um dia apos a ablacao e, (iii) seis dias apos a ablagao.
Transcritos de ALF-4cys ndo foram identificados em ovarios de fémeas ndao abladas (pré-
ablacao do pedunculo ocular), mas tiveram um aumento dos niveis de transcritos apds a ablagdo
(1 e 6 dias apos a retirada do pedinculo ocular), revelando que a expressao deste transcrito €
induzida durante a maturagdo ovariana (Figura 5B). Transcritos de ALF-3cys foram
identificados nas trés bibliotecas analisadas, e assim como observado com o ALF-4cys, tiveram
um aumento dos niveis de transcritos em ovarios de fémeas abladas (maturacdo ovariana)
(Figura 5B). Por fim os niveis de transcritos de ALFs-3cys e ALFs-4cys foram quantificados
em bibliotecas de cinco estagios do desenvolvimento de L. vannamei: embrides, nauplios, zoea,
misis e pos-larvas. Transcritos de ALF-3cys foram encontrados em embrides e praticamente
ausentes em nauplios, enquanto transcritos de ALF-4Cys nao foram quantificdveis em nenhum

dos estagios analisados (Figura 5C).
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Figura 5 — Niveis de transcritos de ALFs-3cys e ALFs-4cys em diferentes tecidos de L.
vannamei € ao longo do seu desenvolvimento embrionario.
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A. Niveis de transcritos de ALF-3cys e ALF-4cys em bibliotecas transcritomicas de seis tecidos distintos. HE:
hemocitos; BR: branquias; ST: estomago; PO: pedinculo ocular; TS: testiculos; OV: ovarios. B. Niveis de
transcritos de ALF-3cys e ALF-4cys em bibliotecas de ovarios de fémeas em diferentes estagios da maturag@do
gonadal. PO: pré-abla¢do do pedinculo ocular; O1: 1 dia ap6s ablagdo do pedinculo ocular; O6: 6 dias apds
ablagdo do pedtinculo ocular. C. Niveis de transcritos de ALF-3cys em bibliotecas ao longo do desenvolvimento
embriondrio (transcritos de ALF-4cys ndo foram quantificaveis nessas bibliotecas) E: embrido; N: nauplio; Z:

zoeae; M: misis; PL: pos-larva. Os niveis de transcritos em todos os graficos estdo representados em transcritos
por milhdo (TPM).

4. Discussiao

Neste trabalho foram identificados e caracterizados em nivel molecular e transcricional
peptideos relacionados a ALFs contendo trés ou quatro residuos de cisteinas. Esses peptideos
foram aqui denominados ALFs-like e divididos em dois grupos ALFs-3cys e ALFs-4cys de
acordo com o numero de residuos de cisteina presente. Analises filogenéticas entre esses
peptideos, scygonadinas e ALFs de crustaceos e quelicerados marinhos confirmaram que ALF's-
like ndo sao ALFs auténticos, mas compdem um grupo irmao relacionado as scygonadinas.

Esses resultados, em conjunto com a estrutura génica conservada desses peptideos, sugerem



107

que os ALFs, ALFs-like e as scygonadinas derivaram de um gene ancestral comum. Até o
momento, ALFs-like foram encontrados exclusivamente em camardes peneideos (Subordem
Dendrobranchiata), enquanto scygonadinas foram encontradas exclusivamente em caranguejos
do género Scylla (Subordem Pleocyemata) (HUANG et al., 2006). Levando em consideracao a
distancia evolutiva entre esses grupos taxondmicos, esses resultados sugerem que eventos de
duplicacdo ocorreram exclusivamente nesses taxons € ndo em um ancestral comum de
crustaceos. Dessa maneira, um gene ancestral deu origem aos ALFs e as scygonadinas em
caranguejos do género Scylla e aos ALFs e aos ALFs-like em camardes peneideos. No entanto,
novos estudos sdo necessarios a fim de avaliar a diversidade dessas moléculas em outros tdxons
de crustaceos e confirmar a historia evolutiva desses peptideos.

Os resultados de andlise da expressdo génica de ALFs, scygonadinas e ALFs-like
demonstram que enquanto os ALFs sdo expressos simultaneamente nos hemocitos
(SOMBOONWIWAT et al., 2008; ROSA et al., 2013), ALFs-like e scygonadinas (WANG et
al.,2007; XU et al., 2011) sdo expressos majoritariamente nas gonadas e ndo sdo expressos em
hemocitos circulantes. AMPs expressos exclusivamente nas gonadas t€ém sido descritos em
diferentes espécies de artropodes e moluscos, indicando uma relacao entre o sexo dos animais
e a expressao de AMPs especificos (SAMAKOVLIS et al., 1991; MARCHINI et al., 1993;
WANG et al. 2007; ZHENG et al., 2012; QIN et al., 2014; JACOBS et al., 2016). Por exemplo,
andropinas sdo AMPs encontrados exclusivamente no ducto ejaculatério de Drosophila
melanogaster (SAMAKOVLIS et al., 1991), enquanto Ceratotoxinas A tem expressao restrita
as glandulas acessorias de fémeas de Ceratitis capitata (MARCHINI et al., 1993). Ademais,
alguns AMPs sdo encontrados em ambos 0s sexo0s, mas com expressao majoritaria em um tipo
de gonada, como as crustinas do Tipo I em caranguejos (SULEIMAN et al., 2017), lisozimas e
thaumatinas em besouros (JACOBS et al., 2016) e mytichitinas-CB, myticusinas e mythilinas
em mexilhdes (QIN et al., 2014; YANG et al., 2022). Esses estudos apontam a importancia de
AMPs na protecao contra infecgdes nas gonadas, mas também para a manutengao da microbiota
no trato reprodutivo e prote¢ao contra patdogenos no ambiente de ovoposicao (XU et al., 2011;
ZHENG et al., 2012 JACOBS et al., 2016; YANG et al., 2022). Dessa maneira, ¢ possivel
hipotetizar que enquanto os ALFs representam um importante grupo de efetores imunologicos
da imunidade sistémica, scygonadinas e ALFs-like atuam na protecao de epitélios especificos
como os das gonadas desses animais.

E proposto que a diversidade de sequéncias de AMPs encontrada em um grupo

taxonomico seja resultado da selecdo de diferentes moléculas ampliando o seu espectro de
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atividade antimicrobiana ou adquirindo novas fungdes bioldgicas (SCHMITT; ROSA;
DESTOUMIEUX-GARZON, 2016). Ensaios de atividade in vitro de scygonadinas e de ALF-
3cys em M. japonicus demonstraram que esses peptideos apresentam baixa atividade
antimicrobiana, sendo ativos principalmente contra bactérias Gram-positivas (HUANG et al.,
2006; JIANG et al., 2015). Além de AMPs convencionais, peptideos cuja fun¢do principal esta
associada a outros processos biologicos, mas que apresentam atividade antimicrobiana tém sido
amplamente identificados em crustaceos (KULKARNI ef al., 2021). Curiosamente, enquanto
ALFs sao induzidos frente injurias e infec¢cdes microbianas (PONPRATEEP et al., 2012; ROSA
et al.,2013; GONCALVES et al., 2014, Capitulo II, Se¢do A), scygonadinas e ALFs-like tém
sua expressao induzida durante a maturagdo das gonadas e ndo frente a estimulos microbianos
(XU et al., 2011; QIAO et al., 2016). Esse mesmo perfil de expressdo ¢ observado em outros
AMPs de expressao exclusiva em gonadas (SAMAKOVLIS et al., 1991; ZHENG et al., 2012;
QIN et al., 2014). Além da defesa contra infecgdes no trato reprodutivo desses animais, €
possivel que esses peptideos apresentem outras fungdes biologicas, contribuindo para a
maturagao sexual desses animais.

Em conclusdo, neste trabalho foram caracterizadas sequéncias de ALFs-like que sao
encontradas exclusivamente em camardes peneideos e que sdo expressas majoritariamente nas
gonadas. Este trabalho aponta a possivel divergéncia funcional de moléculas relacionadas a
ALFs, no entanto novos estudos sdo necessarios a fim de confirmar a funcao desses peptideos

em camardes peneideos e compreender a historia evolutiva de ALFs e ALFs-like em crustaceos.
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5. CAPITULO III: Potencial biotecnolégico de peptideos derivados de ALFs

Este capitulo apresentara e discutird os resultados referentes as analises para avaliagdo
do potencial biotecnoldgico de peptideos derivados da regido entre cisteinas de novos ALFs
identificados no Capitulo II. Peptideos sintéticos sem cisteina apresentam estrutura secundaria
distinta do encontrado na molécula nativa e formam poros em membranas bacterianas. Os
peptideos sintéticos demonstraram amplo espectro de atividade contra bactérias de interesse
veterinario e aquicola em baixas concentragdes sem apresentar citotoxicidade a células de

mamiferos, reforcando o seu potencial como agente antimicrobiano.
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1. Introducio

Peptideos antimicrobianos (AMPs) de crustaceos representam importantes moléculas
bioativas com potencial biotecnoldgico para o desenvolvimento de novos antimicrobianos
(LEWIES et al., 2019). Os fatores anti-lipopolissacarideos (ALFs) sdo peptideos com alta
afinidade a componente microbianos e apresentam um amplo espectro de atividade
antimicrobiana (SCHMITT; ROSA; DESTOUMIEUX-GARZON, 2016). O peptideo maduro
dos ALFs apresenta dois residuos conservados de cisteina, cuja ligagcdo dissulfeto determina
uma regido em formato de grampo de folhas-f (S-hairpin), que € responsavel pela atividade
bioldgica da molécula (HOESS et al., 1993; YANG et al., 2009). Estudos com peptideos
derivados da regido em f-hairpin demonstraram que substitui¢des de residuos nao carregados,
por residuos cationicos levaram a um aumento na atividade antimicrobiana desses peptideos
(GUOQOetal.,2014; YANG et al., 2016). Esses resultados indicam que modificagdes na estrutura
aminoacidica primaria de peptideos derivados de ALFs representam uma alternativa para
produgdo de moléculas bioativas com diferentes espectros de atividade antimicrobiana. Dentro
desse contexto, o objetivo deste capitulo foi avaliar o potencial biotecnoldgico de peptideos
derivados de novos ALFs identificados e caracterizados no Capitulo II. Para isso, peptideos
derivados da regido entre cisteina de ALFs foram sintetizados quimicamente. A fim de avaliar
o potencial uso desses peptideos como novos antimicrobianos avaliou-se o seu espectro de
atividade antimicrobiano (individualmente e em sinergia), a capacidade de formacao de poros

em membranas bacterianas, assim como o seu efeito citotoxico em células de mamiferos.

