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SUMMARY

Plant diseases due to plant pathogenic fungi, viruses and bacteria are among
the leading causes of crop losses, and are conventionally controlled by
treating the plants with synthetic chemical pesticides. Current approaches
for crop protection focused on the rational application of pesticides while
reducing the number of registered compounds. Antimicrobial peptides
(AMPs) emerged as promising candidates to control bacterial and fungal
diseases in plants and meet the regulatory requirements about toxicity,
environmental impact and biodegradability implemented in many countries.
Accordingly, the objective of the present PhD thesis focused on the
development of a sustainable platform for the heterologous production of
synthetic antimicrobial peptides using rice seeds as biofactory.

Results previously obtained in our group on the antimicrobial activity of
linear undecapeptides (cecropin A (1-7) — melittin (2-9) hybrids) obtained by
combinatorial chemistry (peptide library CECMEL11), served for the design
of AMP sequences and subsequent obtention of their corresponding
synthetic genes for plant expression. The BP100 peptide was found to
exhibit antimicrobial activity against phytopathogenic bacteria, controlling
infection in host plants and, low toxicity and moderate susceptibility to
proteolytic degradation. Then, the BP100 peptide (amidated form) was
adapted for its biotechnological production using the non-amidated form
BP134 (H-KKLFKKILKYL-OH). The heterologous expression of the BP134
peptide required several modifications to allow its expression in transgenic
rice plants. Essentially, the modifications made were in the following
directions: 1) to increase the length of the BP134 peptide; 2) to include
stabilization, retention and/or processing sequences; and 3) to produce an
oleosin_AMP fusion protein. Along with this, a BP134 derivative library
comprising 52 peptides adapted for plant expression was constructed.

The modifications made on the sequence of the leader peptide had a strong
impact in the antibacterial activity and toxicity of the resulting BP134
derivative peptides. Among them, the peptides BP178 KDEL, BP188 KDEL
and BP192 KDEL which had optimized features such as strong antibacterial



and bactericidal effects, and low hemolytic and phytotoxic activities, were
selected for their production in rice seeds. The antibacterial activity
displayed by the selected peptides was comparable to that of antibiotics
used for plant disease control (MIC values in the range of 0.6 to 10 uM). The
Cec A and Cec A_KDEL was also included in this study as reference peptides
because previous reports demonstrated potent antimicrobial activity against
plant pathogens and its constitutive expression accomplished in rice plants
was found to confer disease resistance.

The rice seed was chosen as a biofactory for the production of the AMP
derivatives (BP134 and Cec A derivatives). The use of seeds for the
production of recombinant proteins has proven to have important
advantages compared to other plant tissues. Indeed, cereal seeds emerged
as a convenient platform to produce and accumulate foreign proteins due to
their ability to naturally store large amounts of proteins in endoplasmatic
reticulum and/or Golgi-derived subcellular compartments, the so called
protein bodies (PB) types | and Il, respectively. Seeds also offer the
possibility to target the foreign protein to the oil bodies (OB) present in the
embryo (and aleurone) tissues. Among different cereal seeds, rice was
chosen as a plant system because of the high grain yield of rice plants, well-
established gene transfer technology, and also because rice is a self-
pollinating crop.

Fourteen expression vectors harbouring a codon-optimized AMP gene were
prepared (BP178_KDEL, BP188 KDEL, BP192 KDEL, Cec A and Cec A_KDEL
genes). In all the cases, a seed-specific promoter was used to drive transgene
expression, namely the promoters from the rice glutelin B-1, glutelin B-4, 26
kDa a-globulin or 18 kDa oleosin genes. The various rice promoters used in
this work were isolated from rice (Oryza sativa) genomic DNA. Transgenic
rice plants were produced by Agrobacterium-mediated transformation. Most
transgenic plants were morphologically similar to wild-type plants, and, even
though, some of them showed more vigorous root and shoot systems or
higher seed productivity.

Subcellular fractionation in combination with immunodetection and LC-
MS/MS analyses confirmed accumulation of the BP178_KDEL, BP192_KDEL,



Cec A and Cec A_KDEL peptides in the expected subcellular compartment,
either the protein bodies of the endosperm or the oil bodies of the embryo.
Generally, the expression of the BP134 and Cec A derivative transgenes in
rice seeds resulted in a high level of protection to the infection by the
bacterial phytopathogen Dickeya sp. 1552.10.1. The production of the
BP178 KDEL, BP188 KDEL and the Cec A derivatives resulted in a better
germination capability of the transgenic seeds in the presence of the fungal
pathogen Fusarium verticillioides, compared to control plants (wild-type and
empty vector controls). These results indicated that the in planta produced
AMP derivatives were biologically active, and that the accumulation levels
achieved were sufficient to confer enhanced protection to infection by the
tested plant pathogens. After molecular and phenotypic characterization,
homozygous lines were obtained from those lines showing the optimal
characteristics.

The antimicrobial peptides were recovered from seeds of transgenic lines.
Specifically, the BP178 KDEL peptide was recovered from the protein body-
enriched fraction by a single purification step, and the Cec A peptide was
partially purified using a Weak Cation Exchange-Reverse Phase column.
Based on its electrophoretic mobility, the AMP derivatives accumulating in
protein bodies exhibited an apparent molecular weight higher than
expected. Most probably, this is caused by multimerization (Cec A peptide)
and/or interaction with seed storage proteins present in the protein body
(i.e. glutelins).

Regarding to the oleosin_PRS_Cec A fusion, it accumulated in the oil bodies
of rice seeds. After proteolytic digestion of the fusion protein with the
tobacco etch virus (TEV) protease, the released S-Cec A was purified by
Weak Cation Exchange-Reverse Phase chromatography. The resulting S-Cec
A displayed antibacterial and bactericidal activity against Dickeya sp.
1552.10.1.

The accumulation levels observed in seeds of the rice lines expressing the
Ole18::0le18 PRS _Cec A (R9), GluB-4::Cec A (R10), GluB-1::Cec A_KDEL
(MC3) and GIb-1::BP178 KDEL (R11) were 10.8, 1.3, 1.4 and 1.8 pmols of the
AMP derivative/mg of seed, respectively. Among the different strategies



assayed in the present work for the production of the Cec A peptide in
seeds, the highest accumulation level was accomplished when the peptide
was produced as an oleosin fusion protein (10 times higher). However, the
processing of the oleosin_PRS_Cec A fusion protein was found to be complex
and expensive.

Regarding to the production of AMPs accumulating in the endosperm, the
BP178_KDEL, Cec A_KDEL and Cec A peptides, accumulated at similar yields
for the different endosperm strategies. Interestingly, the attachment of the
KDEL retention signal to the amino acid sequence of the Cec A peptide
appears not to influence its accumulation level. The production of the
BP178 KDEL in rice seed endosperm allowed obtaining a highly purified AMP
with minimum purification and processing steps.

Summarizing, the generation of transgenic rice plants expressing AMPder
genes under the control of a seed-specific promoter offers a promising
perspective for their production. Specifically, the endosperm tissue of rice
seed appears to be a suitable platform for the production of small and highly
cationic AMP derivatives, because they were stable for long periods of time
and do not require complex downstream processing steps.

It is expected that, the technology developed in the present work for the
production of AMPs using rice seed as biofactories, may provide
antimicrobial products in a sustainable platform, suitable applications as
plant pesticides, as well as to produce new antimicrobials for
pharmaceutical, cosmetics and food industry.



RESUM

Les malalties de les plantes causades per fongs, virus i bacteris sén unes de
les principals causes de pérdues dels conreus, i tradicionalment el seu
control s’ha basat en la utilitzaci6 de plaguicides quimics sintetics
convencionals. Actualment, les aproximacions per a la proteccié de cultius
contra malalties se centren de manera especial en I'Us racional de
plaguicides i en la reduccié del nimero de matéries actives autoritzades. Els
péptids antimicrobians (PAMs) sorgeixen com una de les alternatives més
prometedores pel control de malalties de les plantes causades per fongs i
bacteris, i compleixen amb els principals requisits reglamentaris
implementats en molts paisos, en quant a toxicitat, impacte mediambiental i
biodegradabilitat.

En aquest context, la present tesi doctoral ha tingut com a objectiu el
desenvolupament d’una plataforma sostenible per la produccié heterologa

de péptids antimicrobians utilitzant llavors d’arros com a biofactoria.

Els resultats obtinguts previament en el nostre grup pel que fa a l'activitat
antimicrobiana d’undecapeptids lineals (hibrids de cecropina A (1-7) —
melitina (2-9) dissenyats i sintetitzats mitjangant quimica combinatoria
(quimioteca CECMEL11), van ser utilitzats pel disseny de seqiliéncies de
PAMs i per I’ obtencié dels corresponents gens sintéetics per la seva expressio
en plantes. El peéeptid BP100 (forma amidada) presenta activitat
antimicrobiana enfront bacteris fitopatogens, és capag¢ d’inhibir el
desenvolupament d’infeccions en diverses plantes hoste, i alhora mostra
baixa toxicitat i una moderada susceptibilitat a la degradacié per proteases.
Per aquests motius, el péptid BP100 va ser el candidat per a una produccié
biotecnologica, implicant la seva adaptacid a la forma no amidada, BP134 (H-
KKLFKKILKYL-OH) per a la seva expressio. A més a més, per permetre
I’expressid heterologa del peptid BP134 en plantes transgeniques d’arros va
ser necessari introduir modificacions a la sequéncia. Essencialment, les
modificacions realitzades van seguir la seglient pauta: 1) augmentar la mida
del péptid; 2) incloure sequéncies d’estabilitzacio, retencié i/o seqliéncies de



processament; i 3) obtenir una proteina fusid oleosina_PAM. Tenint en
compte aquestes modificacions es va preparar una quimioteca de derivats
del peptid BP134 formada per 52 compostos adaptats per la seva expressid
en plantes.

Les modificacions introduides en la seqiiencia del péptid BP134 van mostrar
una gran influéncia en I'activitat antibacteriana i toxicitat dels péptids
obtinguts. Entre els péptids derivats de BP134, els péeptids BP178 KDEL,
BP188 KDEL i BP192_ KDEL van presentar caracteristiques optimitzades com
ara un potent efecte antibacteria i bactericida, baixa activitat hemolitica i
fitotoxica, i per tant van ser seleccionats per ser expressats i produits en
arros. L'activitat antibacteriana dels péptids seleccionats era comparable a la
mostrada pels antibiotics utilitzats pel control de malalties de plantes (valors
de CMI entre 0,6 i 10 uM). Els péptids Cec A i Cec A_KDEL també es van
incloure en aquest treball com a péptids de referéncia donat que resultats
previs havien demostrat una potent activitat antimicrobiana enfront
patogens de plantes, i a més a més, la seva expressio constitutiva en plantes

d’arros conferia resisteéncia a malalties.

Per a la produccié dels PAMs (derivats de BP134 i Cec A) es va escollir la
llavor d’arrods, perque el seu Us per la produccid de proteines recombinants
presenta avantatges importants comparat amb altres teixits de la planta.
Actualment, les llavors de cereals emergeixen com una plataforma molt util
per la produccié i acumulacié de proteines recombinants degut a la seva
habilitat per emmagatzemar de manera natural gran quantitat de proteines
en compartiments subcel-lulars derivats del reticle endoplasmatic i/o Golgi,
anomenats cossos proteics (CP) tipus I i Il, respectivament. Les llavors també
ofereixen la possibilitat de dirigir la proteina recombinant als cossos oleics
(CO) presents en els teixits de I'embrié i aleurona. L’eleccié de la llavor
d’arros, respecte a altres llavors de cereals, va ser deguda al seu alt
rendiment de gra, la tecnologia ben establerta de transferéncia de gens, i
també per ser un cultiu autopolinitzant.

Un cop obtingudes les seqlieéncies geniques sintétiques adaptades a I'Us de
codons per a la seva expressié en arros, es varen construir catorze vectors



d’expressié amb els gens dels PAMs seleccionats (BP178 KDEL, BP188 KDEL,
BP192 KDEL, Cec A i Cec A_KDEL) sota el control dels promotors especifics
de llavor, glutelina B-1, glutelina B-4, a-26 kDa globulina i 18 kDa oleosina.
Els promotors d’arros utilitzats en aquest treball es van obtenir a partir
d’ADN genomic d’arros (Oryza sativa).

Les plantes transgeniques d’arros es van obtenir a partir de la transformacio
mitjancant Agrobacterium tumefaciens. La majoria de les plantes
transgeniques obtingudes eren morfologicament similars a les plantes
control (isogenica convencional Senia o transformada amb el vector buit),
tot i que algunes mostraven un sistema radicular i foliar més vigords, o una

major produccio de llavors.

El fraccionament subcel-lular juntament amb la immunodeteccié i I'analisi
mitjancant LC-MS/MS van confirmar I'acumulacié dels péptids BP178_KDEL,
BP192 KDEL, Cec A i Cec A_KDEL en els compartiments subcel-lulars on
s’havien direccionat, és a dir, en els cossos proteics de 'endosperm o en els
cossos oleics de I'embrié de la llavor.

De manera general, les llavors transgeniques que expressaven els transgens
derivats de BP134 i Cec A mostraven un increment molt significatiu de la
resistencia a infeccions causades pel bacteri fitopatogen Dickeya sp.
1552.10.1. De la mateixa manera, les llavors que produien els peptids
BP178 KDEL, BP188 KDEL i derivats de Cec A mostraven una major capacitat
de germinacié en presencia del fong fitopatogen Fusarium verticillioides,
comparada amb les llavors control (Sénia i transformades amb el vector
buit). Aquests resultats indicaven que els peptids antimicrobians sintetitzats
in planta eren bioldogicament actius, i que el nivell d’acumulacié obtingut era
suficient per conferir una major proteccid a infeccions causades pels
patdogens assajats. Posteriorment, es van obtenir linies homozigotes
d’aquelles plantes que van mostrar unes caracteristiques optimes en la
caracteritzacié molecular i fenotipica.

Els péptids antimicrobians recombinants es van recuperar de les llavors
d’arros transgeniques. Concretament, el peptid BP178_KDEL es va obtenir a

partir de la fracci6 de cossos proteics mitjancant una Unica etapa de
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purificacié, i el peptid Cec A va ser parcialment purificat mitjangant
cromatografia d’intercanvi cationic i fase reversa. A partir de la seva
mobilitat electroforética, es va poder observar que els derivats dels PAMs
acumulats en els cossos proteics mostraven un pes molecular aparent major
que l'esperat. Aquest fet es podria explicar per la multimeritzacié (peptid
Cec A) i/o la interaccié del peptid amb proteines de reserva de la llavor

presents en els cossos proteics (p.e. glutelines).

La proteina fusio oleosina_PRS_Cec A s’acumulava en els cossos oleics de les
llavors d’arros. Després de la digestid de la proteina fusié amb la proteasa
del virus del gravat del tabac (TEV), el péptid alliberat S-Cec A va ser purificat
mitjangant cromatografia d’intercanvi cationic i fase reversa. El péptid
obtingut va mostrar activitat antibacteriana i bactericida enfront Dickeya sp.
1552.10.1.

Els nivells d’acumulacié observats en les llavors d’arros de les linies que
expressaven Olel8::0le18 PRS _Cec A (R9), GluB-4::Cec A (R10), GluB-1::Cec
A_KDEL (MC3) i Glb-1::BP178 KDEL (R11) van ser 10.8, 1.3, 1.4 i 1.8 pmols de
PAM/mg de llavor, respectivament. Entre les diferents estratégies assajades,
la major produccié de Cec A es va obtenir mitjancant la seva produccié com
a proteina fusié amb la oleosina (10 vegades superior). No obstant, el
processament de la proteina de fusid oleosina_PRS_Cec A va ser complex i

costos.

En quant a la produccié dels PAMs acumulats en I'endosperm, els péptids
BP178_KDEL i els derivats de Cec A, es van acumular amb rendiments
similars en les diferents estratégies assajades. L'addicié de la senyal de
retencié KDEL a la seqliéncia aminoacidica del péptid Cec A no va influir en
els seus nivells d’acumulacié. La produccié del péeptid BP178 KDEL en
I'endosperm de les llavors d’arros va permetre l'obtencié d’'un PAM
altament purificat a partir d’una extraccid i processament minims.

En resum, I'obtencié de plantes d’arrds que expressen gens de PAMs sota el
control de promotors especifics de llavor, mostra una prometedora
plataforma per la seva produccié. Concretament, I'endosperm de la llavor
d’arros proporciona un sistema adequat per la produccié de peptids petits i
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altament cationics, degut a que es mantenen estables durant llargs periodes
de temps i no requereix etapes de processament complexes.

La tecnologia desenvolupada en el present treball per la produccié de PAMs
utilitzant llavors d’arrds com a biofactoria, pot proporcionar en un futur
proper compostos antimicrobians d’una manera sostenible, adequada per
les aplicacions com a plaguicides per la proteccié de les plantes, aixi com de
nous antimicrobians pel camp farmaceutic, o de la cosmeética i la indistria
alimentaria.
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RESUMEN

Las enfermedades de las plantas causadas por hongos, virus y bacterias se
encuentran entre las principales causas de las pérdidas de cosecha, y son
controladas de forma convencional mediante el uso de plaguicidas quimicos
sintéticos. El enfoque actual de la proteccion de cultivos contra
enfermedades se centra especialmente en el uso racional de los plaguicidas
y en la reduccion del nimero de materias activas autorizadas. Los péptidos
antimicrobianos (PAMs) ofrecen actualmente un gran potencial para el
control de enfermedades de las plantas causadas por hongos y bacterias, y
cumplen los principales requisitos reglamentarios de toxicidad, impacto

medioambiental y biodegradabilidad implementados en muchos paises.

La presente tesis doctoral tuvo como objetivo el desarrollo de una
plataforma sostenible para la produccion heteréloga de péptidos
antimicrobianos utilizando semillas de arroz como biofactoria.

Los resultados obtenidos previamente en nuestro grupo en cuanto a la
actividad antimicrobiana de undecapéptidos lineales (hibridos de cecropina
A (1-7) — melitina (2-9) obtenidos mediante quimica combinatoria
(quimioteca CECMEL11) se utilizaron para el disefio de secuencias de PAMs y
para la obtencidn de los correspondientes genes sintéticos para su expresion
en plantas. El péptido BP100 (forma amidada) presenta actividad
antimicrobiana contra bacterias fitopatdégenas y controla infecciones en
diversas plantas huésped. Asimismo, muestra una baja toxicidad y moderada
susceptibilidad a la degradacién por proteasas. De este modo, el péptido
BP100 fue adaptado para su produccidn biotecnoldgica utilizando la forma
no amidada, BP134 (H-KKLFKKILKYL-OH). La expresidon heterdloga del
péptido BP134 requirié varias modificaciones para permitir su expresién en
plantas transgénicas de arroz. Esencialmente, las modificaciones hechas
siguieron la siguiente pauta: 1) aumento del tamafio del péptido; 2) inclusidn
de secuencias de estabilizacidn, retencion y/o secuencias de procesamiento;
y 3) generaciéon de una proteina de fusién oleosina_PAM. De este modo, se
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construyé una quimioteca de derivados del péptido BP134 formada por 52
compuestos adaptados para su expresién en plantas.

Las modificaciones hechas en la secuencia del péptido BP134 tuvieron un
fuerte impacto en la actividad antibacteriana y toxicidad de los péptidos
derivados obtenidos. Los péptidos BP178_KDEL, BP188_KDEL y BP192_KDEL
gue presentaron caracteristicas optimizadas tales como un potente efecto
antibacteriano y bactericida, y baja actividad hemolitica y fitotdxica, fueron
seleccionados para su expresion en semillas de arroz. La actividad
antibacteriana que mostraron dichos péptidos era comparable con la
mostrada por antibiéticos utilizados para el control de enfermedades de
plantas (valores de CMI en el rango de 0,6 a 10 uM). Los péptidos Cec A y
Cec A_KDEL fueron también incluidos en el presente trabajo como péptidos
de referencia debido a que resultados previos habian demostrado una
potente actividad antimicrobiana frente a patégenos de plantas y, ademas,
su expresion constitutiva en plantas de arroz conferia resistencia a

enfermedades.

Para la produccién de los PAMs (derivados de BP134 y Cec A) se escogio la
semilla de arroz, porque su uso para la produccion de proteinas
recombinantes presenta importantes ventajas comparado con otros tejidos
de la planta. En efecto, las semillas de cereales surgen como una plataforma
conveniente para la producciéon y acumulacién de proteinas recombinantes
debido a su habilidad para almacenar de forma natural grandes cantidades
de proteinas en compartimentos subcelulares derivados del reticulo
endoplasmatico y/o Golgi, los cuerpos proteicos (CP) tipo | vy I,
respectivamente. Las semillas también ofrecen la posibilidad de dirigir la
proteina recombinante hacia los cuerpos oleicos (CO) presentes en el tejido
del embrién (y aleurona). Entre las diferentes semillas de cereales, se
escogio el arroz debido a su alto rendimiento de grano, la tecnologia bien
establecida de transferencia de genes, y también por ser un cultivo
autopolinizante.

Se prepararon vectores de expresidn con los genes de varios PAM
(BP178_KDEL, BP188 KDEL, BP192 KDEL, Cec A y Cec A_KDEL) bajo el
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control de los promotores especificos de semilla, glutelina B-1, glutelina B-4,
a-26 kDa globulina y 18 kDa oleosina. La secuencia de ADN de dichos genes
sintéticos se adaptd al uso de codones de arroz. Los promotores de arroz
utilizados en este trabajo fueron obtenidos a partir de ADN gendmico de
arroz (Oryza sativa). Se generaron las plantas transgénicas a partir de la
transformacién mediante Agrobacterium tumefaciens. La mayoria de las
plantas transgénicas obtenidas eran morfolégicamente similares a las
plantas control (isogénica convencional Senia o transformada con vector
vacio), incluso, algunas mostraron un sistema radical y foliar mas vigoroso, o

una mayor produccién de semillas.

El fraccionamiento subcelular combinado con la immunodeteccién, y el
analisis mediante LC-MS/MS confirmaron la acumulacién de los péptidos
BP178 KDEL, BP192 KDEL, Cec A y Cec A_KDEL en los compartimentos
subcelulares esperados (cuerpos proteicos del endospermo o cuerpos
oleicos del embrion).

Generalmente, las semillas transgénicas que expresaban transgenes
derivados de BP134 y Cec A mostraron un incremento muy significativo de la
resistencia a infecciones causadas por la bacteria fitopatdégena Dickeya sp.
1552.10.1. Asimismo, las semillas que producian los péptidos BP178_KDEL,
BP188 KDEL y derivados de Cec A mostraron una mejor capacidad de
germinacién en presencia del hongo fitopatdégeno Fusarium verticillioides,
comparada con las semillas control (Senia y transformadas con el vector
vacio). Estos resultados indicaron que los péptidos antimicrobianos
sintetizados in planta eran bioldgicamente activos, y que el nivel de
acumulacién alcanzado era suficiente para conferir una mayor proteccion a
infecciones causadas por los patédgenos de plantas ensayados.
Posteriormente, se obtuvieron lineas homocigotas de aquellas plantas que
mostraron las caracteristicas dptimas tras su caracterizacion molecular y
fenotipica.

Los péptidos antimicrobianos fueron recuperados de las semillas de arroz
transgénico. Especificamente, el péptido BP178_KDEL fue obtenido a partir
de la fraccidn de cuerpos proteicos mediante una Unica etapa de
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purificacién, y el péptido Cec A fue parcialmente purificado mediante
cromatografia de intercambio cationico y fase reversa. A partir de su
movilidad electroforética, se pudo observar que los derivados de PAMs
acumulados en los cuerpos proteicos mostraban un peso molecular aparente
mayor que el esperado. Este hecho se podria explicar por la multimerizacién
(péptido Cec A) y/o la interaccién del mismo con proteinas de reserva de la

semilla presentes en el cuerpo proteico (p. e. glutelinas).

La proteina fusidn oleosina_PRS_Cec A se acumulé en los cuerpos oleicos de
las semillas de arroz. Posterior a la digestidn de la proteina fusién con la
proteasa del virus del grabado del tabaco (TEV), el péptido liberado S-Cec A
fue purificado mediante cromatografia de intercambio catidénico y fase
reversa. Dicho péptido mostrd actividad antibacteriana y bactericida frente a
Dickeya sp. 1552.10.1.

Los niveles de acumulacién observados en las semillas de arroz de las lineas
que expresaban Ole18::0le18 PRS Cec A (R9), GluB-4::Cec A (R10), GluB-
1::Cec A_KDEL (MC3) y Glb-1::BP178 KDEL (R11) fueron 10.8, 1.3, 1.4 and
1.8 pmoles de PAM/mg de semilla, respectivamente. Entre las diferentes
estrategias ensayadas, la mayor acumulacién del péptido Cec A se obtuvo
mediante su produccién como proteina fusién con la oleosina (10 veces
superior). Sin embargo, el procesamiento de la proteina fusidn

oleosina_PRS_Cec A fue complejo y costoso.