2. Materiais e Métodos
2.1. Sintese quimica de peptideos e dicroismo circular

Peptideos derivados da regido entre cisteinas dos novos ALFs identificados em L.
vannamei (Litvan ALF-E, Litvan ALF-F e Litvan ALF-G, Capitulo II, Secdo A) foram
sintetizados quimicamente em parceria com a Dra. Paulina Schmitt do Laboratorio de Genética

e Inmunologia Molecular da Pontificia Universidad Catolica de Valparaiso (Valparaiso, Chile)

(Quadro 1).
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Quadro 1 — Sequéncia aminoacidica, massa molecular (MM) e ponto isoelétrico tedrico (p/)

dos peptideos sintéticos.
Peptideo Sequéncia aminoacidica MM (Da) pl
Litvan ALF-E33.5, YVNRSPYLKKFEVHYRADVK 2512,90 9,70
Litvan ALF-F31.59 TYFVTPKVKSFELYFKGRMT 2442 .90 9,82
Litvan ALF-G3s.54 SYSTRPYFLRWRLKFKSKVW 2649,14 11,12

Os peptideos foram sintetizados no equipamento Liberty Blue automated microwave
peptide synthesizer (CEM Corporation) a partir de aminoacidos com grupamentos 9-
fluorenilmetiloxicarbonila (Fmoc) (Iris Biotech GmBH) em resina Rink Amide AM 0.6 meq/g
(Chem-Inmpex). Os peptideos sintéticos foram purificados por cromatografia liquida de alta
eficiéncia em fase reversa com gradiente de acetonitrila (0 a 70%) em fluxo de 1 mL/min por
30 min. Por fim, os peptideos foram liofilizados e analisados por espectrometria de massas
MALDI-TOF (Matrix-Assisted Laser Desorption/lonization Time-of-Flight) para confirmar a
massa molecular (Quadro 1). Os peptideos liofilizados foram suspendidos em agua ultrapura
estéril na concentragdo estoque de 1 mM e estocados a - 20°C até o uso.

A fim de confirmar a sua estrutura secunddria, os peptideos sintetizados foram
ressuspendidos em dgua ultrapura estéril acrescida de 30% de trifluoroetanol. O espectro de
dicroismo circular foi obtido a 20°C, 30°C e 37°C em comprimentos de onda de 190 a 260 nm,

com cubeta de quartzo de 2 mm em espectrometro J-810 (Jasco Corporation).

2.2. Testes antimicrobianos
2.2.1. Microrganismos

As cepas de cada microrganismo, o meio de cultura utilizado e a temperatura para
crescimento estdo apresentados no Quadro 2. Todos os microrganismos utilizados fazem parte
do cepario do LIAA e permanecem estocados a -80°C em seus respectivos meios de cultura
acrescidos de 15% de glicerol. As bactérias Staphylococcus aureus, Bacillus subtillis,
Micrococcus luteus, Escherichia coli e Pseudomonas aeruginosa foram cultivadas em meio
“Lysogeny Broth” (LB), as bactérias do género Vibrio foram cultivadas em meio LB-NaCl 3%
e as bactérias marinhas Microbacterium maritypicum e Brevibacterium stationis foram
cultivadas em meio Zobell. As culturas foram incubadas overnight em temperatura propria para
crescimento sob agitagdo constante. Para isolamento de coldnias, as culturas foram semeadas

em meio de cultura s6lido (meio proprio para crescimento acrescido de dgar 15 g/L) e incubadas
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overnight em temperatura propria para crescimento (M. marytipicum, B. stationis, e bactérias

do género Vibrio foram incubadas por 48 h).

Quadro 2 — Microrganismos e condigdes de cultivo.

Microrganismos l\c/[uelit(;v‘:)e Meti:s:):lra Temperatura

Bactérias Gram-positivas

Staphylococcus aureus ATCC 25932 LB PB 37°C
Bacillus subtilis ATCC 6633 LB PB 37°C
Micrococcus luteus CIP 5345 LB PB 30°C
Microbacterium maritypicum CIP 105733 Zobell Zobell 1/3 30°C
Brevibacterium stationis CIP 101282 Zobell Zobell 1/3 30°C
Bactérias Gram-negativas

Escherichia coli SBS363 LB PB 37°C
Pseudomonas aeruginosa ATCC 9027 LB PB 30°C
Vibrio harveyi ATCC 14126 LB-NaCl 3% | PBNaCl3% 20°C
Vibrio anguillarum ATCC 19264 LB-NaCl 3% PB-NaCl 3% 20°C
Vibrio nigripulchritudo CIP103195 LB-NaCl 3% PB-NaCl 3% 28°C

LB: peptona bacteriologica 10 g/L; extrato de levedura 5 g/L; NaCl 10 g/L, pH 7,2.

LB-NaCl 3%: peptona bacteriologica 10 g/L; extrato de levedura 5 g/L; NaCl 30g/L, pH 7,2.

PB: peptona bacteriologica 10 g/L; NaCl 10 g/L, pH 7,2.

PB-NaCl 3%: peptona bacteriologica 10 g/L; NaCl 30 g/L, pH 7,2.

Zobell: peptona bacteriologica 4 g/L; extrato de levedura 1 g/L; NaCl 23,4 g/L; KCI 1,5 g/L; MgSO,4 1,2 g/L;
CaCl,0,2 g/L, pH 7,2.

Zobell 1/3: peptona bacteriologica 1,33 g/L; extrato de levedura 0,33 g/L; NaCl 23,4 g/L; KC1 1,5 g/L; MgSO,
1,2 g/L; CaCl, 0,2 g/L, pH 7,2.

2.2.2. Testes antibacterianos

A fim de avaliar a atividade antimicrobiana in vitro dos peptideos sintetizados, foram
realizados testes de concentragdo inibitéria minima (MIC), segundo protocolo adaptado de
DESTOUMIEUX e colaboradores (1999). Uma unica colonia isolada de cada bactéria foi
cultivada em meio de cultura e temperatura proprias. Apos crescimento, a cultura foi diluida
100 vezes em meio de cultura fresco e posta para crescer novamente até atingir uma densidade

otica a 600 nm (DOeoo) entre 0,1 e 0,2. Atingida essa DO, a suspensdo microbiana foi diluida
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100 vezes em meio com poucos nutrientes (PB, PB-NaCl 3% ou Zobell 1/3; Quadro 2) e entao
utilizada para o teste de MIC.

Os testes de MIC foram realizados em microplacas de 96 pogos, contendo 90 pL da
suspensao bacteriana diluida em meio com poucos nutrientes € 10 uLL do peptideo sintético em
diferentes concentragdes (40; 20; 10; 5; 2.5; 1,25; 0,6 e 0,3 uM). Os ensaios foram realizados
em duplicatas, utilizando 4gua ultrapura estéril (solu¢do de suspensdo dos peptideos) como
controle negativo da atividade. As placas foram incubadas em temperatura Otima de
crescimento (Quadro 2) sob agitacdo leve por 24 h e a inibi¢dao do crescimento foi medida por
espectrofotometro a 595 nm. A concentracdo inibitoria minima foi determinada como o
intervalo entre a concentragdo minima de peptideo capaz de inibir 100% do crescimento
microbiano € a concentracdo maxima de peptideo em que foi observado crescimento
microbiano. A fim de avaliar o efeito bacteriostatico ou bactericida do peptideo, os pogos em
que foi observada a inibi¢ao do crescimento foram semeados em meio s6lido rico em nutrientes.
Nas placas em que foram observadas unidades formadoras de coldnia, o efeito do peptideo foi
considerado como bacteriostatico, enquanto que, nas placas em que nao foram observadas

colonias, o efeito foi considerado bactericida.

2.2.3 Testes de atividade antimicrobiana em sinergia

A atividade antimicrobiana em sinergia entre dois peptideos sintéticos foi avaliada
utilizando o teste de titulagdo modificado por SCHMITT et al., (2012). Para avaliar a possivel
reducdo na concentragdo inibitoria de cada peptideo, dilui¢des seriadas de um peptideo foram
combinadas com % MIC do outro peptideo e vice-versa. Os resultados obtidos foram expressos
pelo indice de Concentracao Inibitoria Fracionaria (FIC). Valores de FIC foram calculados a
partir da seguinte formula: FIC = (A)/MICa + (B)/MICg , onde MICa € MICg sdo os MICs dos
peptideos A e B testados individualmente e (A) e (B) sdo os MICs dos peptideos testados em
conjunto. Os valores de FIC sdo interpretados da seguinte maneira: FIC < 0.5, forte efeito
sinérgico; 0.5-1 com efeito sinérgico; > 1 efeito aditivo; =2 sem efeito sinérgico; > 2 efeito
antagonista (SCHMITT et al., 2012). Para os testes de sinergia foram testadas combinagdes de
Litvan ALF-E33.52, Litvan ALF-F31.50 e Litvan ALF-Gss.s4 contra a bactéria Gram-positiva
marinha M. maritypicum e combinagdes de Litvan ALF-F31.50 e Litvan ALF-G3s.s4 contra as
bactérias Gram-negativas E. coli e V. nigripulchritudo. As bactérias foram cultivadas e

incubadas com os peptideos conforme descrito nas se¢des 2.2.1 e 2.2.2, respectivamente.
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2.3. Ensaios de permeabilidade de membrana

A capacidade de formacdo de poros em membrana bacteriana foi avaliada a partir do
monitoramento da hidrolise do substrato orto-nitrofenil B-D-galactopiranosideo (ONPG) pela
B-galactosidase citoplasmatica de E. coli ML35 conforme descrito por GONZALEZ e
colaboradores (2007). Os ensaios foram realizados em parceria com o Laboratorio de Genética
e Inmunologia Molecular da Pontificia Universidad Catolica de Valparaiso (Valparaiso,
Chile). Brevemente, uma colonia isolada de E. coli ML35 foi cultivada em meio LB a 37°C
overnight. Ap6s crescimento, a cultura foi diluida 100 vezes em meio de cultura fresco e posta
para crescer novamente até atingir uma DOsgoo entre 0,4 e 0,6. Atingida essa DO, a suspensao
microbiana foi precipitada e ressuspendida em tampao fosfato de sédio 10 mM pH 7.4 na
concentracio de aproximadamente 5 x 107 CFU/mL. A suspensio bacteriana foi distribuida em
placas de 96 pogos contendo 2,5 mM de ONPG. Como controle positivo, as células foram
incubadas com o detergente Triton X-10 numa concentrag@o final de 0.05% e como controle
negativo as células foram incubadas com 4gua ultrapura estéril (solugdo diluente dos peptideos).
As placas foram incubadas a 37°C e a absorbancia a 405 nm foi medida a cada 5 min por 2 h

utilizando uma leitora de microplacas Multiscan EX (Labsystems).