En cuanto a la produccion de PAMs acumulados en el endospermo, los
péptidos BP178 KDEL y los derivados Cec A, se acumularon con
rendimientos similares en las diferentes estrategias ensayadas. La adicién de
la sefial de retencion KDEL a la secuencia aminoacidica del péptido Cec A, no
influyé6 en sus niveles de acumulacién. La produccion del péptido
BP178 KDEL en el endospermo de semillas de arroz permitié obtener un
PAM altamente purificado a partir de una extraccidon y procesamiento

minimos.

En resumen, la generacion de plantas de arroz que expresan genes de PAMs
bajo el control de promotores especificos de semilla, ofrece una
prometedora perspectiva para su produccién. Especificamente, el
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endospermo de la semilla de arroz proporciona una plataforma adecuada
para la produccion de péptidos pequefos y altamente catidnicos, debido a
gue se mantienen estables durante largos periodos de tiempo y no requiere
etapas de procesamiento complejas.

Se espera que en un futuro la tecnologia desarrollada en el presente trabajo
para la produccién de PAMs utilizando semillas de arroz como biofactoria,
pueda proporcionar compuestos antimicrobianos de una forma sostenible,
adecuada para aplicaciones como plaguicidas para la proteccion de las
plantas, asi como de nuevos antimicrobianos para la industria farmacéutica,
cosmeética e alimentaria.
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1. INTRODUCTION







Introduction

1.1 Antimicrobial peptides in living organisms

Potential crop losses (without crop protection), among the major six crops in
the world, are estimated in 50-80% of the attainable yield, whereas actual
losses (despite crop protection), represent 28-40% of global agricultural
productivity. Plant diseases caused by fungi, viruses and bacteria reaches
about 8-21% of actual losses worldwide (according to the Food and
Agriculture Organization of the United Nations, FAO; Agrios, 2005; Oerke,
2006). Conventional disease control has been routinely achieved by applying
high amounts of synthetic chemical pesticides. Current, approaches are,
however, focused on the rational use of pesticides and in a reduction of the
number of registered compounds for their use as plant protection products
(Directive 2009/128/CE). Furthermore, plant pathogens often develop
resistance to fungicides or bactericides that may compromise disease
control in several crops. Thus, there is a strong need to develop novel
disease control compounds which fulfil the strict regulations about toxicity,
environmental impact and biodegradability compiled in national regulations
mainly in USA and Europe (Montesinos E. et al., 2012).

Antimicrobial peptides (AMPs) emerged as an effective alternative or
complement to conventional antibiotics and fungicides to control bacterial
and fungal diseases in order to overcome both the increasing incidence of
antibiotic and antifungal resistant pathogens and the antibiotic usage
restrictions.

AMPs form an ancient type of innate immunity found in animals and plants,
providing a major first-line of defense against the invading pathogens. They
have been identified in living organisms ranging from prokaryotes to
humans, including bacteria, fungi, plants, insects, fish, amphibians, birds and
mammals (Table 1.1) (Boman and Steiner, 1981; Steiner et al., 1981; Zasloff,
1987; Andreu and Rivas, 1998; Garcia-Olmedo et al., 1998; Hancock, 2001;
Wang and Wang, 2004, 2009; De Smet and Contreras, 2005; Nguyen et al.,
2005; Jenssen et al., 2006; Ma et al., 2008; Thomas et al., 2010).
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AMPs are generally defined as peptides of less than 50 amino acid residues
which share certain physicochemical characteristics such as net positive
charge (multiple arginine and lysine residues) and the ability to adopt an
amphipathic structure, which segregates the hydrophilic (225%) and the
hydrophobic residues (>50%) to opposite faces of the molecule (Oren and
Shai, 1998; Andreu and Rivas, 1998; Hancock, 1999, 2001; Bechinger, 2004;
Shai, 2002). Although most peptides are cationic, neutral and anionic
peptides have also been reported (Pridmore et al.,, 1996; Tam et al., 1999;
Gun Lee et al., 1999; Berry et al., 2012). AMPs are produced either through
ribosomal synthesis (i.e. defensins and small bacteriocins) or non-ribosomal
synthesis (peptaibols, cyclic peptides and pseudopeptides) (Montesinos E.,
2007) and exhibit either narrow or broad-spectrum of activity against
bacteria, fungi, enveloped viruses, parasites and even tumor cells, and
generally show low eukaryotic cytotoxicity (Matsuzaki et al., 1995; Hancock
and Lehrer, 1998; Yeaman and Yount, 2003; Glukhov et al, 2005). In fact, the
ability to target the structural differences between the microbial and plant
or animal cell membranes emerged as the most important and exclusive
property of AMPs, which in turn results in a low probability of emergence of
pathogen resistance compared to conventional antibiotics and antifungals
(Yevtushenko and Misra, 2012).

Taking together the aforementioned aspects, AMP properties include: (1)
generally high antimicrobial activity (minimal inhibitory concentration (MIC)
at micromolar level at the same order than conventional antibiotics), (2)
quick response in the target pathogen, (3) high-temperature stability, (4)
generally salt tolerance and, (5) biodegradability compared to most
pesticides (Destoumieux et al., 2000; Cuthbertson et al., 2006).

More than 1000 AMPs have been reported and can be classified into four
major groups based on their structure. The major classes consisted of B-
sheet peptides either stabilized by disulphide bonds or by backbone
cyclization (cyclic peptides), and unstructured peptides, which adopt
amphipathic a-helices upon binding with the membrane (Fig. 1.1 A-C). Less
common peptides are those adopting an extended (proline/tryptophan-rich)
or loop structure which includes a disulphide bridge (Fig. 1.1 D, E). Peptides
consisting of a-helix/B-sheet mixed structures were also reported (Fig. 1.1 F)
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(Hancock and Lehrer, 1998; Hancock and Diamond, 2000; Monroc et al.,
2006a; Montesinos E., 2007). Some cationic peptides are enriched with
amino acids residues such as proline, cysteine, histidine and tryptophan.
Cysteine-rich peptides can form disulphide bonds that promote its
aggregation and therefore have a reduced susceptibility to protease
degradation and are the most abundant peptides found in plants (defensins,
thionins or lipid transfer proteins) (Marcos et al., 2008). In addition to the
natural peptides, thousands of synthetic analogues have been produced and

also enclosed into the aforementioned structural groups.

Fig. 1.1 Tertiary structures of representative examples of AMPs from living organisms. (A) B-sheet
(Bovine lactoferricin B, Protein Data Bank (PDB) entry 1LFC), (B) Cyclotides, B-sheet (Plant Kalata
B1, PDB entry (1JJZ), (C) a-helical (Frog magainin 2, PDB entry 2MAG), (D) Extended, W-P-rich,
(Bovin indolicidin, PDB entry 1G89), (E) looped, B-sheet (Gramicidin, PDB entry IMAG), and (F) a-
helical/B-sheet (Plant defensin, PDB entry 1JKZ).

A widely accepted mode of action of AMPs involves a direct electrostatic
interaction between the positively charged residues with the anionic surface
of the host/target cell membranes, where peptides adopt an amphipathic
conformation (required for the insertion of their hydrophobic face into the
membrane) (Yount and Yeaman, 2006; Epand and Epand, 2011). After
reaching the threshold concentration, peptides usually destabilize the
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membrane, a mechanism for which different models have been proposed:
(1) toroidal pore, (2) carpet, (3) barrel stove or aggregate channel model
(Ehrenstein and Lecar, 1977; Reddy et al., 2004; Huang, 2006; Giuliani et al.,
2007; Melo et al., 2009; Pasupuleti et al., 2012). However, increasing studies
support that some peptides kill the host cell without membrane damage by
blocking essential intracellular processes after the peptide translocation
across the membrane (Zhang et al., 2001; Brogden, 2005; Hancock and Sahl,
2006). In fact, since membrane permeabilization not necessarily results in
cell death, increasing evidences support that additional or complementary
mechanisms may act together with membrane permeabilization. However,
peptide-membrane interaction appears to be the most common killing
mechanism (Wu et al., 1999; Toke, 2005).

As AMPs display multiple modes of action, the emergence of resistance
would require significant alteration of membrane composition. Along with
this, the emergence of resistance mechanisms to AMPs in target pathogens
is expected to occur at significantly lower frequencies than for traditional
antibiotics.

At present, the exploitation of natural AMPs has shown some limitations as
they are either produced in low amounts, or might show toxicity against
non-targeted organisms. Alternatively, they might have low activity or
instability and generally both extraction and purification from host
organisms requires complex and costly procedures (Montesinos E. et al.,
2012). Thus, increasing efforts have been made, in terms of rational AMPs
design, to create synthetic peptides with improved antimicrobial activity,
and low toxicity and sensitivity to protease degradation (Ferre et al., 2006,
Badosa et al., 2007; Marcos et al., 2008).

1.2 Synthetic antimicrobial peptides active against plant
pathogens

Rational design of AMPs represents a promising strategy to overcome the
above mentioned limitations of naturally occurring AMPs and provides the
opportunity to develop novel peptides exhibiting more potent antimicrobial
activities with less toxicity. Advantages of using antimicrobial peptides for
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plant protection include: (1) easy manipulation of AMPs, (2) potent
antimicrobial activity, (3) reduced cytotoxicity, and (4) the possibility of
altering their specificities. Thus, increasing areas of research are focused on
the development of synthetic AMPs such as AMP analogs from natural
compounds, chimeric (hybrid) AMPs, mimetic peptides, de novo designed
AMPs and peptides derived from proteins, to obtain new compounds with
improved properties and reduced size (Table 1.2).

Based on the most commonly accepted mode of action, the AMPs activity
results from a combination of positive net charge, hydrophobicity and
amphipathicity in relation to membrane fluidity and composition in the
target cell (Yang et al., 2000; Zalsoff, 2002; Hancock and Sahl, 2006; Wang,
2010; Pasupuleti et al., 2012). Therefore, to control peptide selectivity,
peptide design methods focused on the net charge, helicity, hydrophobicity
required for the electrostatic interactions along the target membrane, the
hydrophobic moment and the influence of the angle subtended by the polar
helix face (Montesinos E. et al., 2012). Generally, a-helical peptides are the
basis of the design and synthesis of novel antimicrobial peptides since they
are widely distributed and exhibit the broadest spectrum of activity.

The generation of synthetic peptides can take advantage of our knowledge
on naturally-existing peptides or de novo synthesis of peptides. Our group is
actively working in the design of new compounds exhibiting antimicrobial
activity against the economically important plant pathogens Erwinia
amylovora, Pseudomonas syringae and Xanthomonas vesicatoria. Several
reports described new peptides with improved biological activity while
decreasing hemolytic and phytotoxic activity (Ferre et al., 2006; Monroc et
al.,, 2006a, 2006b; Badosa et al.,, 2007, 2009; Guell et al., 2011, 2012;
Montesinos E. et al., 2012; Badosa et al., 2013).

Solid phase synthesis and combinatorial chemistry methods have provided
thousands of new peptides that have been synthesized based on natural-
existing peptides. In terms of novel design, additions, deletions and amino
acid modifications to natural peptides appears as the first strategy. A second
strategy is based on chimeric fusions of natural AMPs which include small
truncated sequence containing the minimal domain required for their
antimicrobial activity. The well known cecropin, magainin and melittin
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peptides have been extensively used as natural models (Table 1.2) (Hancock
et al., 1992; Jaynes et al., 1993; Chen et al., 2000; Cavallarin et al., 1998; Alan
and Earle, 2002; Kamysz et al., 2005; Badosa et al., 2006).