2.4. Ensaios de citotoxicidade

Os ensaios de citotoxicidade foram realizados em parceria com o Laboratério de
Virologia Aplicada da Universidade Federal de Santa Catarina (LVA-UFSC). Para avaliar o
efeito citotoxico em células de mamiferos, foram utilizadas duas linhagens celulares distintas:
células VERO (ATCC:CCL 81) de rim de macaco Chlorocebus aethiops e células da linhagem
A549 de carcinoma de pulmdo humano (non-small cell lung cancer cells - NSCLC, A549,
ATCC: CCL185). Ambas as linhagens foram cultivadas em meio MEM (Minimal Essential
Medium, Gibco) suplementadas com 10% de Soro Fetal Bovino e mantidas a 37°C em atmosfera
umedecida com 5% de CO». A viabilidade celular foi avaliada a partir do ensaio colorimétrico
quantitativo utilizando sulforrodamina B (SRB - Sigma Aldrich) conforme descrito por
VICHAI e colaboradores (2006) e padronizado por SILVA (2009). Brevemente, as linhagens
celulares foram semeadas (1 x 10%/pogo em placas de 96 pogos) e apds 24 h foram expostas a
diferentes concentragdes de peptideos sintéticos (10; 5; 2,5; 1,25; 0,6; 0,3; 0,15; 0,07 e 0,03
uM) por 48 h. Depois do periodo de incubagdo, as células foram fixadas com 10% de acido
tricloroacético e em seguida as células viaveis foram coradas com solucdo acida de

sulforrodamina B (0,057% p/v) por 30 min a temperatura ambiente e a absorbancia em cada
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pogo foi medida a 510 nm. Os valores de absorbancia medidos para cada concentracdo de cada
amostra testada foram transformados em porcentagens de viabilidade, em relagdo aos controles
celulares (considerados 100% viaveis). Os ensaios foram realizados em duplicatas, utilizando
agua ultrapura estéril como controle negativo da atividade. A porcentagem de células viaveis

foi plotada no GraphPad (Prism) para cada concentragao testada.

3. Resultados
3.1. Estrutura secundaria dos peptideos derivados de ALFs

Peptideos sintéticos derivados da regido entre cisteinas de novos ALFs identificados
em L. vannamei (Litvan ALF-E33.52, Litvan ALF-F31.50 € Litvan ALF-G3s.54) foram sintetizados
quimicamente para avaliar o seu potencial biotecnoldgico como novos antimicrobianos. Optou-
se por nao adicionar os residuos de cisteina a fim de aumentar a anfipacidade dos peptideos
sintetizados. Os peptideos sintéticos derivados da regido entre cisteina tiveram sua estrutura
secundaria analisada por dicroismo circular e todos apresentaram picos negativos em
aproximadamente 208 e 222 nm e um pico positivo em aproximadamente 190 nm, semelhante
ao esperado para estruturas majoritariamente em o-hélice (Figura 1). Os espectros se mativeram
semelhantes nas trés temperaturas avaliadas 20°C, 30°C e 37°C (Figura 1), indicando que a
temperatura de cultivo dos microrganismos nao altera a estrutura dos peptideos. Essa estrutura
¢ diferente do observado na molécula nativa, onde as cisteinas delimitam uma estrutura em

grampo de folhas-f (HOESS et al., 1993; YANG et al., 2009).

Figura 1 - Espectros de dicroismo circular dos peptideos derivados de ALFs
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Espectros de dicroismo circular obtidos a 20°C (linha continua), 30°C (trago e ponto) e 37°C (pontos).
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3.2. Espectro de atividade antibacteriana de peptideos derivados de ALFs

O espectro de atividade antimicrobiana dos peptideos sintéticos derivados da regido
entre cisteinas (Litvan ALF-E33.50, Litvan ALF-F31.50 € Litvan ALF-G3s.54) foi comparado ao
espectro de peptideos sintetizados em fS-hairpin (Capitulo II, Secdo A). A comparagao entre os
valores de MIC de cada peptideo estd apresentado no Quadro 3. De maneira similar ao /-
hairpin, o peptideo sintético Litvan ALF-E33.5; apresentou atividade contra a bactéria Gram-
positiva marinha M. marytipicum (ALF-E33.50 20-40 uM) (Quadro 3). O peptideo sintético
derivado de ALF-F em p-hairpin nao apresentou atividade contra nenhum microrganismo
testado (Capitulo II, Se¢do A), no entanto o peptideo sintético Litvan ALF-F3i.50 apresentou
atividade contra as bactérias Gram-positivas M. luteus (10-20 uM), M. marytipicum (5-10 pM)
e B. stationis (10-20 uM) e Gram-negativas E. coli (5-10 uM) e V. nigripulchritudo (2,5-5 pM)
(Quadro 3). O peptideo sintético Litvan ALF-Gss.s4 apresentou o maior espectro de atividade

antimicrobiana, apresentando atividade contra todos os microrganismos testados (Quadro 3).



Quadro 3 - Espectro de atividade antimicrobiana de peptideos sintéticos derivados dos ALFs dos Grupos E, F e G de Litopenaeus vannamei

Litvan ALF-E

Litvan ALF-F

Litvan ALF-G
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Litvan [-hairpin Litvan [-hairpin . ) f-hairpin
ALF-Ez3.52 Cap I1, Se¢io A| ALF-F31.50 | Cap II, Segiio A Litvan ALF-Gas-s4 Cap 11, Segio A
Microrganismos mic | mBc | mic [mBc| mic [mBc| mic [mBc| mic | mBc |mic| mBc
Gram-positivas
Staphylococcus aureus >40 | >40 | >40 | >40 | >40 | >40 | >40 | >40 | 2,5-5 | 2,5-5 [10-20] >40
ATCC 25932 = = :
Bacillus subiilis >40 | >40 | >40 | >40 | 40 | =40 | >40 | >40 | 2 2 10-20| >40
ATCC 6633 S5 | 2,5-5 110
MicrOCOCCuS luteus
>40 | >40 | >40 | >40 |10-20|10-20| >40 | >40 [1,25-2,5| 2,5-5 [10-20| >40
CIP 5345
Microbacterium maritypicum
20-40| 20-40 [20-40| >40 | 5-10 | 5-10 | >40 | >40 |1,25-2,5| 1,25-2,5 |05-10| 10-20
CIP 105733
Brevibacterium stationis >40 | >40 [20-40| >40 |10-20|20-40| >40 | >40 |1,25-2,5| 2 10| 20-4
CIP 10128 0-40 0-20 | 20-40 2525| 2,55 [05-10| 20-40

Gram-Negativas
Escherichia coli

SBS363

Pseudomonas aeruginosa ATCC
9027

Vibrio harveyi

ATCC 14126

Vibrio anguillarum

ATCC 19264

Vibrio nigripulchritudo
CIP103195

Espectro de atividade antimicrobiana dos peptideos sintéticos derivados da regido entre cisteina de novos ALFs e do S-hairpin (Capitulo 11, Secdo A). Os valores de MIC
(concentragdo inibitoria minima) e MBC (concentrag@o bactericida minima) estdo expressos em uM. O intervalo representa a maior concentragdo de peptideo em que houve
crescimento microbiano e a menor concentragao de peptideo capaz de inibir 100% do crescimento microbiano. Em vermelho estdo destacadas as concentragdes que inibiram o
crescimento bacteriano.

>40 >40 >40 | >40 | 5-10 | 5-10 | >40 | >40 5-10 5-10 >40 | >40

>40 | >40 | >40 | >40 | >40 | >40 | >40 | >40 | 10-20 | >40 | >40 | >40

>40 | >40 | >40 | >40 | >40 | >40 | >40 | >40 | 2,55 | 5-10 | >40 | >40

>40 | >40 | >40 | >40 | >40 | >40 | >40 | >40 | 5-10 | >40 | >40 | >40

>40 >40 >40 | >40 |2,5-5( 5-10 | >40 | >40 | 2,5-5 2,5-5 [20-40| >40
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3.3. Ensaio de permeabilidade de membrana bacteriana

A fim de investigar o mecanismo de acdo dos peptideos sintéticos derivados da regido
entre cisteinas, foi avaliada a sua capacidade de formacao de poros em membrana bacteriana a
partir do monitoramento da hidrolise do substrato ONPG pela (3-galactosidase citoplasmatica
de E. coli ML35. O aumento na absorbancia foi observado nos primeiros minutos de incubagao
com os peptideos Litvan ALF-F31.s0 € Litvan ALF-Gss.s4 € apds 25 min de incubagio com Litvan
ALF-E33.52 ¢ com o detergente Triton X-10 (Figura 2). Nao houve aumento significativo da
absorbancia nos po¢os incubados com agua ultraputra estéril (solugdo diluente dos peptideos)
(Figura 2). Esses resultados indicam que os peptideos sintéticos derivados da regido entre
cisteinas de novos ALFs apresentam a capacidade de formar poros em membranas bacterianas

assim como descrito para os AMPs catidnicos classicos.

Figura 2- Ensaio de permeabilidade de membrana de E. coli ML35
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Grafico de absorbancia a 405 nm pelo tempo de incubagdo com os peptideos sintéticos Litvan ALF-Es3.52, Litvan
ALF-F31.50 € Litvan ALF-Gss.sa € com os controles positivo (detergente Triton X-10 0.5%) e negativo (dgua
ultrapura estéril). Medi¢des foram realizadas a cada 5 min durante 2 h apontando a hidrélise do ONPG pelos
peptideos e controle positivo e indicando a permeabilizacdo da membrana de E. coli ML35.

3.4. Atividade sinérgica de peptideos sintéticos

A atividade sinérgica entre os peptideos sintéticos foi avaliada somente contra as
bactérias em que se observou atividade antimicrobiana individualmente (Quadro 3). Dessa
maneira, a atividade antimicrobiana em sinergia de Litvan ALF-Es3.52, Litvan ALF-F31.50 e

Litvan ALF-Gss.s4 foi avaliada contra a bactéria Gram-positiva marinha M. maritypicum CIP
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105733 e de Litvan ALF-F31.50 e Litvan ALF-G3s.54 contra as bactérias Gram-negativas E. coli
SBS363 e V. nigripulchritudo CIP103195. Os valores do indice FIC para cada combinagdo
entre os peptideos sintéticos esta disponivel no Quadro 4. A agdo combinada de Litvan ALF-
E33.52 € Litvan ALF-F31.50 ndo alterou a atividade antimicrobiana individual dos peptideos (FIC
= 2.0, sem sinergia). A a¢ao combinada de Litvan ALF-E33.52 ¢ Y2 MIC de Litvan ALF-G3s.54
levou a uma redugdo de até 8 vezes a concentragao necessaria de Litvan ALF-E33.5; para inibir
o crescimento de M. marityipicum (FIC =0.65, com efeito sinérgico). A acdo combinada de
Litvan ALF-F31.50 ¢ Y2 MIC de Litvan ALF-Gss.s4 levou a uma redugao de até 2 vezes a
concentragdo necessaria de Litvan ALF-F3i.50 para inibir o crescimento de M. marityipicum
(FIC =1.0, com efeito sinérgico). A agdo combinada de Litvan ALF-F3i.50 ¢ 2 MIC de Litvan
ALF-Gss.54 levou a uma reducao de até 8 vezes a concentragdo necessaria de Litvan ALF-F3i.
50 para inibir o crescimento das bactérias E. coli e V. nigripulchritudo (FIC =0.65, com efeito
sinérgico). Combinagdes com diluigdes abaixo de 2 MIC de Litvan ALF-G3s.ss ndo
apresentaram atividade antimicrobiana contra nenhuma das bactérias testadas, indicando que

Litvan ALF-Gss.s4 € essencial para atividade sinérgica dos outros peptideos.

Quadro 4 - Atividade antimicrobiana sinérgica entre os peptideos sintetizados

Litvan ALF-E33-52 Litvan ALF-E33-52 Litvan ALF-F31-50
+ + +

Litvan ALF-F31-50 Litvan ALF-G3s.54 Litvan ALF-G3s5.54

Microbacterium maritypicum 2,0 0,625 1,0
CIP 105733

Escherichia coli nt nt 0,625
SBS363

Vibrio nigripulchritudo nt nt 0,625
CIP103195

Concentracdo Inibitéria Fracionaria (FIC). FIC = (A)/MICa + (B)/MICsg , onde MICA ¢ MICg s@o os MICs dos
peptideos A e B testados sozinhos e (A) e (B) sdo os MICs dos peptideos testados em conjunto. FIC < 0.5, forte
efeito sinérgico; 0.5-1 com efeito sinérgico; > 1; efeito aditivo; =2, sem efeito sinérgico; > 2 efeito antagonista
(SCHMITT et al., 2012). nt: ndo testado

3.5. Efeito citotoxico de peptideos sintéticos

O efeito citotoxico dos peptideos sintéticos derivados da regido entre cisteinas foi
avaliado contra duas linhagens celulares de mamiferos: células VERO e células A549. Optou-
se pela escolha dessas linhagens celulares devido a sua utilizacdo em ensaios futuros visando

avaliar as atividades antiviral e antitumoral dos peptideos. Nao foi observado efeito citotoxico
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em nenhuma das concentragdes testadas em ambos os tipos celulares (10-0,03 uM; viabilidade
celular > 95%) (Figura 3). Devido a baixa influéncia sobre a viabilidade celular nas
concentragoes testadas, ndo foi possivel calcular o ICso desses peptideos. Optou-se por nao
avaliar o efeito citotoxico em concentra¢des mais altas de peptideos, dado que 10 uM mostrou
ser uma concentragdo inibitéria para o crescimento da maioria das bactérias testadas (Quadro
3). Esses resultados indicam que os peptideso sintéticos derivados de ALFs ndo sdo citotoxicos
para células de mamiferos nas concentragdes que apresentam atividade antibacteriana,

reforgando o potencial biotecnologico dessas moléculas.

Figura 3 — Ensaio de citotoxicidade dos peptideos derivados de ALFs contra células de
mamiferos
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Graficos de viabilidade celular apds 48h de incubag@o de células de mamiferos (VERO e A549) com peptideos
sintéticos Litvan ALF-Es3.52, Litvan ALF-F31.50 e Litvan ALF-Gss.s4. Os valores representam as médias € o desvio
padrao dos valores de viabilidade celular por concentragio de peptideo. Os ensaios foram realizados em duplicatas.

4. Discussao

Peptideos derivados de ALFs, que apresentam os residuos de cisteina conservados,
tém sido amplamente estudados na literatura e apresentam atividade e estrutura secundaria
similar a molécula nativa (SOMBOONWIWAT et al., 2005; ROSA et al., 2013; YANG et al.,
2016). A cisteina ¢ um aminoacido polar com a capacidade de formacao de liga¢des dissulfeto,
que sdo essenciais para estabilizacdo da estrutura tridimensional da molécula. Neste trabalho,
foi demonstrado que peptideos sintéticos derivados da regido entre cisteinas de novos ALFs
apresentam uma estrutura secundaria em o-hélice, diferente do encontrado na molécula nativa
(HOESS et al., 1993; YANG et al., 2009). Além da diferenca observada na estrutura secundaria,
os peptideos sintéticos derivados da regido entre cisteinas apresentam espectro de atividade
antimicrobiana distinto dos peptideos em f-hairpin. Esses resultados confirmam que alteragdes

na estrutura aminoacidica primaria representam uma importante alternativa para producao de
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moléculas bioativas com propriedades distintas.

ALFs sdo peptideos que apresentam alta afinidade de ligacdo a componentes
microbianos, ¢ sua afinidade a esses componentes tem sido descrita como essencial para sua
atividade antimicrobiana (ROSA et al., 2013). E proposto que a diversidade encontrada nas
sequéncias aminoacidicas primarias de ALFs esteja associada a afinidade de ligagao a diferentes
componentes microbianos, ampliando o espectro de atividade dessa familia de AMPs (ROSA
et al., 2013; LI et al., 2015). Os ensaios de atividade antimicrobiana demonstraram que os
peptideos sintéticos derivados da regido entre cisteinas apresentaram um espectro de atividade
antimicrobiana maior do que o de peptideos em f-hairpin (Quadro 3). Em conjunto com os
resultados de permeabilidade de membrana, € possivel hipotetizar que os peptideos sintéticos
derivados da regido entre cisteinas adotam um mecanismo de a¢do semelhante ao dos AMPs
cationicos classicos (cCAMPs) e diferente de ALFs nativos. No entanto, ensaios comparativos
de ligagdo a componentes microbianos sao necessarios a fim de confirmar essa hipotese. cAMPs
em o-hélice atuam sobre as membranas de microrganismos a partir de interagdes eletrostaticas
com os fosfolipideos anionicos ¢ interagdes hidrofobicas com a bicamada lipidica, levando a
sua desestabilizacdo (BROGDEN, 2005). Para isso, o ponto isoelétrico e a hidrofobicidade dos
residuos aminoacidicos que compdem os peptideos apresentam papel essencial na sua atividade
(JIANG et al., 2008; LEPTIHN et al., 2010; GUO et al., 2014). Além de alteragdes na estrutura
secundaria esperada, peptideos derivados da regido entre cisteinas apresentaram um ponto
isoelétrico maior do que os peptideos em f-hairpin, o que pode contribuir para o aumento no
espectro de atividade desses peptideos.

Atualmente, os principais desafios na aplicacdo de AMPs como novos antibidticos sao
o custo de producdao dessas moléculas, a citotoxicidade das formulacdes e a selecdo de
microrganismos resistentes a esses antibidticos (DIJKSTEEL et al., 2021). Devido ao alto custo
da sintese quimica de proteinas, a produ¢ao de AMPs com sequéncias aminoacidicas reduzidas
tem sido proposta como uma alternativa (NELL et al., 2006; VAN GROENENDAEL ef al.,
2018). ALFs despontam como interessantes alvos de estudos para aplicacdo biotecnologica
dado que peptideos derivados do fS-hairpin (22 residuos aminoacidicos) apresentam atividade
similar a molécula inteira  (aproximadamente 100 residuos aminoacidicos)
(SOMBOONWIWAT et al., 2005; ROSA et al., 2013; YANG et al., 2016). Neste trabalho, foi
demonstrado que curtas sequéncias aminoacidicas derivadas da regido entre cisteina de novos
ALFs (20 residuos aminoacidicos) apresentam amplo espectro de atividade antimicrobiana e

baixa citotoxicidade a células de mamiferos. Os peptideos sintetizados neste trabalho se



124

mostraram capazes de formar poros em membranas de bactéria, diferentemente do que ¢é
observado na molécula nativa, indicando a versatilidade de moléculas bioativas que podem ser
sintetizads a partir de ALFs. A andlise de sinergia dos peptideos sintetizados neste trabalho
demonstrou que combinagdes de Litvan ALF-E33.52 € Litvan ALF-F31.50 com Litvan ALF-G3s.54
apresentam atividade antimicrobiana em concentragdes menores do que individualmente. O
efeito sinérgico entre AMPs representa uma alternativa para reducdo no custo de producdo de
formula¢des antimicrobianas, devido a utilizacdo de concentracdes menores de AMPs. Além
disso, as combinacdes de AMPs representam uma alternativa para superar mecanismos de
resisténcia bacteriana (DUONG et al., 2021). Dessa maneira, além da possibilidade de producao
de pequenas sequéncias aminoacidicas com atividade antimicrobiana, os resultados deste
trabalho indicam o potencial biotecnoldgico de peptideos derivados de ALFs para superar os

principais desafios na aplicagdo de AMPs como novos antimicrobianos.
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6. DISCUSSAO GERAL

Neste trabalho, foi caracterizada a diversidade molecular de ALFs em camardes
peneideos. Demonstrou-se que a diversidade dessa familia de AMPs ¢ maior do que o descrito
na literatura e que sete grupos distintos de ALFs (Grupos A a G) s@o encontrados em camardes
peneideos. Os grupos de ALFs sdo codificados por genes distintos que compartilham a mesma
estrutura génica e codificam peptideos com propriedades bioquimicas, perfil de expressao
génica e atividade antimicrobiana distintos. Membros dos sete grupos de ALFs foram
identificados em diferentes espécies de camardes peneideos (subordem Dendrobranchiata)
indicando que esses genes sdo paralogos e evoluiram a partir de eventos de duplicagdo génica
em um ancestral comum antes dos eventos de especiacao. A diversidade de sequéncias de ALFs
nao ¢ exclusiva de camardes peneideos, mas sim amplamente encontrada em outros crustaceos
decapodes como caranguejos, lagostas, lagostins (subordem Pleocyemta). Curiosamente,
enquanto apenas uma isoforma de ALF ¢ encontrada em quelicerados marinhos, eventos de
expansdo génica e diversificagdo de sequéncias codificantes de ALFs parecem ter moldado a
evolugdo dessa familia de AMPs em crustaceos (REN et al., 2012; SCHMITT,; ROSA;
DESTOUMIEUX-GARZON, 2016).