Table 1.2 Representative synthetic antimicrobial peptides active against plant

pathogens
Compound # Aa Source Activity  References
Shiva-1 38 Cecropin B B Jaynes et al., 1993
SB-37 38 Cecropin B Jaynes et al., 1993
PEP3 11 Cecropin-melittin hybrid F Cavallarin et al., 1998
PEP6 6 Synthetic F Reed et al., 1997;
Ali and Reddy, 2000
BP76 11 Cecropin-melittin hybrid F+B Ferré et al., 2006;
Badosa et al., 2009
P18 18 Cecropin-magainin hybrid F+B Lee et al., 2004
MB-39 39 Cecropin B F+B Owens and Heutte., 1997
PEP11 11 Cecropin-melittin hybrid F+B Cavallarin et al., 1998;
Ali and Reddy, 2000
CEMA 29 Cecropin-melittin hybrid F+B Hancock et al., 1992
MsrAl 34 Cecropin-melittin hybrid F+B Osusky et al., 2000
MsrA2 31 Dermaseptin B1 F+B Osusky et al., 2005
MsrA3 19 Temporin Al F+B Osusky et al., 2004
D4E1 17 Cecropin B F+B Delucca and Walsh, 1999
MSI-99 23 Magainin F+B Alan and Earle, 2002
CAMEL 15 Cecropin-melittin hybrid B Kamysz et al., 2005
Rev4 13 Indolicidin F Li et al., 2002
10R, 11R 13,13 Indolicidins F+B Bhargava et al., 2007
LfcinByg.5 6 Lactoferricin B F Mufioz et al., 2006
BP100 11 Cecropin-melittin hybrid F+B Badosa et al., 2007;
Guell et al., 2012
PAF26 6 Synthetic F Lépez-Garcia et al., 2002
PPD1 5 Synthetic F Reed et al., 1997
BPC194 10 Synthetic (cyclic) B Monroc et al., 2006b
Iseganan 17 Protegrin | B Chen et al., 2000
TPY 17 Tachyplesin F Rao, 1999
MBGO01 19 Rs-AFP1 F Schaaper et al., 2001
Myp30 24 Magainin F+B Lietal., 2001
D32R 46 Thionin F+B Vila-Perelld et al., 2003
Ovispirin 29 SMAP-29 B Kalfa et al., 2001
Pexiganan 22 Magainin B Chen et al., 2000

F, antifungal; B, antibacterial; F+B, antifungal and antibacterial
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To develop and identify lead peptides with improved biological properties,
an initial peptide library must be obtained by solid-phase chemistry. Lead
peptides are then identified by testing for their antimicrobial activity against
the selected plant pathogens. Subsequently, taking into account the
structure and the sequence composition of lead candidates, a second library
is synthesized by combinatorial chemistry, where amino acids from selected
positions are changed and optimized compounds identified (Montesinos E.
et al., 2012). Likewise, peptide libraries can be obtained including peptides
representing all possible combinations without sequence restriction. Further
screening allows identifying a small collection of novel AMP with improved
physicochemical characteristics (Blondelle et al., 1996, 2003; Reed et al.,
1997; Lépez-Garcia et al.,, 2002; Ferré et al., 2006; Monroc et al., 2006a;
Badosa et al., 2007).

Several approaches have been done using cecropin::melittin and
cecropin::magainin hybrids, in order to maintain or increase their
antimicrobial activity while reducing the cytotoxicity effects and their
protease susceptibility. For instance, Pep 3 resulted from the juxtaposition of
the cecropin A (2-8 residues) and melittin (6-9) and showed increased
antimicrobial spectra than the parent cecropin A and less hemolytic activity
than melittin (Ali and Reddy, 2000; Cavallarin et al., 1998). Moreover, using
Pep 3 as a model, several analogues with improved biological properties
were reported. In fact, Ferré and co-workers (2006), obtained Pep 3
derivatives effective against economically important pathogenic bacteria
(Erwinia amylovora, Pseudomonas syringae and Xanthomonas vesicatoria)
with improved antimicrobial activity and minimized cytotoxicity and
protease susceptibility compared to the previous Pep 3. Among them, the
peptide BP76 (KKLFKKILKFL-NH,) exhibits the best biological properties and
was considered as potential lead compound in order to be used in plant
protection and/or to be expressed in transgenic plants. Moreover, further
derivatives of BP76 showed even improved biological properties than the
model peptide. Specifically, the peptide BP100 (KKLFKKILKYL-NH;) showed
more potent antimicrobial activity than the previous BP76. Libraries of linear
undecapetides were synthesized based on the ideal a-helix wheel diagram,
both the Pep 3 and BP76-based libraries. Badosa and co-workers (2006)
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reported that slight modifications in charge, helix-forming propensity and an
adequate hydrophobicity, induce a slight increase in the overall activity of
Pep 3 and BP76. Moreover, amino acid replacement resulted in analogues
showing poor/increased antibacterial activity and decreased/increased
protease susceptibility. When replaced the two amino acids located in the
interface, great changes in activity were observed. Interestingly, the basic N
terminus and hydrophobic C terminus seems to influence the antimicrobial
activity. The activity of the resulted best analogs is comparable to that of
antibiotics used for bacterial diseases control. In other studies, Oh and co-
workers (2000) reported that an increase in the peptide hydrophobicity
results in an increased cytotoxicity.

Apart from cecropin, melittin and magainin-derived peptides, several
analogs of naturally existing-peptides have been shown to display improved
biological properties relative to those of their parent peptides (Rao, 1999;
Chen et al., 2000; Kalfa et al., 2001; Li et al., 2002; Vila-Perell6 et al., 2003;
Osusky et al., 2004, 2005; Mufioz et al., 2006).

In an attempt to examine whether cyclation of linear peptides improves
their biological properties, Monroc and co-workers (2006b) synthesized a
series of de novo designed head-to-tail amphipathic cationic cyclic peptides
(4 to 10 residues) which clearly improved the biological properties of the
parent linear peptides. The hydrophobicity of the non-polar face also
modaulates the antimicrobial and the hemolytic activity as well as the peptide
selectivity of these peptides. Thereby, in some compounds, cyclation
involves better stability, resistance to proteolytic degradation and target
selectivity.

In the development of AMPs, the identification of best candidates initially
requires a screening platform to in vitro test their antimicrobial activity. In
most cases, antimicrobial activity of synthetic peptides is tested by in vitro
growth inhibition assays, where designed peptides are tested against
selected pathogens. In addition, contact tests, based on the principle of cell
killing, are used to determine the pathogen survival at given exposure time.
By using these methods, both the Minimal Inhibitory Concentration (MIC)
and the Median Effective Concentration (EC50) could be determined and,

subsequently, the efficacy of different peptides can be compared. When
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hundreds or thousands of new compounds have to be tested, cell viability
analyses using vital dyes are commonly used. Particularly, cell membrane
permeation produced by peptide interaction is estimated by the dye ability
to penetrate through the damaged membranes of the target bacterial or
fungal cells. This method is particularly useful since it can be automated and
performed by using multi-well plates (micro-plate reader assay). SYTOX
green (Badosa et al., 2009; Rathinakumar et al., 2009; Kaplan et al., 2011),
berberine (Reyes et al.,, 2004; De la Fuente-salcido et al., 2007) or 2-
nitrophenyl  B-D-pyranoside  (ONPG)  (Friedrich et al, 2000;
Hadjicharalambous et al., 2008), are routinely used for membrane
permeability experiments. Also, several colorimetric and fluorescent dyes
can be used to detect changes in pH medium such as bromophenol blue or
fluorescein. It is also noteworthy that these screening methods are highly
dependent on peptide solubility, the type of growth of the target pathogen
and the medium characteristics (Marcos et al., 2008; Montesinos and
Bardaji, 2008).

As some AMPs are non-selective between target and eukaryotic non-target
cells, cytotoxicity assays are performed to investigate potential adverse
effects against plant or animal cells. Cytotoxicity activity is mostly tested by
assaying the hemolysis produced by designed peptides towards human red
blood cells. Hemolysis is evaluated by comparing newly designed peptides
with the highly hemolytic peptide melittin and can be automatized in a
microplate reader assay. Phytotoxic activity is mostly examined evaluating
the phytotoxicity produced by the synthetic peptides on plant cells (i.e.
suspension cells), or by direct application on plant tissues. Regarding assays
on tobacco plants, synthetic peptides are applied to the tobacco leaves and
the lesion diameter is compared to that of the highly hemolytic peptide
melittin (Nadal et al., 2012). In addition, peptides must be tested for
susceptibility to degradation by proteases that might be present in living
tissues of the target pathogen. Traditionally, commercial proteases such as
proteinase K, extracts from plant tissues, or supernatants of cultures of
pathogens have been used to evaluate the peptide stability and resistance to
proteolytic degradation (Badosa et al., 2007, Marcos et al., 2008). Peptide
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hydrolysis can be monitored by HPLC-mass spectrometry or Tris-Tricine-SDS
PAGE gel (Shibata et al., 2003; Wei and Bobek, 2005; Makovitzi et al., 2007).

Although synthetic peptides appear as effective compounds to control
economically important plant pathogenic diseases, their commercialization
is hampered by the high production cost associated with the chemical
synthesis of large peptides. By contrast, heterologous synthesis in living
systems appears to be a promising tool for the production of functional
peptides or proteins (Parachin et al., 2012). However, this approach is only
achievable with linear AMPs composed of proteinogenous amino acids.

1.3 Living organisms as heterologous expression systems for
recombinant peptides and proteins

Several prokaryotic and eukaryotic expression systems for the production of
heterologous proteins or peptides have been described. Unfortunately, no
universal expression system can guarantee high yields of the product of
interest. Each expression system presents its own advantages and/or
disadvantages. Microbial systems have been used as a platform for protein
production since are well characterized, often provide high yield production
and are easy to handle. However, microbial systems have serious
disadvantages such as the inclusion body formation (when recombinant
proteins are produced in large amounts, they usually precipitate into
insoluble aggregates in inclusion bodies) and the inability to perform the
post-translational modifications required for many eukaryotic proteins. The
microbial host organisms include bacteria and yeasts, being Escherichia coli,
Saccharomyces cerevisiae and Pichia pastoris, as the most commonly used
expression systems (Ingham et al., 2007; Mattanovich et al., 2012; Cereghino
et al., 2002). In fact, E. coli is the most widely used microbial system when
no posttranslational protein modifications are required. Genetics (including
genome sequence), easy cultivation, fast growth, a well-known physiology
and the availability of a large number of cloning vectors make E.coli as a
suitable factory for commercial recombinant protein production (Li et al.,
2010). The first recombinant protein produced in a heterologous system was
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insulin which was produced in E. coli (Riggs, 1981). On the other hand, yeast
is suitable when posttranslational modifications are needed. Compared to
other eukaryotic cells, yeast shows a relatively fast growth which together
with the complete genome sequence and the ability to secret the
recombinant proteins made yeast a good eukaryotic expression system.
However, yeast cells are not always convenient since the recombinant
product often becomes hyperglycosylated (Harashima, 1994; Malissard et al.
1996). Insect and mammalian cells require complex and expensive
procedures and may be easily contaminated by prions, viruses or toxins. The
use of transgenic animals presents additional disadvantages such as the
slow-scaling up and the ethical concerns (Lico et al., 2005).

1.4 Plant biofactories

Compared to microbial, insect or mammalian cell culture systems, transgenic
plants offer several advantages for the large-scale production of high-value
recombinant proteins and AMPs (Sharma and Sharma, 2009; Lico et al.,
2012). In fact, several therapeutic proteins have been produced using plant-
derived platforms and some of them have been commercialized (Hood et al.,
1997; Faye and Gomord, 2010). Specifically, the human growth hormone
was the first recombinant protein expressed in transgenic tobacco plants for
pharmaceutical uses (Barta et al.,, 1986). Nowadays, several plant-derived
pharmaceuticals are in advanced clinical stages of development or on the
market (Ramessar et al., 2008; Obembe et al., 2011).

Some advantages of using plants as biofactories are: (1) lower production
costs than the other transgenic systems (i.e. mammalian cells), (2) low risk of
contamination by human and animal pathogens, oncogenic DNA sequences
or endotoxins (derived from Gram-negative bacteria cell envelopes), (3)
synthesis of complex proteins correctly folded, (4) the ability to perform
most of the posttranslational modifications, (5) the easy scaling up or down,
and (6) in most cases, a relatively simple purification technology (Giddings et
al., 2000; Hood et al., 2002; Twyman et al., 2003; Horn et al., 2004; Stoger et
al., 2005; Lico et al.,, 2012; Kuo et al., 2013). When using plants as
biofactories, different tissues can be chosen to specifically accumulate the
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heterologous protein (leaves, seeds, tubers, fruits). Also, strong constitutive
promoters are available for many plant species when overall transgene
expression is desired. Furthermore, different strategies can be approached
to reduce transgene product degradation and toxicity towards plant cells
while increasing its stability. This specificity is accomplished by expressing
the gene of interest under the control of tissue-specific promoters and/or by
designing chimeric genes for targeting the transgene products to specific cell
compartments can be achieved using the appropriate targeting signals (i.e.
retention into the endoplasmatic reticulum). The system also offers the
possibility of producing fusion proteins using specific protease recognition
sequences for proteolytic cleavage (van Rooijen and Moloney, 1995; Qu et
al.,, 2004; Takaiwa et al., 2007; Conley et al., 2011; Hofbauer and Stoger,
2013). Thereby, transgenic plants offer multiple possibilities for expression
of heterologous genes. Moreover, the relatively low cost product recovery
(depending on the selected strategy, less than 85% of other expression
systems) and the potential high yield production make plants to be
considered as suitable systems for production of AMPs. Although objections
for the use of plants as biofactories have been reported, such as long times
to product obtention, regulations, posttranslational processing, or low
expression levels preventing their commercialization have been reported,
major advances have been conducted to overcome these limitations (Hood
et al.,, 2002; Sharma et al.,, 2004; Sharma and Sharma, 2009; Ahmad et al,.
2010; Obembe et al., 2011; Guan et al., 2013; Vyacheslavova et al., 2012;
Viana et al., 2012; Kuo et al., 2013).