Estudos de silenciamento poés-transcricional por RNA de interferéncia (RNA1)
demonstraram que os ALFs sdo essenciais para a sobrevivéncia dos animais, auxiliando na
manutencdo da sua microbiota e protegendo contra infecgdes patogénicas (de la VEGA et al.,
2008; PONPRATEEP et al., 2012). E provavel que eventos de duplicagdo génica e
diversificacdo de ALFs em crustaceos estejam associados a adaptagdo a diferentes ambientes,
patdogenos e microrganismos comensais. Ainda sdo poucos os estudos acerca da historia
evolutiva de ALFs em crusticeos e, até o momento, estdo restritos a espécies de interesse
comercial (REN et al., 2012; SCHMITT; ROSA; DESTOUMIEUX-GARZON, 2016). Com o
avango das técnicas de sequenciamento, cada vez mais sequéncias de diferentes espécies de
crustaceos tém sido adicionadas aos bancos de dados publicos. Assim, novos estudos serdo
necessarios a fim de elucidar a historia evolutiva dessa familia e propor um sistema de
classificag¢do geral que englobe ALFs de crustaceos e quelicerados marinhos.

E proposto que a diversidade de sequéncias em uma familia de AMP seja resultado da
selecdo de diferentes isoformas ampliando o seu espectro de atividade antimicrobiana ou
adquirindo novas fungdes imunoldgicas (SCHMITT; ROSA; DESTOUMIEUX-GARZON,

2016). Apesar de a diversidade observada em nivel de estrutura aminoacidica primaria, a
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estrutura tridimensional (3D) dos ALFs se mantém conservada nos diferentes grupos. Analises
moleculares da diversidade de ALFs em crustidceos apontam que a selecdo opera em sitios
especificos de aminoacidos e nao na sequéncia completa do peptideo (SCHMITT; ROSA;
DESTOUMIEUX-GARZON, 2016). Regides essenciais para o funcionamento do peptideo
encontram-se sob influéncia de selecdo negativa, dado que pequenas alteragdes aminoacidicas
podem comprometer a sua atividade. Em contrapartida, alguns codons estdo sob influéncia de
sele¢do positiva, uma vez que pequenas mudangas na estrutura aminoacidica primaria podem
aumentar o potencial antimicrobiano do peptideo (REN et al., 2012; SCHMITT; ROSA;
DESTOUMIEUX-GARZON, 2016). Dessa maneira, ao passo que a estrutura 3D de ALFs ¢é
conservada, observou-se que residuos envolvidos na ligagdo a LPS ndo sdo conservados em
todos os ALFs.

Estudos com ALFs de crusticeos demonstraram que além de afinidade com o lipideo
A do LPS (SOMBOONWIWAT et al., 2008), os ALFs também apresentam afinidade com
outros componentes microbianos como o acido lipoteicdico de bactérias Gram-positivas
(SOMBOONWIWAT et al., 2008) e B-glicanas de fungos (SUN et al., 2011). Dado que a alta
afinidade desses peptideos a componentes microbianos ¢ tida como essencial para a sua
atividade antimicrobiana (SCHMITT; ROSA; DESTOUMIEUX-GARZON, 2016), é possivel
que a diversidade encontrada nas sequéncias esteja associada a afinidade de ligacdo a diferentes
componentes microbianos, ampliando o espectro de atividade dessa familia de AMPs. Contudo,
estudos comparativos futuros avaliando a afinidade de ligagdo de ALFs de cada grupo sdo
necessdrios para confirmar essa hipotese. Além da diversidade observada em nivel de
sequéncia, foi demonstrado que os ALFs de diferentes grupos apresentam espectros de
atividade antimicrobiana distintos. Comparando os resultados obtidos nos testes de atividade
antimicrobiana com a literatura, observa-se que a diversidade funcional dos ALFs esta
relacionada aos grupos em que sdo classificados e ndo as espécies em que sdo encontrados.
Enquanto alguns grupos apresentam amplo espectro de atividade (Grupos B, C e G) em
diferentes espécies de camardes peneideos, outros apresentam atividade antimicrobiana restrita
(Grupo E) ou até mesmo baixa (Grupos A, D e F) (ROSA et al., 2013; JIANG et al., 2015; LI
etal.,2015).

Além da analise da diversidade de ALFs, neste estudo foram identificadas e
caracterizadas sequéncias de peptideos relacionados a ALFs apresentando trés ou quatro
residuos de cisteinas, aqui denominadas ALFs-like. Reconstrugdes filogenéticas com ALFs de

quelicerados marinhos e crustidceos e scygonadinas revelaram que esses peptideos ndo sdo
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ALFs auténticos, mas compdem um grupo irmao relacionado as scygonadinas. Tanto os ALFs
quanto scygonadinas e ALFs-like apresentam uma estrutura génica conservada composta por
trés éxons e dois introns, indicando que todos derivaram de um gene ancestral comum. De
maneira muito similar ao observado em ALFs, ALFs-like ¢ scygonadinas, estudos em
Drosophila sugerem que andropinas e cecropinas derivaram de um mesmo gene ancestral ao
longo do curso evolutivo da familia multigénica das cecropinas (DATE-ITO ef al., 2002). E
proposto que cecropinas derivaram de quatro eventos de duplicagdo gé€nica e dois
rearranjamentos cromossoémicos (DATE-ITO et al., 2002). Dessa maneira andropinas teriam
emergido a partir de um desses eventos de duplica¢do e evoluiram de maneira independente,
apresentando um perfil de expressao distinto e restrito ao ducto ejaculatério (SAMAKOVLIS
et al. 1991; DATE-ITO et al., 2002). Os resultados de diversidade molecular demonstraram
que uma série de eventos de duplicagdo génica moldaram a historia evolutiva de ALFs em
crustaceos. Esses resultados sugerem que um gene ancestral tenha dado origem aos ALFs e as
scygonadinas em caranguejos do género Scylla e aos ALFs e aos ALFs-like em camardes
peneideos, que evoluiram de maneira independente apresentando perfis de expressao distintos.

A diversidade dos ALFs de camardes peneideos também foi verificada na distribuigao
da sua expressao génica. Todos os genes codificantes para ALFs se mostraram expressos
simultaneamente em hemocitos circulantes, porém transcritos de alguns grupos também foram
detectados em outros tecidos. Dado que esses animais apresentam um sistema circulatorio semi-
aberto ou aberto, ¢ esperado que a expressdo de genes relacionados ao sistema imune em
diferentes tecidos esteja associada a presenca de hemdcitos infiltrados (MUNOZ et al., 2002;
SOMBOONWIWAT et al., 2008; SILVEIRA et al., 2018). A imunodetec¢ao de ALFs do
Grupo B em laminas histologicas de cefalotorax e tecido muscular, confirmou que a expressao
génica desse grupo de ALFs ¢ restrita a hemocitos infiltrados (SOMBOONWIWAT et al.,
2008). Apesar de clara a importancia dos hemocitos na expressao de ALFs, neste trabalho foi
observada uma alta expressao de ALFs do Grupo C em branquias e do Grupo F em estomago,
indicando que outros tecidos, ou populacao especificas de hemocitos residentes e/ou infiltrados,
possam contribuir na expressdo de alguns genes de ALFs. De maneira contrastante ao
observado para ALFs, os ALFs-like ndo se mostraram expressos em hemocitos circulantes, mas
sim em estdmago, instestino, cordao nervoso, pedinculo ocular e, principalmente, nas gonadas.
AMPs expressos em gonadas tém sido descritos em diferentes espécies de artropodes e
moluscos, indicando uma relagdo entre o sexo dos animais e a expressao de AMPs especificos

(SAMAKOVLIS et al., 1991; MARCHINI et al., 1993; WANG et al. 2007; ZHENG et al.,
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2012; QIN et al., 2014; JACOBS et al., 2016). Esses estudos apontam a importancia de AMPs
na protecdo contra infecgdes nas gonadas e manuten¢do da microbiota no trato reprodutivo e
no ambiente de ovoposicao desses animais (XU et al., 2011; ZHENG et al., 2012 JACOBS et
al., 2016; YANG et al., 2022). Dessa maneira, ¢ possivel hipotetizar que enquanto os ALFs
representam um importante grupo de efetores imunologicos da imunidade sistémica, os ALFs-
like atuam na protecao de epitélios especificos como os das gonadas desses animais.

AMPs sao importantes efetores imunoldgicos € uma série de fungdes imunes, além da
atividade direta contra microrganismos tem sido descrita para esses peptideos. Devido a essas
caracteristicas, alguns autores propdem a utilizagdo do termo “host defense peptides” para
melhor compreender as distintas fun¢des imunes dessas moléculas (HANCOCK; HANEY;
GILL, 2016). Em conjunto com outros efetores imunes, os AMPs apresentam um papel central
na regulagdo das respostas de defesa contra microrganismos e manutencdo da homeostase dos
animais. Neste estudo, foi demonstrado que a expressao de ALFs em hemocitos ¢ modulada
ndo apenas por infecgdes microbianas, mas também pela injaria tecidual causada pela infec¢ao
experimental. A indu¢do da expressdo frente a injiria pode estar associada a padroes
moleculares associados a perigo (danger-associated molecular patterns, DAMPs). DAMPs sao
capazes de ativar as vias de sinalizacao celular culminando na ativagdo da familia NF-kB/Rel
de fatores de transcricado (NEWTON; DIXIT, 2012), que regulam a expressao de uma séria de
moléculas do sistema imune, incluindo os ALFs (KAMSAENG et al., 2017; SUN et al., 2017).
Em crustaceos, outros AMPs como crustinas e stylicinas também tém sua expressao induzida
por injuria, indicando o possivel envolvimento dessas moléculas em processos de regeneragao
tecidual (BARRETO et al., 2018; FARIAS et al., 2019). No entanto, até 0 momento, pouco se
conhece acerca do mecanismo de acdo de AMPs de crustiaceos no processo de reparagao de
danos teciduais. Curiosamente, enquanto os ALFs sdo induzidos frente injurias e infecgdes
microbianas (PONPRATEEP et al., 2012; ROSA et al., 2013; GONCALVES et al., 2014),
scygonadinas e ALFs-like tém sua expressao induzida durante a maturagao das gonadas e nao
frente a estimulos microbianos (XU et al., 2011; QIAO et al., 2016). Esse mesmo perfil de
expressdo ¢ observado em outros AMPs de expressdo exclusiva em gonadas (SAMAKOVLIS
etal., 1991; ZHENG et al., 2012; QIN et al., 2014). Além da defesa contra infec¢des no trato
reprodutivo, € possivel que esses peptideos apresentem outras fungdes biologicas, contribuindo
para a maturacdo sexual desses animais.

A selecao de microrganismos multiresistentes aos antibidticos convencionalmente

utilizados representa um dos principais problemas de satide publica mundial (MAGANA et al.,
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2020). O estudo de AMPs tem crescido nas ultimas décadas e desponta como uma alternativa
para o desenvolvimento de novos antimicrobianos e para o tratamento de bactérias
multirresistentes (DIJKSTEEL et al., 2021; DUONG et al., 2021). Ensaios pré-clinicos tém
demonstrado o potencial de AMPs para o tratamento e prevencao de uma série de condi¢des
clinicas, como tratamento de infec¢des bacterianas em queimaduras (BJORN et al., 2015),
restauragdo da fun¢@o pulmonar ap6s pneumonia (HOU et al., 2013) e inibi¢do de biofilmes
(SEGEV-ZARKO et al., 2015). Devido ao sucesso desses ensaios, alguns AMPs tém sido
aprovados e testados em ensaios clinicos (revisado por GREBER; DAWGUL et al., 2017 e
DIJKSTEEL et al., 2021). Apesar dos resultados promissores, alguns desafios como o custo de
produgdo dessas moléculas, a citotoxicidade das formulagdes e a sele¢do de microrganismos
resistentes a esses antibioticos dificultam a aplicagdo desses peptideos na clinica. Os ALFs
representam interessantes alvos de estudos para aplicacdo biotecnologica dado que peptideos
derivados do f-hairpin (22 residuos aminoacidicos) apresentam atividade similar a molécula
inteira (aproximadamente 100 residuos aminoacidicos) (YANG et al.,2016; ROSA et al., 2013;
SOMBOONWIWAT et al., 2005). Neste trabalho, foi demonstrado que curtas sequéncias
aminoacidicas derivadas da regido entre cisteina de novos ALFs (20 residuos aminoacidicos)
apresentam amplo espectro de atividade antimicrobiana e baixa citotoxicidade a células de
mamiferos. A andlise de sinergia dos peptideos sintetizados neste trabalho demonstrou que
combinagdes de Litvan ALF-Es3.50 e Litvan ALF-F3i.50 com Litvan ALF-G3s.s4 apresentam
atividade antimicrobiana em concentracdes menores do que quando analisados
individualmente. O efeito sinérgico entre AMPs representa uma alternativa para redugdo no
custo de producao de formulagdes antimicrobianas, devido a utilizagdo de concentracdes
menores de AMPs. Além disso, as combinacdes entre AMPs e de AMPs com outros
antimicrobianos representam uma alternativa para superar mecanismos de resisténcia
bacteriana (DUONG et al., 2021). Curiosamente, os peptideos sintetizados neste trabalho
apresentaram uma estrutura secundaria diferente do encontrado na molécula nativa e se
mostraram capazes de formar poros em membranas bacterianas. E possivel hipotetizar que os
peptideos sintéticos derivados da regido entre cisteinas adotam um mecanismo de acdo
semelhante ao dos AMPs catidnicos classicos (CAMPs) e diferente de ALFs nativos. Esses
resultados indicam a versatilidade de moléculas bioativas que podem ser sintetizadas a partir
de ALFs, reforcando o potencial biotecnoldgico dessa familia de AMPs.

Neste estudo, a diversidade molecular, transcricional ¢ funcional de ALFs e ALFs-like

foram carcaterizadas em camardes peneideos. Os resultados obtidos contribuem para o
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entendimento da histéria evolutiva dessa familia de AMPs e refor¢cam a hipotese de divergéncia
funcional desses peptideos neste grupo de artropodes. Além da diversidade em nivel de
sequéncia, esses peptideos apresentam perfil de expressao distintos e diferentes tecidos se
mostraram envolvidos na sua expressdo. Curiosamente, a expressdo desses peptideos se
mostrou induzida frente a outros estimulos além dos microbianos, indicando o seu
envolvimento em outros processos biologicos além da atividade direta contra microrganismos.
Por fim, foi demonstrado que peptideos derivados da regido entre cisteina de ALFs apresentam
um amplo espectro de atividade antimicrobiana e baixa citotoxicidade a células de mamiferos,
reforcando o seu potencial biotecnoldgico para produgdo de novos agentes antimicrobianos.
Esses resultados confirmam a importancia dos ALFs no sistema imune de camardes peneideos
e reforgam o seu potencial para aplicagao direta em sanidade aquicola e para o desenvolvimento

de novos antibioticos derivados de AMPs.



133

7. CONCLUSAO E PERSPECTIVAS

7.1. Conclusao

Os ALFs de camardes peneideos compdem uma familia multigénica de peptideos
antimicrobianos, diversa em nivel de sequéncia, perfil de expressdo génica e atividade
antimicrobiana. Ademais, peptideos derivados da regido entre cisteinas de ALFs, apresentam
amplo espectro de atividade antimicrobiana e baixa citotoxicidade a células de mamiferos,

representando uma alternativa biotecnoldgica para producao de novos antimicrobianos.

7.2. Perspectivas

- Analisar a diversidade molecular de ALFs e ALFs-like em outros taxons de crustaceos a fim
de confirmar a histéria evolutiva dessa familia;

- Propor um sistema de classificagcdo que abranja ALFs, ALFs-like e scygonadinas com base na
diversidade encontrada em crustaceos;

- Localizar os sitios de expressao dos diferentes grupos de ALFs por hibridizacdo in situ a fim
de confirmar se a expressao desses peptideos esta restrita a hemocitos infiltrados;

- Investigar a participacdo de ALFs e ALFs-like nas respostas de defesa in vivo a partir do seu
silenciamento pos-transcricional via RNA de interferéncia;

- Avaliar o espectro de atividade antimicrobiana dos ALFs-like;

- Realizar ensaios comparativos de afinidade de ligagao entre os peptideos derivados de ALFs
e diferentes componentes microbianos (LPS, LTA e B-glicana);

- Avaliar a atividade antiviral, atitumoral e antiparasitaria dos peptideos derivados de ALFs.



134

REFERENCIAS

ASCHE, F.; ANDERSON, J. L.; BOTTA, R. et al. The economics of shrimp disease. Journal
of invertebrate pathology, p. 107397, 2020.

BARRETO, C.; DA ROSA COELHO, J.; YUAN, J.; et al. Specific molecular signatures for
type Il crustins in penaeid shrimp uncovered by the identification of crustin-like antimicrobial
peptides in litopenaeus vannamei. Marine Drugs, v. 16, n. 1, 2018.

BECKING, T.; DELAUNAY, C.; CORDAUX, R.; et al. Shedding light on the antimicrobial
peptide arsenal of terrestrial isopods: Focus on armadillidins, a new crustacean AMP family.
Genes, v. 11, n. 1, 2020.

BIORN, C.; NOPPA, L.; NASLUND SALOMONSSON, E_; et al. Efficacy and safety profile
of the novel antimicrobial peptide PXL150 in a mouse model of infected burn wounds.
International Journal of Antimicrobial Agents, v. 45, n. 5, p. 519-524, 2015.

BRIGGS, M.; SMITH, F.; SUBASINGHE, R. et al. Introductions and movement of Penaeus
vannamei and Penaeus stylirostris in Asia and the Pacific. RAP Publication 2004/10 - FAO
Regional Office for Asia and the Pacific. p 92 (2004).

BROGDEN, K. A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria?
Nature Reviews Microbiology, 2005.

BULET, P.; STOCKLIN, R.; MENIN, L. Anti-microbial peptides: from invertebrates to
vertebrates. Immunological Reviews, v. 198, n. 1, p. 169-184, 2004.

CHOUDHARY, A.; NAUGHTON, L. M.; MONTANCHEZ, 1.; DOBSON, A. D. W.; RAI, D.
K. Current status and future prospects of Marine Natural Products (MNPs) as antimicrobials.
Marine Drugs, 2017.

DATE-ITO, A.; KASAHARA, K.; SAWALI H.; CHIGUSA, S. I. Rapid evolution of the male-
specific antibacterial protein Andropin gene in Drosophila. Journal of Molecular Evolution,
v.54,n. 5, p. 665-670, 2002.

DESTOUMIEUX, D.; BULET, P.; LOEW, D.; et al. Penaeidins, a new family of antimicrobial
peptides isolated from the shrimp Penaeus vannamei (Decapoda). Journal of Biological
Chemistry, v. 272, n. 45, p. 28398-28406, 1997.

DIJKSTEEL, G. S.; ULRICH, M. M. W.; MIDDELKOOP, E.; BOEKEMA, B. K. H. L.
Review: Lessons Learned From Clinical Trials Using Antimicrobial Peptides (AMPs).
Frontiers in Microbiology, 2021.

DUONG, L.; GROSS, S. P.; SIRYAPORN, A. Developing Antimicrobial Synergy With AMPs.
Frontiers in Medical Technology, v. 0, p. 9, 2021.

FAO. The State of World Fisheries and Aquaculture 2020. Sustainability in action. Rome, p.
#244, 2020. Disponivel em: https://doi.org/10.4060/ca9229en



135

FARIAS, N. D.; FALCHETTI, M.; MATOS, G. M.; et al. Litopenaeus vannamei stylicins are
constitutively produced by hemocytes and intestinal cells and are differentially modulated upon
infections. Fish and Shellfish Immunology, v. 86, p. 82-92, 2019.

FLEGEL, T. W. A future vision for disease control in shrimp aquaculture. Journal of the
World Aquaculture Society, v. 50, n. 2, p. 249-266, 2019.

GONCALVES, P.; GUERTLER, C.; BACHERE, E.; et al. Molecular signatures at imminent
death: Hemocyte gene expression profiling of shrimp succumbing to viral and fungal infections.
Developmental and Comparative Immunology, v. 42, n. 2, p. 294-301, 2014.

GREBER, K.; DAWGUL, M. Antimicrobial Peptides Under Clinical Trials. Current Topics
in Medicinal Chemistry, v. 17, n. 5, p. 620-628, 2017.

GROSS, P. S.; BARTLETT, T. C.; BROWDY, C. L.; CHAPMAN, R. W.; WARR, G. W.
Immune gene discovery by expressed sequence tag analysis of hemocytes and hepatopancreas
in the Pacific White Shrimp, Litopenaeus vannamei, and the Atlantic White Shrimp, L.
setiferus. Developmental and Comparative Immunology, v. 25, n. 7, p. 565-577, 2001.

GUO, S.; LI, S.; LI, F.; ZHANG, X.; XIANG, J. Modification of a synthetic LPS-binding
domain of anti-lipopolysaccharide factor from shrimp reveals strong structure-activity
relationship in their antimicrobial characteristics. Developmental & Comparative
Immunology, v. 45, n. 2, p. 227-232, 2014.