Successful heterologous expression of antimicrobial peptides in plants
requires overcoming several challenges to avoid the risk of having low
expression levels or losing activity due to AMP degradation by host
proteases. A minimum size is also needed to be an expressible gene
sequence. In addition, AMPs displaying high antimicrobial activity should not
show cytotoxicity towards transgenic plant cells (Nadal et al., 2012). These
requirements can be accomplished by designing the most appropriated
strategy for each type of transgene and plant system by: (1) increasing the
size of the peptide (elongation, n-merization), (2) including sequences of
stabilization and targeting to specific subcellular compartments, (3)

33



Introduction

synthesizing codon-optimized transgenes. The production of fusion proteins
that include a specific proteolytic cleavage site might also facilitate
subsequent purification of the peptide of interest (Twyman et al.,, 2003;
Sharma and Sharma, 2009; Lico et al., 2012). Specifically, the length of AMPs
could be increased above a minimum threshold while maintaining biological
properties through any of the following strategies: (1) genetic fusion of the
peptide sequence to the sequence of a specific protein (carrier), (2) peptide
tandem repeats, and (3) chimeric enlargement. Targeting to, and retention
in the endoplasmatic reticulum (ER), can be approached by adding a C-
terminal extension (KDEL sequence). This strategy has been reported to
decrease proteolytic degradation of transgene products due to either the
low proteolytic activity within the lumen or to the higher activity of ER-
resident chaperones, while diminishing the potential toxicity to plant cells
(Nutall et al., 2002; Benchabane et al., 2008). In addition, peptide production
in specific plant tissues such as seeds may decrease the downstream
processing costs (Schillberg et al. 1999, 2003).

Taking into account that any change or addition in the sequence of
candidate AMPs may affect its spectrum and antimicrobial activities or its
toxicity (Badosa et al., 2007, 2009; Montesinos E. et al., 2012), the biological
properties of any de novo designed sequence must be evaluated prior to be
produced in a plant-derived platform.

Several reports have shown the difficulties to express peptides of less than
50 residues in plant cells. The 17 and 19 amino-acid length D4E1 and MsrA3
are among the shortest peptides efficiently expressed in plants (Osusky et
al., 2000; Rajasekaran 2005). Okamoto and co-workers (1998) demonstrated
that high expression levels of small peptides were accomplished in planta
when its coding sequence is linked to the coding sequence of the GUS
protein (carrier). Similarly, Yang and co-workers (2007) reported higher
levels of accumulation of a pollen allergen (Cry j 1) when it was expressed as
a fusion protein with rice glutelin compared to single Cry j | gene expression.
Likewise, when the coding regions of two small antimicrobial peptides were
fused through a linker peptide, high accumulation levels were observed
(Francgois et al., 2002). Also, the 30 amino-acid long glucagon-like peptide-1
(mGLP-1) was directly expressed in rice seed under the control of an
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endosperm promoter, but the peptide could not be detected in mature
seed. Degradation of the transgene products within the cell host or
transgene silencing might explain these results. However, mGPL-1 was
successfully produced as a fusion protein with the green fluorescence
protein (GFP) in rice seeds (Yasuda et al., 2005). Larger peptides such as 10-
repeat novokinin (~11 kDa) or the T cell epitope from the Japanese cedar
pollen allergens Cry j | and Cry j Il (3 Crp, 5.9 kDa) could not be produced
heterologously in rice seeds (Takagi et al., 2008, 2010; Wakasa et al., 2011a).

The aforementioned requirements, along with the proper selection of the
promoter to drive tissue specific transgene expression and appropriate
compartmentalization of transgene products, are determinants for
successful production of AMPs in plants. Additional aspects that need to be
considered include post-translational modifications and downstream
processing, among others.

1.5 Production of AMPs in transgenic plants: applications in plant
protection

As in animals, the genome of plants contains numerous genes encoding
antimicrobial peptides (and proteins), that can be used as transgenes for the
obtention of transgenic plants with enhanced resistance to plant pathogens
(Montesinos E., 2007). Alternatively, antimicrobial genes from organisms
other that plants can be also used as transgenes for plant transformation.
The production of AMPs can be accomplished by using different strategies,
the stable nuclear transformation using Agrobacterium tumefaciens or by
particle bombardment being the most commonly used methods. Nuclear
transformation requires transferring the transgenes into plant cells, and
integration into the host genome in a stable manner. Stable transformation
also requires tissue culture steps where single transformed cells are induced
to proliferate and differentiate into complete transgenic plants. Plastid or
transient transformation are also used as plant production systems

In the literature there are many examples of transgenic plants with
enhanced resistance to diseases caused by bacterial and fungal pathogens
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(Coca et al., 2006; Montesinos E., 2007; Marcos et al., 2008; Lépez-Garcia et
al., 2012). Although numerous transgenic plants expressing both natural and
synthetic AMPs have been developed with the aim of providing disease
resistance, less effort has been paid to the development of strategies for
peptide farming and the subsequent use of the in planta produced AMPs in
crop protection.

Regarding crop protection, some studies focused on the overexpression of
own pre-existing AMP genes. The resulting transgenic plants, however,
showed partial protection which is usually limited to a narrow spectrum of
pathogens (Lépez-Garcia et al., 2012). By contrast, other studies oriented to
the heterologous production of peptides in transgenic plants provided high
levels of protection against a broad spectrum of plant pathogens
(Montesinos E., 2007; Lépez-Garcia et al., 2012; Yevtushenko et al., 2012). In
recent years, a vast number of natural and synthetic AMPs have been
successfully produced in heterologous plant systems, and, their
antimicrobial activity against plant pathogens has been shown to be
maintained in the transgenic plant. Thereby, the expression level of the
AMPs in such production-system is sufficient to confer enhanced protection
against a variety of plant pathogens (Table 1.3 and 1.4). However, higher
heterologous expression levels are required if transgenic plants are intended
to be used as a biofactory of AMPs. In fact, Joensuu et al. (2008) described
that plant-made recombinant proteins in stable transgenic plants, usually
represent <1% of total soluble protein. To produce a plant system
economically competitive compared to other heterologous platforms,
recombinant proteins should be at least 1% of total soluble protein (Rybicki,
2010).
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Table 1.3 Natural AMPs produced in transgenic plants conferring enhanced

resistance to pathogens

Peptide Source Host Reference
MGD-1 Mytilus galloprovincialis Tobacco Arenas et al., 2006
Gammal- Hordeum vulgare Tobacco Carmona et al., 1993
hordothionin
CecA, B Hyalophora cecropia, Rice Coca et al., 2006;
Bombyx mori Sharma et al., 2000
CecB Hyalophora cecropia Tomato Janetal., 2010
AFP Aspergillus giganteus Wheat, rice Oldach et al., 2001;
Coca et al., 2004;
Moreno et al., 2005
Drosomycin Drosophila melanogaster ~ Tobacco Banzet et al., 2002
Tachyplesin | Tachypleus tridentus Potato Allefs et al., 1996
Heliomicin Heliothis virescens Tobacco Banzet et al., 2002
Thanatin Podisu smaculiventris Rice Imamura et al., 2010
Pen4-1 Litopenaeus setiferus Creeping bentgrass  Zhou et al., 2011
Magainin Xenopus laevis Tobacco De Gray et al., 2001
SarcotoxinlA Sarcophaga peregrina Tobacco Ohshima et al., 1999

Rs-AFP2 Brassicaceae species
alf-AFP Medicago sativa
Ace-AMP1 Allium cepa

DRR206 Pisum sativum
hBD-2 Homo sapiens
Temporin A Rana temporaria
LL-37 Homo sapiens
SMAP-29 Ovis aries
Lactoferricin B Bos taurus

Attacin E Hyalophora cecropia
Dm-AMP1 Dalia merckii
BrD1 Brassica rapa

Tobacco, tomato,
rice
Potato

Rice

Canola
Arabidopsis

Tobacco

Cabbage
Tobacco
Tobacco

Tobacco, apple,
pear, anthurium

Rice

Rice

Terras et al., 1995;
Jha et al., 2010
Gao et al., 2000

Roy-Barman et al.,
2006
Wang et al., 1999

Aerts et al., 2007

Yevtushenko and
Misra., 2007
Jung, 2012

Morassuti et al., 2002
Fukuta et al., 2012

Déstefano-Beltran,
1991; Ko et al., 2002;
Reynoird et al., 1999;
Chen and Kuehnle,
1996

Jha et al., 2009

Choi et al., 2009
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Table 1.4 Synthetic AMPs produced in transgenic plants conferring partial resistance

to pathogens

Peptide Source Host Reference

MsrA3 Temporin A Potato Osusky et al., 2004

MSI-99 Magainin 2 analogue Tobacco, banana, Chakrabarti et al., 2003;

grapevine Vidal et al., 2006

MsrAl Cecropin-melittin hybrid  Potato Osusky et al., 2000

MsrA2 Dermaseptin B1 Tobacco, potato, wheat  Osusky et al., 2005;
Yevtushenko et al., 2005;
Badea et al., 2013

BP100 Cecropin-melittin hybrid  Rice Nadal et al., 2012

derivatives

SB-37 Cecropin B analogue Potato, apple, tobacco Arce et al., 1999

Shiva-1 Cecropin B analogue Anthurium, Paulownia, Kuehnle et al., 2004; Du

tobacco et al, 2005; Jaynes et al.,

1993

MB-39 Cecropin B analogue Apple Liu et al., 2001

D4E1 Cecropin B Tobacco, cotton, poplar  Cary et al., 2000;
Rajasekaran et al., 2005;
Mentag et al., 2003

Rev4 Indolicidin analogue Tobacco, arabidopsis Xing et al., 2006

Esc28L Esculentin-1 Tobacco Ponti et al., 2003

Myp30 Magainin analogue Tobacco Lietal., 2001

PEP11 Cecropin-melittin hybrid  Tomato Jones et al., 2004

10R, 11R Indolicin variants Tobacco, wheat Bhargava et al., 2007,
Badea et al., 2013

CEMA Cecropin-melittin hybrid  Potato Vutto et al., 2010

1.6 Rice-seed as biofactory for production of recombinant proteins
and peptides

In recent years, several reports have been focused on the production of
recombinant proteins and peptides in plant systems such as leafy crops,
cereal and oilseeds, grain legumes, fruits, plant cell cultures, algae, moss or
tubers/roots (Twyman et al.,, 2003). Each production-platform presents
unique properties in terms of transformation methods, scalability,
accumulation levels, downstream processing, protein stability as well as
production costs and time. The seed-based systems provide unique
advantages over other plant-based systems. Specifically, seeds emerged as a
convenient platform to produce and accumulate proteins/peptides for

several reasons: (1) seeds evolved as the natural storage organ in which
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storage proteins stably accumulate in specialized storage organelles (2)
recombinant products remain stable and functional for long-periods of time
at room temperature (due to the dry nature of mature seeds), (3) safety (no
contamination of animal virus or prions), (3) production is easily scaled up
and down, (4) high expression levels, (5) large biomass, (6) generally, no
need of processing, (7) low levels of interfering products such as phenols and
alkaloids, (8) accumulation in seeds usually do not interfere with the
vegetative growth of the plant, and (9) seeds can be transported to final
destination neither requiring refrigeration nor fast processing (Huang, 2004;
Takaiwa et al., 2007; Wu et al., 2007; Boothe et al., 2010; Giddings et al.,
2000; Stoger et al., 2002, 2005; Nochi et al., 2007; Ramessar et al., 2008).
Thus, taking into account the storage ability and the adequate biochemical
environment of the endosperm tissue, seeds have been exploited for the
production and accumulation of a variety of recombinant products into the
specialized storage organs (for example, the protein bodies and protein
storage vacuoles) In an economical, sustainable and safe-manner (Delaney,
2002; Stoger et al., 2005; Khan et al., 2012).

Seeds of rice, maize, barley, rye and wheat emerged among the most
attractive seed production-systems for recombinant products where they
can remain stable for years (Stoger et al., 2005; Ramessar et al., 2008;
Kawakatsu et al.,, 2010; Kuo et al., 2013). Unlike other plant species, the
storage function of cereal crops is assumed mainly by the endosperm tissue
since represents the major portion of the seed, whereas, by comparison, the
embryo is significantly smaller. The cereal seed endosperm contains
different types of storage organelles such as protein bodies, starch granules
and other minor structures (Juliano, 1985; Shewry et al.,, 1995). In fact,
cereal seeds evolved as a natural storage organ, accumulating
carbohydrates, proteins and lipids. Interestingly, cereal crops are the unique
species in which two-types of protein bodies (protein bodies and protein
storage vacuoles) coexists as separate units in the same cell. Moreover, since
cereals are the most important food crops, their physiology and genetics
have been extensively studied. Several companies are dedicated to exploit
cereal seeds as production platforms of pharmaceutical proteins (Ramessar

39



Introduction

et al., 2008). The first commercial plant-derived proteins, avidin (Hood et al.,
1997) and B-glucuronidase (Witcher et al., 1998) were obtained using maize
seed as a biofactory. Although transgenic maize reaches the highest levels of
recombinant protein accumulation, it is a cross-pollinated crop. In fact, an
important limitation to the use of a plant as biofactory lies in the risk of out-
crosslinking which imposes the need of using containment conditions for
plant growth (Montesinos E. and Bardaji, 2008). By contrast, rice, wheat and
barley are self-pollinating crops. However, wheat and barley present less
seed biomass, approximately two to three times lower than rice or maize,
respectively. Although the limitation of grain yields, several proteins have
been accumulated at high level in barley grains (Shunmann et al., 2002;
Erlendsoon et al., 2010; Ventria Biosystems Inc.; ORF Genetics (Orfeus™
system)). Wheat has been used in very few studies, most probably because
transformation methods progressed slowly.

Amongst monocots, rice is the most suitable crop for genetic manipulation
due to its small genome size, the well-established gene transfer technology
available for this cereal specie and easy cropping conditions. Transformed
cells can be either used for the obtention of whole transgenic plants or can
be maintained as cell cultures which can be upscaled using bioreactors (Shin
et al., 2003; Su et al., 2012; Kuo et al., 2013). Also the complete rice (Oryza
sativa) genome is available for both japonica and indica subspecies (Goff et
al., 2002; Yu et al., 2002). As mentioned above, rice is a self-pollinating crop,
reducing the risk of gene flow. In addition, rice seed protein content is lower
than in other seed crops, facilitating the product recovery. Notably, rice is
one of the most important crops, representing one-half of the global
population staple food. In recent years, great advances have been made in
obtaining transgenic rice showing increased biotic and abiotic stress
tolerance, enhanced nutritional properties, or improved grain yield (Kathuria
et al., 2007).

Thereby, rice seed has emerged as a powerful tool platform for large-scale
production of recombinant peptides or proteins (Yang et al., 2008; Wang et
al., 2013). Along with this, increasing advances have focused on the
searching of suitable strong rice seed promoters to produce the
recombinant proteins at desired levels in a temporal and spatial restricted-
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manner (Wu et al., 1998; Gibbings et al 2003; Qu and Takaiwa, 2004).
Constitutive promoters such as ubiquitin (Ubi-1) are also available for rice.
The biotech company, Ventria Bioscience (www.ventria.com), have reported

a barley and rice-based platform system for the production of
pharmaceutical recombinant proteins. Takaiwa and co-workers (2007)
reported that the expression of codon-optimized transgenes allows the
stable accumulation of their corresponding products in rice endosperm
tissue in large quantities. The success of these strategies is due to the fact
that the rice seed endosperm is a specialized storage tissue composed of
four main proteins which accumulates stably and in large quantities within
specialized storage organelles.

Rice seed storage proteins are mainly composed of dilute-alkali (and/or acid)
soluble glutelins, alcohol-soluble prolamins and saline-soluble globulins,
being glutelins the major storage protein in rice seeds (up to 80% of protein
content) (Fig. 1.2).

A B
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Tegmen ; 3 57 «§— proglutelin
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Pericarp — i B3
40 ,d—a-glutelin
-
26 a-globulin
20 p-glutelin
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Fig. 1.2 Structure/Anatomy and storage protein composition of a mature rice seed. (A) Tissues in
rice seed (http://www.teksengricemill.com/knowled/structure.htm). (B) SDS-PAGE

electrophoretic profile of the rice seed storage proteins (Fukuda et al., 2013).

The rice genome contains 15 genes encoding glutelins, whereas prolamins
are encoded by 34 genes in the rice genome (Takaiwa et al., 1987; 1991b;
Kim et al., 1988; Kawakatsu et al., 2008; Xu and Messing, 2009).
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Rice seed storage proteins accumulate in two types of protein bodies
localized in the starchy endosperm (Bechtel et al., 1980). Prolamins are
synthesized and co-translationally translocated into the ER lumen, and then
accumulate in the protein body PB-lI (Tanaka et al., 1980; Yamagata and
Tanaka, 1986; Nagamine et al., 2011). By contrast, glutelins and a-globulins,
which are also synthesized in the ER are targeted and accumulate at the
protein storage vacuole (PB-Il), via the Golgi apparatus or directly from ER.
Glutelins are synthesized as 57 kDa precursors and then exported to the PB Il
where they are proteolitically processed into 37-39 kDa acidic (a) and 19-20
kDa basic (B) subunits, interlinked through disulphide bounds (Wen and
Luthe, 1985; Tanaka et al, 1980; Yamagata et al., 1982; Yamagata and
Tanaka, 1886; Krishnan et al., 1986, Takaiwa et al., 1999). The a and B
subunits are further separated into three polypeptide products, designed as
a-1, a-2, a-3 for acidic subunit and B-1, B-2 and B-3 for basic subunit
(Kagawa et al., 1988). Based on the homology of amino acid sequences,
glutelins were classified into four families: Glu A, Glu B, Glu C and Glu D,
being type-A and type-B the major subfamilies (Takaiwa et al., 1991; Qu et
al., 2008; He et al., 2013).

Rice seed prolamin content is estimated to be around 18-30% of total seed
protein and are classified into three groups (10, 13 and 16 kDa prolamin)
based on their molecular weight according to electrophoretical mobility on
SDS-PAGE gels (Ogawa et al, 1987; Kim and Okita, 1988; Masumura et al.,
1989; Hibino et al., 1989; Li et al., 1993; Mitsukawa et al., 1999; Kawakatsu
et al.,, 2008; Saito et al., 2012). It was demonstrated that at least three
polypeptides were defined among the 16 kDa prolamin while four to five
polypeptides can be distinguished among 13 kDa prolamin (Ogawa et al,
1989; Kumumaru et al., 1988;). Mitsukawa and co-workers (1999) classified
13 kDa prolamins into four groups, based on the amino acid sequence
homology and the number of cysteine residues.

Based on their electrophoretic profile and net charge, prolamins are highly
variable among different rice cultivars (Ogawa et al., 1987; Shyur et al.,
1994; Muench et al., 1999).

Finally, the globulin fraction represents up to 8-12% of total seed protein
content (Juliano, 1985; Ju et al.,, 2001) and is composed of two major
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polypeptides of 26 kDa and 16 kDa (Houston et al., 1970; Cagampang et al.,
1976; Komatsu and Hirano, 1992). The major globulin in rice seed, the 26
kDa a-globulin, is composed of a single polypeptide chain with an apparent
molecular weight, estimated by SDS-PAGE gels, closely to 25-26 kDa
(Houston and Mohammad, 1970; Perdon and Juliano, 1978; Pan and Reeck,
1988; Nakase et al., 1996; Ellepola et al., 2005). Interestingly, 26 kDa a-
globulin is also known as 19 kDa globulin since the protein size predicted
from its amino acid sequence is 19 kDa (Shorrosh et al., 1992; Krishnan and
Pueppke, 1993). However, both nomenclatures are currently in use. The
slower migration of a-globulins by SDS-PAGE gel have been reported to be
associated with some conformational changes related to the SDS-containing
buffer (Nakase et al., 1996).

The main physicochemical properties of rice seed storage proteins are
compiled in Table 1.5.
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As shown in Table 1.5, most seed storage proteins contain cysteine residues.
Their cysteine content, and the formation of both intramolecular and
intermolecular disulphide bounds, might affect their solubility in non-
reducing conditions. In fact, Mitsukawa and co-workers (1999)
demonstrated that 13 kDa prolamins were soluble in non-reducing solutions
when cysteine amino acids form intramolecular disulphide bonds, while they
were not soluble when these polypeptides form intermolecular bindings. In
the same way, the 16.6 KDa prolamin low solubility was associated to
intermolecular disulphide bounds that promote aggregate formation of the
individual polypeptides. Moreover, Kawagoe and co-workers (2005) noted
that a-globulin cysteine residues were required for their transport to PB II.
Taking advantage of the storage properties of the rice endosperm, AMPs can
be expected to accumulate in stable manner in the rice seed storage
organelles. In addition, the stable intracellular environment of PB allows to
insulate the heterologous protein from cellular degradation mechanisms
while avoiding the enormous stress subjected to the ER (Galili, 2004,
Barbante et al., 2008). However, seed protein aggregate formation might
negatively interfere in the recombinant peptide purification, since the
strongly cationic peptides might interact with the protein aggregates, thus,
hindering their subsequent purification.

Although rice endosperm predominantly contain protein bodies and starch
as storage organelles, the presence of oil bodies (prevalent in the seeds of
oil crops such as safflower, sesame, soybean, rapeseed and sunflower) both
in embryo and aleurone layer may offer an additional strategy to target the
foreign protein to this organelle which in turn simplifies the recombinant
protein isolation (van Rooijen and Moloney, 1995; Moloney, 1997 patent
US5650554; Boothe et al., 2010). Oil bodies are small, spherical and discrete
intracellular organelles in which a lipid matrix made of triacylglycerols (TAGs)
is enclosed by a monolayer of phospholipids and structural membrane
proteins. TAGs are used as a nutrient reserve for seed germination and
embryo’s postgerminative growth. The most abundant rice seed oil body
proteins are named oleosins, the 16 kDa (or L) and 18 kDa (or H) oleosins,

which play a structural role maintaining the structural integrity and stability
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of the oil bodies during seed desiccation. Oleosins cover the whole surface
of the OBs (Tzen and Huang, 1992; Chuang et al., 1996). They are alkaline
proteins comprising three structural domains: (1) a N-terminal amphipathic
domain, (2) a hydrophobic central domain (hairpin), and (3) a C-terminal
amphipathic a-helical domain (Tzen and Huang, 1992; Hsieh and Huang,
2004; Chen et al., 2012). The hydrophobic central domain embebs into the
TAGs matrix, while the N and C-terminal domain are exposed in the oil body
surface, in the cytosol. Oleosins together with TAGs and phospholipids are
synthesized in the endoplasmatic reticulum, from which OBs are formed and
released by a budding process. Seed oil body, oil body proteins profile as
well as a scheme of the oleosin protein are shown in Fig. 1.3.

aleurone
layer

embryo

Caleosin

2 ,‘.‘. N < \v? kDa PENEN

‘ E’@Fﬁ“@g%ﬁ n R it P
Fig. 1.3 Structure of seed oil bodies. (A) An oil body composed of oleosins and phospholipids (PLs)
surrounding the triacylglycerol matrix (TAGs) (Adaptation from Hsieh and Huang, 2004). (B) SDS-
PAGE of oil body proteins extracted from rice seeds (Chen et al., 2012). (C) The three structural
domains of an oleosin molecule, the N-terminal amphipathic domain, the hydrophobic hairpin
central domain, and the C-terminal amphipathic a-helical domain (Plant Lipid Biochemistry,
Huang, 2011).

SemBioSys Genetic Inc. (http://www.sembiosys.ca/, not available from

November 2013) has exploited the oleosin_fusion platform to produce and
accumulate foreign proteins and high value-polypeptides such as insulin and
hirudin in the oil body surface of oilseeds (namely safflower, Carthamus
tinctorius). Recombinant products are expressed in oilseed rape or safflower
as a fusion protein and may be isolated by a simple flotation step. A
protease recognition site is added between the recombinant protein and
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oleosin in order to deliver the recombinant protein from its carrier after
protease digestion.