HANCOCK, R. E. W.; HANEY, E. F.; GILL, E. E. The immunology of host defence peptides:
Beyond antimicrobial activity. Nature Reviews Immunology, 2016.

HARRIS, F.; DENNISON, S.; PHOENIX, D. Anionic Antimicrobial Peptides from Eukaryotic
Organisms. Current Protein & Peptide Science, v. 10, n. 6, p. 585-606, 2009.

HOESS, A.; WATSON, S.; SIBER, G. R.; LIDDINGTON, R. Crystal structure of an
endotoxin-neutralizing protein from the horseshoe crab, Limulus anti-LPS factor, at 1.5 A
resolution. EMBO Journal, v. 12, n. 9, p. 3351-3356, 1993.

HOU, M.; ZHANG, N.; YANG, J.; et al. Antimicrobial peptide LL-37 and IDR-1 ameliorate
MRSA pneumonia in vivo. Cellular Physiology and Biochemistry, v. 32, n. 3, p. 614623,
2013.

IBGE- Instituto Brasileiro de Geografia e Estatistica. Producao da Pecuaria Municipal 2019.
https://biblioteca.ibge.gov.br/visualizacao/periodicos/84/ppm 2019 v47 br informativo.pdf

IWANAGA, S.; KAWABATA, S. Evolution and phylogeny of defense molecules associated
with innate immunity in horseshoe crab. Frontiers in bioscience: a journal and virtual
library, 1998.

JACOBS, C. G. C.; STEIGER, S.; HECKEL, D. G.; et al. Sex, offspring and carcass determine
antimicrobial peptide expression in the burying beetle. Scientific Reports, v. 6, n. 1, p. 1-8,
2016.



136

JIANG, H. S.; ZHANG, Q.; ZHAO, Y. R.; et al. A new group of anti-lipopolysaccharide factors
from Marsupenaeus japonicus functions in antibacterial response. Developmental and
Comparative Immunology, v. 48, n. 1, p. 3342, 2015.

KAMSAENG, P.; TASSANAKAJON, A.; SOMBOONWIWAT, K. Regulation of
antilipopolysaccharide factors, ALFPm3 and ALFPm6, in Penacus monodon. Scientific
Reports, v. 7, n. 1, p. 1-13, 2017. Nature

KULKARNI, A.; KRISHNAN, S.; ANAND, D.; et al. Immune responses and
immunoprotection in crustaceans with special reference to shrimp. Reviews in Aquaculture,
v. 13,n. 1, p. 431-459, 2021.

de la VEGA, E.; O'LEARY, N. A.; SHOCKEY, J. E.; et al. Anti-lipopolysaccharide factor in
Litopenaeus vannamei (LvALF): A broad spectrum antimicrobial peptide essential for shrimp
immunity against bacterial and fungal infection. Molecular Immunology, v. 45, n. 7, p. 1916—
1925, 2008.

LAIL A. G.; ABOOBAKER, A. A. Comparative genomic analysis of innate immunity reveals
novel and conserved components in crustacean food crop species. BMC Genomics, v. 18, n. 1,
p. 1-26,2017.

LEWIES, A.; DU PLESSIS, L. H.; WENTZEL, J. F. Antimicrobial Peptides: the Achilles’ Heel
of Antibiotic Resistance? Probiotics and Antimicrobial Proteins, v. 11, n. 2, p. 370-381,
2019.

LI, S.; GUO, S.; LI, F.; XIANG, J. Characterization and function analysis of an anti-
lipopolysaccharide factor (ALF) from the Chinese shrimp Fenneropenaeus chinensis.
Developmental and Comparative Immunology, v. 46, n. 2, p. 349-355, 2014.

LL S.; GUO, S.; LI, F.; XIANG, J. Functional Diversity of Anti-Lipopolysaccharide Factor
Isoforms in Shrimp and Their Characters Related to Antiviral Activity. Marine Drugs, v. 13,
n. 5, p. 2602-2616, 2015.

LIU, Y.; CUL Z.; LI, X.; SONG, C.; SHI, G. A newly identified anti-lipopolysaccharide factor
from the swimming crab Portunus trituberculatus with broad spectrum antimicrobial activity.
Fish and Shellfish Immunology, v. 34, n. 2, p. 463470, 2013.

MAGANA, M.; PUSHPANATHAN, M.; SANTOS, A. L.; et al. The value of antimicrobial
peptides in the age of resistance. The Lancet Infectious Diseases, 2020.

MARCHINI, D.; GIORDANO, P. C.; AMONS, R.; BERNINI, L. F.; DALLAI, R. Purification
and primary structure of ceratotoxin A and B, two antibacterial peptides from the female
reproductive accessory glands of the medfly Ceratitis capitata (insecta:Diptera). Insect
Biochemistry and Molecular Biology, v. 23, n. 5, p. 591-598, 1993.

MCKENNA, M. Antibiotic resistance: The last resort. Nature, v. 499, n. 7459, p. 394-396,
2013.

MORITA, T.; OHTSUBO, S.; NAKAMURA, T.; et al. Isolation and biological activities of



137

limulus anticoagulant (anti-LPS factor) which interacts with lipopolysaccharide (LPS). Journal
of Biochemistry, v. 97, n. 6, p. 1611-1620, 1985.

MUNOZ, M.; VANDENBULCKE, F.; SAULNIER, D.; BACHERE, E. Expression and
distribution of penaeidin antimicrobial peptides are regulated by haemocyte reactions in
microbial challenged shrimp. European Journal of Biochemistry, v. 269, n. 11, p. 2678-2689,
2002.

NAGOSHI, H.; INAGAWA, H.; MORII, K.; et al. Cloning and characterization of a LPS-
regulatory gene having an LPS binding domain in kuruma prawn Marsupenaeus japonicus.
Molecular Immunology, v. 43, n. 13, p. 2061-2069, 2006.

NEWTON, K.; DIXIT, V. M. Signaling in Innate Immunity and Inflammation. Cold Spring
Harbor Perspectives in Biology, v. 4, n. 3, p. a006049, 2012.

NIU, G. J.; XU, J. D.; YUAN, W. J; et al. Protein inhibitor of activated STAT (PIAS)
negatively regulates the JAK/STAT pathway by inhibiting STAT phosphorylation and
translocation. Frontiers in Immunology, v. 9, 2018.

PENG, J.; WEIL, P.; ZHANG, B.; et al. Gonadal transcriptomic analysis and differentially
expressed genes in the testis and ovary of the Pacific white shrimp (Litopenaeus vannamei).
BMC genomics, v. 16, n. 1, 2015.

PONPRATEEP, S.; THARNTADA, S.; SOMBOONWIWAT, K.; TASSANAKAJON, A.
Gene silencing reveals a crucial role for anti-lipopolysaccharide factors from Penaeus monodon
in the protection against microbial infections. Fish and Shellfish Immunology, v. 32, n. 1, p.
26-34,2012.

QIAO, K.; XU, W. F.; CHEN, H. Y.; et al. A new antimicrobial peptide SCY2 identified in
Scylla Paramamosain exerting a potential role of reproductive immunity. Fish and Shellfish
Immunology, v. 51, p. 251-262, 2016.

QIN, C. L.; HUANG, W.; ZHOU, S. Q.; et al. Characterization of a novel antimicrobial peptide
with chiting-biding domain from Mytilus coruscus. Fish & Shellfish Immunology, v. 41, n. 2,
p. 362-370, 2014.

QUISPE, R. L.; JUSTINO, E. B.; VIEIRA, F. N.; et al. Transcriptional profiling of immune-
related genes in Pacific white shrimp (Litopenaeus vannamei) during ontogenesis. Fish and
Shellfish Immunology, v. 58, p. 103—-107, 2016.

REN, Q.; ZHANG, Z.; L1, X.; et al. Three different anti-lipopolysaccharide factors identified
from giant freshwater prawn, Macrobrachium rosenbergii. Fish & Shellfish Immunology, v.
33,n. 4, p. 766-774, 2012.

ROSA, R. D.; BARRACCO, M. A. Antimicrobial peptides in crustaceans. Invertebrate
Survival Journal, v. 7, p. 262-284, 2010.

ROSA, R. D.; VERGNES, A.; DE LORGERIL, J.; et al. Functional Divergence in Shrimp Anti-
Lipopolysaccharide Factors (ALFs): From Recognition of Cell Wall Components to



138
Antimicrobial Activity. PLoS ONE, v. 8, n. 7, 2013.

SAMAKOVLIS, C.; KYLSTEN, P.; KIMBRELL, D. A.; ENGSTROM, A.; HULTMARK, D.
The Andropin gene and its product, a male-specific antibacterial peptide in Drosophila
melanogaster. EMBO Journal, v. 10, n. 1, p. 163—169, 1991.

SCHMITT, P.; ROSA, R. D.; DESTOUMIEUX-GARZON, D. An intimate link between
antimicrobial peptide sequence diversity and binding to essential components of bacterial
membranes. Biochimica et Biophysica Acta (BBA) - Biomembranes, v. 1858, n. 5, p. 958—
970, 2016.

SCHNAPP, D.; KEMP, G. D.; SMITH, V. J. Purification and Characterization of a Proline-
Rich Antibacterial Peptide, with Sequence Similarity to Bactenecin-7, from the Haemocytes of

the Shore Crab, Carcinus Maenas. European Journal of Biochemistry, v. 240, n. 3, p. 532—
539, 1996.

SEIFFERT W. Q.; WINCKLER S.; MAGGIONI D. A mancha branca em Santa Catarina.
Panorama Aqiiicultura 87, 2005.

SEGEV-ZARKO, L.; SAAR-DOVER, R.; BRUMFELD, V.; MANGONI, M. L.; SHAL Y.
Mechanisms of biofilm inhibition and degradation by antimicrobial peptides. Biochemical
Journal, v. 468, n. 2, p. 259-270, 2015.

SILVEIRA, A. S.; MATOS, G. M.; FALCHETTI, M.; et al. An immune-related gene
expression atlas of the shrimp digestive system in response to two major pathogens brings
insights into the involvement of hemocytes in gut immunity. Developmental and
Comparative Immunology, v. 79, p. 44-50, 2018.

SMITH, V. J.; DYRYNDA, E. A. Antimicrobial proteins: From old proteins, new tricks.
Molecular Immunology, v. 68, n. 2, p. 383-398, 2015. Elsevier Ltd.

SOMBOONWIWAT, K.; BACHERE, E.; RIMPHANITCHAYAKIT, V.; TASSANAKAJON,
A. Localization of anti-lipopolysaccharide factor (ALFPm3) in tissues of the black tiger shrimp,
Penaeus monodon, and characterization of its binding properties. Developmental and
Comparative Immunology, v. 32, n. 10, p. 1170-1176, 2008.