As shown in Table 1.6, rice has been successfully used to produce a great
variety of valuable recombinant proteins including subunit vaccines,
cytokines, antigens, antibodies, hormones or enzymes, among others (Khan
et al., 2012; Wang et al., 2013). Notably, most research on AMPs is devoted
to exploit the peptide properties for clinical purposes which include the
ultimate goal of developing effective human therapeutics (Ramessar et al.,
2008; Yevtushenko et al., 2012; Kuo et al., 2013). However, little attention
has been paid to the development of seed-based platforms for the large
production of AMPs designed to be used as active ingredients for plant
protection. In addition, little effort has been made in quantifying the amount
of the recombinant AMP produced (Parachin et al., 2012). The vast majority
of rice seed-based produced peptides were obtained by expressing fusion
genes (linked to the coding sequence of a protein carrier such as storage
proteins) (Table 1.6). Heterologous peptides have been also successfully
synthesized as multimers, and several reports show the difficulty to express
peptides of less than 50 residues in the rice seed endosperm, which
generally results in non detection of the expected products. This fact has
been routinely associated to the minimum expressible transgene size, the
fast degradation of transgene products within the host cell or transgene
silencing (Matoba et al., 2001; Yasuda et al., 2005; Takagi et al., 2008, 2010).
When producing a peptide as a fusion to a protein carrier or as a repeated
tandem, the production yield should be estimated considering the size of the
peptide (molar amounts that are relative to the total size of the expressed
recombinant protein). This approach results very useful to compare the
resulting peptide yield by using different expression strategies. Accordingly,
maximum vyields of the relevant recombinant proteins produced in rice seeds
range from 0.02 to 608.8 pmols/mg of seed (Table 1.6). Specifically,
TPC7_KDEL, Der p 1_KDEL and 7 Crp_KDEL engineered under the control of
the GluB-1 promoter accomplished the highest production levels (608.8,
375.0, 272.7 pmols/mg, respectively). The presence of the KDEL retention
signal in the coding sequence of the 7 Crp transgene clearly increased the
heterologous protein accumulation compared with that obtained omitting
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the ER retention signal. The lowest production level was found when
expressing the chimeric gene GLUA-4x Type ll-collagen under the control of
the GIuA promoter (0.02 pmols/mg of seed). However, when 3 Crp was
intended to be produced directly in rice seed endosperm, no peptide
product was detected. By contrast, GLUA-3 Crp and CBT- 3 Crp fusion
proteins were successfully produced and accumulated in the endosperm
tissue. Regarding 3 Crp heterologous production, a reduction of the
accumulation levels was observed when CBT was used as a protein carrier
(51.5 pmols/mg of GLUA-3 Crp and 1.2 pmols of CBT-3 Crp/mg). In other
studies, the 10 fold repeated-novokinin transgene was intended to be
expressed under the control of glutelin B-4 promoter, but the expected
peptide was not detected. However, high amounts of the 18 fold repeated-
novokinin accumulated in the rice seed when this larger peptide was
expressed under the control of the GluB-1 promoter. Thus, it seems that the
type of promoter, as well as the size of the transgene are critical for a proper
expression.

Based on the maximum vyields and strategies reported in Table 1.6, it
becomes clear that no universal expression strategy can guarantee high
levels of recombinant proteins or peptides in transgenic rice seeds even if
the transgene sequence (codon optimization) and the regulatory regions of
the transgene are carefully chosen.
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1.7 Context of the present study

Antimicrobial peptides have emerged as a promising alternative or
complement to conventional pesticides to control bacterial and fungal
diseases (Montesinos, E., 2007; Montesinos, E. et al., 2012). In this context,
the research groups of Plant Pathology (CIDSAV) and LIPPSO of the
University of Girona have been actively working together in obtaining
synthetic AMPs with low cytotoxicity and resistance to proteases displaying
high antibacterial activity against economically important plant pathogens,
such as the plant pathogenic bacteria Erwinia amylovora, Pseudomonas
syringae and Xanthomonas vesicatoria, and the fungal pathogens Fusarium
oxysporum or Penicillium expansum (Projects AGL2006-13564-C02-00,
AGL2001-2354, AGL2001-2349-C3-01, AGL2003-03354, BQU2003-07420-
C05, AGL2004-07799-C03-01, CTQ2006-04410/BQU, PPT-060000-2008-2,
2005SGR00835, 2005SGR00275, AGL2009-13255-C02-01). Due to the high
cost associated with the chemical synthesis of large peptides, the
heterologous production in living systems appears to be a suitable tool for
the obtention of functional AMPs. From results obtained in our groups, the
most promising AMPs were derivatives of the CECMEL11 library composed
of linear undecapeptides. Thus, collaborations were established with two
research groups with experience in developing genetically modified plants at
different levels: the GMO plants group of the Food Technology (FT) area of
the University of Girona, and the group of Plant Responses to Biotic and
Environmental Stress (Department of Molecular Genetics, Centre for
Research in Agricultural Genomics (CRAG)).

Thus, CIDSAV-LIPPSO-FT and CRAG have collaborated in an European
Trilateral Plant KBBE project SEPSAPE (EUI2008-03572, Safe and Efficient
Plant Systems for Antimicrobial PEptide production). This PhD thesis has
been developed as part of the SEPSAPE project.

51



Introduction

The basic steps initially planned, and followed in the present work, for the
development of a rice seed-based platform for the heterologous production
of synthetic AMPs are presented in Fig. 1.4. Synthetic AMPs are designed
using natural compounds as models by means of function-structure
approaches, and lead peptides are identified from an initial peptide library
obtained by combinatorial chemistry methods. Then, based on lead peptides
structure and sequence composition, a peptide library adapted to plant
expression is designed, synthesized and screened for antimicrobial activity
against target plant pathogens. After selection of suitable rice seed-specific
promoters, codon-optimized AMP genes are synthesized. Later, gene
cassettes consisting of a specific endosperm promoter (the signal peptides
coding region of the corresponding gene was also included), the coding
region of the synthetic AMP gene of interest, and the terminator DNA
sequence, are introduced into a suitable plant expression vector. Next, the
vector for expression of the AMP of interest is used for rice transformation
(A. tumefaciens-mediated transformation). After plant regeneration, the
phenotypic and molecular characterization of rice plants is performed.
Subsequently, independent rice lines are selected and used as the parental
lines to obtain T2 homozygous progeny plants. Seed amplification of
selected transgenic lines is performed for preparative production of rice
seeds (starting material for AMP purification). Finally, the rice seed material
is processed, and the recombinant AMP isolated and further characterized.

D) (oo ) 4 D)
Lead Design and synthesis
— of a peptide library — Evaluation of adapted
Synthetic peptide adapted to plant AMP candidates
S (AMP) ) S expression ) S )
é Selection of suitable ) ( T h ( h
_ | promotersand AMP vectors and s Selection of ‘stab‘le
gene sequences for ) . transformed rice lines
: d . transformation of rice
\_ rice seed expression ) S ) S )
aeiea cpict Processing rice seed i Isolation of
homozygous rice gl recombinant AMP
— lines — material — d
P (Downstream) an .
\_ Seed amplification ) \ ) \_ characterization

Fig. 1.4 Flow diagram used in the present work for the development of stable transgenic rice
plants that produce synthetic antimicrobial peptides.
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1.8 Objectives
The general objective of the present PhD thesis was to develop a sustainable
platform for the production of synthetic antimicrobial peptides using rice

seeds as biofactory. The specific objectives were:

1. To develop BP134 derivatives optimized for plant expression

2. To clone and build-up genetic constructs for seed-specific expression and
accumulation of AMPs in the endosperm (protein body strategy) or in the

embryo (oil body strategy) of rice seed.

3. To obtain stable transformed rice lines producing AMPs of interest in
either the seed endosperm or the embryo tissues.

4. To purify the in planta-produced recombinant AMPs, to assess the yield of

elite lines, and to confirm the identity and the biological activity of the

transgene products.
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2. MATERIALS







2.1 Microorganisms

Materials

Microorganism Strain Use Origin
Fungi Fusarium verticillioides ~ Antimicrobial activity IAS-UCO, Instituto de
strains 149, 999, 11556  assessment Agricultura Sostenible-CSIC,
Cordoba, Spain
Fusarium 11427 Antimicrobial activity IAS-UCO, Instituto de
assessment Agricultura Sostenible-CSIC,
Cordoba, Spain
Fusarium semitectum Antimicrobial activity IAS-UCO, Instituto de
11432 assessment Agricultura Sostenible-CSIC,
Cordoba, Spain
Fusarium equiseti 11439 Antimicrobial activity IAS-UCO, Instituto de
assessment Agricultura Sostenible-CSIC,
Cordoba, Spain
Fusarium avenaceum Antimicrobial activity IAS-UCO, Instituto de
11440 assessment Agricultura Sostenible-CSIC,
Cordoba, Spain
Fusarium verticillioides ~ Seed infection assays CRAG, Barcelona, Spain
CRAG 1
Bacteria Escherichia coli DH5aF’  Clonation process CRAG, Barcelona, Spain

Agrobacterium
tumefaciens EAH105

Pseudomonas syringae
pv. syringae EPS94

Xanthomonas
axonopodis pv.
vesicatoria 2133-2

Dickeya sp.strains
1552.10.1, 1428 1a

Pectobacterium
carotovorum strains
578.3, 3902.3, 558-6-b

Erwinia amylovora
PMV6076

Stable transformation of
Oryza sativa. Rifampicin
resistance, chromosal
encoded

Antimicrobial activity

assessment

Antimicrobial activity
assessment

Antimicrobial activity
assessment and seed
infection assay

Seed infection assays

Antimicrobial activity
assessment

CRAG, Barcelona, Spain

Institut de Tecnologia
Agroalimentaria, Universital
de Girona, Spain

Instituto Valenciano de
Investigaciones Agrarias,
Valencia, Spain

Instituto Valenciano de
Investigaciones Agrarias,
Valencia, Spain

Instituto Valenciano de
Investigaciones Agrarias,
Valencia, Spain

Institut National de la
Recherche Agronomique,
Angers, France
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2.2 Plant material
— Oryza sativa ssp. japonica cv. Senia
— Oryza sativa ssp. japonica cv. Ariete
— Oryza sativa ssp. indica cv. IR36

Rice seeds were available at CRAG, Barcelona, Spain. Rice plants were used

to perform plant transformation and to isolate gene promoters.

2.3 Kits and reaction systems

Product description

Company/Dealer

Qiaprep Spin Miniprep Kit
Qiaquick Gel extraction Kit

Qiagen Plasmid Midi kit

DNA polimerase 500 u/ul (incl. MgCl, free
buffer+ 50 mM MgCl,)

1 kb plus DNA ladder DNA

GeneRuler™Low Range DNA Ladder

100 mM DNTP SET
pGEMT-Easy vector System |

TRIzol® plus RNA purification kit
2xSYBR®Green PCR Master Mix

Turbo DNA-free™ Kit
GeneAmp® RNA PCR

Western Blue®Stabilized substrate for
Alkaline Phosphatase

Luminata® Forte Western HRP Substrate
Precision Plus Protein™ Standards Dual
Color

Precision Plus Protein™ Standards Dual
Color Xtra Standards

Strata™ X-CW Weak Cation Mixed Mode

Qiagen lberia, S.L., Madrid, Spain
Qiagen lberia, S.L., Madrid, Spain

Qiagen lberia, S.L., Madrid, Spain
Life Technologies, Invitrogen, Madrid, Spain

Life Technologies, Invitrogen, Madrid, Spain

Fermentas, Thermo Scientific Molecular
Biology, Barcelona, Spain.

Life Technologies, Invitrogen, Madrid, Spain
Promega Biotech lberica, SL, Madrid, Spain
Life Technologies, Invitrogen, Madrid, Spain
Life Technologies, Applied Biosystems,
Madrid, Spain

Life Technologies, Applied Biosystems,
Madrid, Spain

Life Technologies, Applied Biosystems,
Madrid, Spain

Promega Biotech Iberica, SL, Madrid, Spain

Millipore iberica S.A. U., Madrid, Spain

Bio-Rad Laboratories S.A., Barcelona, Spain
Bio-Rad Laboratories S.A., Barcelona, Spain

Phenomenex, Madrid, Spain

58



2.4 Buffers and solutions

Materials

Buffers and solutions were prepared in double distilled H,O and when

necessary were autoclaved for 20 min at 121 °C. Most of them were stored

at 4 °C.