SOMBOONWIWAT, K.; MARCOS, M.; TASSANAKAIJON, A.; et al. Recombinant
expression and anti-microbial activity of anti- lipopolysaccharide factor (ALF) from the black
tiger shrimp Penaeus monodon. Developmental and Comparative Immunology, v. 29, n. 10,
p. 841-851, 2005.

STEINER, H.; HULTMARK, D.; ENGSTROM, A.; BENNICH, H.; BOMAN, H. G. Sequence
and specificity of two antibacterial proteins involved in insect immunity. Nature, v. 292, n.
5820, p. 246248, 1981.

SUN, C.; XU, W.-T.; ZHANG, H.-W_; et al. An anti-lipopolysaccharide factor from red swamp
crayfish, Procambarus clarkii, exhibited antimicrobial activities in vitro and in vivo. Fish &
Shellfish Immunology, v. 30, n. 1, p. 295-303, 2011.



139

SUN, J. J.; XU, S.; HE, Z. H.; et al. Activation of Toll pathway is different between kuruma
shrimp and Drosophila. Frontiers in Immunology, v. 8, p. 20, 2017.

SUPUNGUL, P.; KLINBUNGA, S.; PICHYANGKURA, R.; et al. Identification of immune-
related genes in hemocytes of black tiger shrimp (Penaeus monodon). Marine Biotechnology,
v.4,n. 5, p. 487494, 2002.

TANAKA, S.; NAKAMURA, T.; MORITA, T.; IWANAGA, S. Limulus anti-LPS factor: An
anticoagulant which inhibits the endotoxin-mediated activation of Limulus coagulation system.
Biochemical and Biophysical Research Communications, v. 105, n. 2, p. 717-723, 1982.

TASSANAKAIJON, A.; SOMBOONWIWAT, K.; AMPARYUP, P. Sequence diversity and
evolution of antimicrobial peptides in invertebrates. Developmental and Comparative
Immunology, v. 48, n. 2, p. 324-341, 2015.

THARNTADA, S.; PONPRATEEP, S.; SOMBOONWIWAT, K.; et al. Role of anti-
lipopolysaccharide factor from the black tiger shrimp, Penaeus monodon, in protection from
white spot syndrome virus infection. Journal of General Virology, v. 90, n. 6, p. 1491-1498,
2009.

WANG, K. J.; HUANG, W. S.; YANG, M,; et al. A male-specific expression gene, encodes a
novel anionic antimicrobial peptide, scygonadin, in Scylla serrata. Molecular Immunology, v.
44, n. 8, p. 1961-1968, 2007.

WANG, X. W.; XU, J. D.; ZHAO, X. F.; VASTA, G. R.; WANG, J. X. A shrimp C-type lectin
inhibits proliferation of the hemolymph microbiota by maintaining the expression of
antimicrobial peptides. Journal of Biological Chemistry, v. 289, n. 17, p. 11779-11790, 2014.

WILMES, M.; CAMMUE, B. P. A.; SAHL, H. G.; THEVISSEN, K. Antibiotic activities of
host defense peptides: More to it than lipid bilayer perturbation. Natural Product Reports, v.
28, n. 8, p. 1350-1358, 2011.

XU, W. F.; QIAO, K.; HUANG, S. P.; et al. The expression pattern of scygonadin during the
ontogenesis of Scylla paramamosain predicting its potential role in reproductive immunity.
Developmental & Comparative Immunology, v. 35, n. 10, p. 1078-1090, 2011.

YANG, Y.; BOZE, H.; CHEMARDIN, P.; et al. NMR structure of rALF-Pm3, an anti-
lipopolysaccharide factor from shrimp: Model of the possible lipid A-binding site.
Biopolymers, v. 91, n. 3, p. 207-220, 2009.

ZHENG, H.; ZHOU, L.; YANG, X.; WANG, D.; LIU, J. Cloning and characterization of a
male-specific defensin-like antimicrobial peptide from the tick Haemaphysalis longicornis.
Developmental & Comparative Immunology, v. 37, n. 1, p. 207-211, 2012.

ZHU, J.J; YE, Z. Z.; L1, C. S.; et al. Identification and molecular characterization of a novel
anti-lipopolysaccharide factor (ALF) from red swamp crayfish, Procambarus -clarkii.
International Journal of Biological Macromolecules, v. 132, p. 43-50, 2019.



140

APENDICE

Artigo em primeira autoria desenvolvido durante o doutorado sanduiche.

Apéndice 1: Matos et al. 2021. Experimental microevolution of Trypanosoma cruzi reveals
hybridization and clonal mechanisms driving rapid diversification of genome sequence and
structure

DOIL: https://doi.org/10.1101/2021.10.24.465605



https://doi.org/10.1101/2021.10.24.465605

141

Research article
Experimental microevolution of 7rypanosoma cruzi reveals hybridization

and clonal mechanisms driving rapid diversification of genome sequence and

structure.

Gabriel M. Matos'?, Michael D. Lewis>, Carlos Talavera-Lopez!, Matthew Yeo®, Edmundo C.

Grisard*, Louisa A. Messenger’, Michael A. Miles®, Bjérn Andersson!

! - Department of Cell and Molecular Biology, Karolinska Institutet, Stockholm, Sweden.

2 - Departamento de Biologia Celular, Embriologia e Genética, Universidade Federal de Santa
Catarina, Florian6polis, Brazil

3 - Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical
Medicine, London, United Kingdom.

4 - Departamento de Microbiologia, Imunologia e Parasitologia, Universidade Federal de Santa

Catarina, Florian6polis, Brazil

Corresponding author: Bjorn Andersson, bjorn.andersson(@ki.se

Running title: Following genetic exchange in Trypansoma cruzi in real time using whole

genome sequencing reveals tetraploid and triploid stages


mailto:bjorn.andersson@ki.se

142

ANEXOS
Artigos em coautoria desenvolvidos durante o doutorado.

Anexo 1: Silveira et al., 2018. An immune-related gene expression atlas of the shrimp digestive
system in response to two major pathogens brings insights into the involvement of hemocytes
in gut immunity.

DOI: https://doi.org/10.1016/7.dci.2017.10.005

Developmental and Comparative Immunology 79 (2018 ) 44-50

Contents lists available at ScienceDirect

Developmental and Comparative Immunology

journal homepage: www.elsevier.com/locate/dci

Short communication

An immune-related gene expression atlas of the shrimp digestive @Cmsmrk
system in response to two major pathogens brings insights into the
involvement of hemocytes in gut immunity

Amanda S. Silveira #, Gabriel M. Matos ©, Marcelo Falchetti ¢, Fabio S. Ribeiro “,
Albert Bressan “, Evelyne Bachere b Luciane M. Perazzolo ? Rafael D. Rosa "

* Laboratory of Immunology Applied to Aquaculture, Department of Cell Biology, Embryology and Genetics, Federal University of Santa Cataring S2040-900
Florfandpolis, SC, Brozl

" ifremer, UMR 5244, IMPE Interactions-Hos ts-Pathogens- Emvironment, UPVD, CNRS, Université de Montpellier, CC 080, F-24095 Montpellier, France


https://doi.org/10.1016/j.dci.2017.10.005

143

Anexo 2: Farias et al., 2019. Litopenaeus vannamei stylicins are constitutively produced by
hemocytes and intestinal cells and are differentially modulated upon infections.

DOI: https://doi.org/10.1016/1.1s1.2018.11.021

Fish and Shellfish Immunology 86 (2019) 82-92

Contents lists available at ScienceDirect

Fish and Shellfish Immunology

journal homepage: www.elsevier.com/locate/fsi

Full length article

Litopenaeus vannamei stylicins are constitutively produced by hemocytes and | M)
intestinal cells and are differentially modulated upon infections Gt
Natanael Dantas Farias™', Marcelo Falchetti®', Gabriel Machado Matos®, Paulina Schmitt®,

Cairé Barreto®, Nicolas Argenta®, Jean-Luc Rolland®, Evelyne Bachére®, Luciane Maria Perazzolo,
Rafael Diego Rosa™’

* Labomatory of Immumology Applied to Aquaculure, Depariment of Cell Biology, Embryology and Genetics, Federal University of Santa Cataring, 88040-900,
Florigndpolis, SC, Brazil

* Lahoratario de Gendtica e inmunologia Molecular, nsimp de Biologia, Faculrad de Clencigs, Pontficia Universidad Cardica de Valparase, 2373223, Valparaso, Chils
= Imtera cions Hotes-Pathogénes-Emvironnements. Uhiversité de MonpelBer, CNRS. Ifremer, Universitd de Perpignan Via Domitie, 34090, Monpeller Cedex 5, Frmnce

Anexo 3: Bandeira et al., 2020. A Type Ila crustin from the pink shrimp Farfantepenaeus
paulensis (crusFpau) is constitutively synthesized and stored by specific granule-containing
hemocyte subpopulations.

DOI: https://doi.org/10.1016/7.51.2019.12.055

Fish and Shellfish Immunology 97 (2020) 294200

Contents lists available at ScienceDirect

Fish and Shellfish Immunology

journal homepage: www.elsevier.com/locate/fsi

Full length article

A Type Ila crustin from the pink shrimp Farfantepenaeus paulensis (crusFpau) | W)
is constitutively synthesized and stored by specific granule-containing oy
hemocyte subpopulations

Paula Terra Bandeira™', Javier Vernal®?, Gabriel Machado Matos®, Natanael Dantas Farias®,
Hernin Terenzi”, Aguinaldo Roberto Pinto®, Margherita Anna Barracco®, Rafael Diego Rosa™

* Labonatory of Immumology Appled to Aquaculnere, Deparmment of Cell Biology, Embryology and Genencs, Fedenal Undversity of Santa Cataring, 88040900,
Flonandpols SC. Bresd

1"Ce:iz:r)’o\:r Soucmal Moleculer Biology, Deparmment of Bioc hemisiory, Fedene! University of Sante Cagrring, 88040-900, Floriandpolis, SC, Brazl

*Lahoratory of Applied Immunology, Depariment of Micobiclsgy, Immunology and Panasiblogy, Federal University of Santa Catwring, 88040-900, Floriandpolis, SC,
Braxzil


https://doi.org/10.1016/j.fsi.2018.11.021
https://doi.org/10.1016/j.fsi.2019.12.055

144

Anexo 4: Talavera-Lopez et al., 2021: Repeat-Driven Generation of Antigenic Diversity in a
Major Human Pathogen, Trypanosoma cruzi.
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