For extraction and gel electrophoretic separation of nucleic acids

TE

50x TAE running buffer

6X DNA loading buffer

DNA extraction buffer

10 mM Tris-HCI, pH 8.0
1 mM EDTA, pH 8.0

2 M TriZma Base
0.1 M EDTA, pH 8.0
5.71% (v/v) glacial acetic acid

30% (v/v) glycerol

0.25% (w/v) bromophenol blue
0.2% (w/Vv) xylene cyanol FF
0.5 M EDTA, pH 8.0

100 mM TriZma Base, pH 8.0
1.4 M NacCl

20 mM EDTA

2% (w/v) MATAB

1% (w/v) PEG 6000

0.5% (w/v) sodium sulphite

For Glycine SDS-PAGE electrophoresis according to Laemmly

Protein loading buffer (TM2X)

10X Running buffer

125 mM TriZma Base

20% (v/v) glycerol

4% (w/v) SDS

0.04% (w/v) bromophenol blue
10% (v/v) B-mercaptoethanol
pH 6.8

1.92 M glycine

0.25 M TriZma Base
1% (w/v) SDS

pH 8.3-8.7
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Upper buffer

Lower buffer

0.5 M TriZma Base, pH 6.8
0.4% (w/v) SDS
pH 6.8

1.5 M TriZma Base_HClI, pH 8.0
0.4% (w/v) SDS
pH 8.8

For Tris-Tricine SDS-PAGE electrophoresis according to Schagger

Cathode buffer

Anode buffer

Protein loading buffer (TTx2)

Polyacrylamide gel staining

0.1 M Trizma base
0.1 M tricine
0.1% (w/v) SDS

0.2 M TriZma Base, pH 8.0

100 mM TriZma Base, pH 6.8
24% (v/v) glycerol

8% (w/v) SDS

0.2 MDTT

0.04% Coomassie G-250

pH 6.8

Coomassie R-250 staining solution

Coomassie R-250 distaining
solution

Coomassie G-250 staining solution

0.25% (w/v) Coomassie R-250
40% (v/v) methanol
10% (v/v) glacial acetic acid

30% (v/v) methanol
10% (v/v) glacial acetic acid

Solution A

2% (w/v) ortophosphoric acid
10% (w/v) ammonium sulphate
Solution B

5% (w/v) Coomassie G-250
Staining solution*

98% (v/v) solution A + 2% solution B

*Mix 4 parts of staining solution+ 1 part methanol
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For transfer and detection of proteins and peptides

Transblot Buffer

PBS

PBS-T

Blocking buffer

For protein and peptide extraction

25 mM TriZma Base

192 mM glycine

20% (v/v) Methanol

0.1% SDS

pH 6.8

Check pH before adding methanol

136 mM NacCl
2.7 mM KCl

10 mM Na,HPO,
2 mM KH,PO,
pH 7.4

0.1% (v/v) Tween-20 in PBS buffer

5% (w/v) BSA in PBS-T buffer

Grinding buffer

Flotation buffer

Floation buffer

Protein gel band extraction buffer

0.6 M sucrose
10 mM Na,HPO,
pH 7.5

0.4 M sucrose
10 mM Na,HPO,
pH 7.5

0.25 M sucrose
10 mM Na,HPO,
pH 7.5

0.125 M TriZma Base
1 mM EDTA

0.1% SDS

pH 8.0
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Antibiotics and other solutions (stock solutions)

Ampicillin 50 mg/mL H,0

Carbenicillin 100 mg/mL H,0

Chloramphenicol 34 mg/mL ethanol

IPTG 23.8 mg/mL H,0

Kanamycin 25 mg/mL H,0

Rifampicin 50 mg/mL in methanol

X-Gal 20 mg/mL dimethilformamide
2.5 Media

All media were prepared in double distilled H,O autoclaved for 20 min at
121 °C. When antibiotic was added, the media was stored at 4 °C.

Growth media
LB Agar 10 g/L bactotryptone
5 g/L yeast extract
10 g/L NacCl
Adjust topH 7.5
15 g/L agar for solid media

SOB 20 g/L bactotryptone
5 g/L yeast extract
10 mM Nacl
2.5 mM KCl
10 mM MgCl, and 10 mM MgSO,

YEB 5 g/L beef extract
1 g/L yeast extract
5 g/L peptone
5 g/L sucrose
0.48 g/L MgSO,
Adjust topH 7.2
15 g/L agar for solid media

PDA 39 g/L BD Difco™ Potato Dextrose Agar
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MS

Materials

4.4 g/L MS salts including MS vitamins (Duchefa)
10 g/L sucrose

Adjust to pH 5.8 with KOH

2.6 g/L phytagel

For stable transformation of Oryza sativa

AB Medium

N6 Macroelements

B5 Microelements

NB Fe EDTA

B5 Vitamin

3 g/LK,HPO,

1 g/L NaH,PO,

1 g/L NH,Cl

0.3 g/L MgS0,.7H,0
0.15 g/L KCL

10 mg/L CaCl,

2.5 mg/L FeSO,.7H,0

5 g/L glucose

15 g/L agar (Difcobacto)

56.6 g/L KNO;

9.26 g/L (NH,4),S0,
8 g/L KH,PO,

3.3 g/L CaCl,.,H20
3.7 g/L MgS0,.7H,0

300 mg/L H3BO;

758 mg/L MnS0Q,.H,0
200 mg/L ZnSO,.7H,0
75 mg/LKI

25 mg/L Na,Mo00,.2H,0
2.5 mg/L CuSO,4.5H,0
2.5 mg/L CoCl,.6H,0

2.78 g/L FeS0,.7H,0
3.72 g/L Na,EDTA

100 mg/L nicotinic acid

100 mg/L pyridoxine HCI
1 g/L thiamine HCI
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R2-I Macroelements

R2-1l Macroelements

R2 Microelements

R2 Fe EDTA

R2 Vitamin

NB Medium

NBS Medium

40 g/L KNO;

3.3 g/L (NH4),50,
3.12 g/L NaH,P0,4.H,0
2.46 g/L MgS0,.7H,0

1.46 g/L CaCl,.2H,0

1.6 g/L MnS0Q,.H,0

2.2 g/L ZnS0,.7H,0

2.83 g/L HsBO;

195 mg/L CuS0,.5H,0

125 mg/mL Na,Mo00,.2H,0

1.25 g/L FeS0,.7H,0
177 mg L Na,EDTA

40 mg/L thiamine HCL

50 mL/L N6 Macroelements
10 mL/L NB FeEDTA

10 mL/L B5 Microelements
10 mL/L B5 Vitamin

100 mg/L myo-inositol

500 mg/L proline

500 mg/L glutamine

300 mg/L casein hydrolyzate
30 g/L sucrose

2.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D)*
Adjust to pH 5.8 with KOH
2.6 g/L phytagel

50 mL/L N6 Macroelements
10 mL/L NB FeEDTA

10 mL/L B5 Microelements
10 mL/L B5 Vitamin

100 mg/L myo-inositol

500 mg/L proline

500 mg/L glutamine
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PR-AG Medium

RN Medium

Materials

300 mg/L casein hydrolyzate
30 g/L sucrose

2.5 mg/L 2,4-D*

400 mg/L cefotaxime

100 mg/L timentin

50 mg/L hygromycin

Adjust to pH 6,0 with KOH

7 g/L agarose type |

50 mL/L N6 Macroelements
10 mL/L NB FeEDTA

10 mL/L B5 Microelements
10 mL/L B5 Vitamin

100 mg/L myo-inositol

500 mg/L proline

500 mg/L glutamine

300 mg/L casein hydrolyzate
30 g/L sucrose

5 mg/L ABA*

2 mg/L BAP*

1 mg/L ANA*

100 mg/L cefotaxime

100 mg/L timentin

50 mg/L hygromycin

Adjust to pH 5.8 with KOH
7 g/L agarose type |

50 mL/L N6 Macroelements
10 mL/L NB FeEDTA

10 mL/L B5 Microelements
10 mL/L B5 Vitamin

100 mg/L myo-inositol

500 mg/L proline

500 mg/L glutamine

300 mg/L casein hydrolyzate
30 g/L sucrose

3 mg/L BAP*

0.5 mg/L ANA*
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R2-CL Medium

R2-CS Medium

R2-S Medium

P Medium

Adjust to pH 5.8 with KOH, 3.5 g/L phytagel
100 mL/L R2-I Macroelements

100 mL/L R2-1l Macroelements

10 mL/L R2 FeEDTA

1 mL/L R2 Microelements

25 mL/L R2 Vitamin

10 g/L Glucose

2.5 mg/L 2,4-D*

(100 uM) 0.1 mL/L acetosyringone*

Adjust to pH 5.,2 with KOH

100 mL/L R2-I Macroelements

100 mL/L R2-1l Macroelements

10 mL/L R2 FeEDTA

1 mL/L R2 Microelements

25 mL/L R2 Vitamin

10 g/L glucose

2.5 mg/L 2,4-D*

(100 uM) 0,1 mL/L acetosyringone*
Adjust to pH 5.2 with KOH

7 g/L agarose type |

100 mL/L R2-1 Macroelements
100 mL/L R2-Il Macroelements
10 mL/L R2 FeEDTA

1 mL/L R2 Microelements

25 mL/L R2 Vitamin

30 g/L sucrose

2,5 mg/L 2,4-D*

400 mg/L cefotaxime

100 mg/L timentin

50 mg/L hygromycine

Adjust to pH 6.0 with KOH

7 g/L agarose type |

4,4 g/L. MS salts including MS vitamins (Duchefa)
50 g/L sucrose
Adjust to pH 5.8 with KOH, and 2,6 g/L phytagel

66



Materials

(*) Solvents required to solubilise phytohormones and acetosyringone are detailed above

Phytohormones Solvent
1-Naphthaleneacetic acid (ANA) Ethanol
2,4-dichlorophenoxyacetic acid (2,4 D)  Ethanol
6-Benzylaminopurine (BAP) KOH

Abscisic acid (ABA) KOH

Other Compounds Solvent
Acetosyringone Ethanol

2.6 Oligonucleotides

Most lyophilized oligonucleotides used in this study were synthesized either
by the commercial Thermo Electron Corporation or by Roche Applied
Science. 100 uM stock solutions were prepared in sterile distilled water and
stored a -20 °C.

Specific oligonucleotides used to amplify the rice seed promoter and its
signal peptide coding region:

Promoter Primer code Sequence (5°-3’) Restriction site
GluB-1 LM7_F GGGGTACCTCTAGACAGATTCTTGCTACCAA Kpn'|
LM 8_R CCGGATCC GAGCTC AAGCTTCTTGGCCATA BamH I|-Sac |-
GAACCATGGCATAAT Hind 1I1°
GluB-4 LM1_F GGGGTACCTACAGGGTTCCTTGCGTGAAGAA Kpn'|
LM2_R CCGAGCTC GGATCCATGGCATAGGAGAAGAA Sac I-BamH |
Glb-1 LM 17_Fb GGGGTACCTGGAGGGAGGAGAGGGGAGA Kpn'|
LM 35_Rb CCGGATCC GGCGCCGGAGATGGCCACCAT BamH |-Nar |
LM 32_Fb GGAGGAGAGGGGAGAGATGGTGAGAGAGGAGGAAGAAGAG No RS
GA

LM 33_Rb GGAGATGGCCACCATGGCCGCCATGAGCGCCGCCGCGAAGAA NoRS

Ole18 LM 43_F GGGAATTCGATGGTCAGCCAATACATTGATCCGTT EcoR |
LM 50_R TGCTAAGCTAGCTAGCAAGATGAATGCAACGAAGA No RS*

Restriction sites used for cloning purpose are underlined. No RS, no incorporation of restriction sites to
the 5’ terminal end of the oligonucleotide primer sequence; F, forward sequence; R, reverse sequence.
(a) Hind Ill restriction side was added to 5’ terminal of the oligonucleotide sequence when BP134
derivatives were cloned between the signal peptide and the terminator sequence. When Cec A
derivatives were cloned, BamH | restriction side was added, using the LM2_R primer (Sac I-BamH 1). (b)
Two consecutive rounds of PCR had been performed to amplify the G/b-1 promoter by using two sets of
specific primers (first set, LM32_F and LM33_R). (c) Indicate native restriction site belonging to native
sequence (Bsm I).
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Specific oligonucleotides used to amplify the nopaline synthase terminator

sequence (Nos-T):

Terminator Primer code Sequence (5’-3’) Restriction site
Nos_T pGluB-1 LM9_F GGAAGCTTCGGGGATCGTTCAAACATTTGGCAA Hind I
LM6_R CCGAGCTCGTTTGACAGCTTATCATCGGATCTA Sac |
Nos-T pGluB-4  LM5_F GGGGATCCCGGGGATCGTTCAAACATTTGGCAA BamH |
LM6_R CCGATCTCGTTTGACAGCTTATCATCGGATCTA Sac |
Nos-T pGlb-1 LM21_F GGGGCGCCCGGGGATCGTTCAAACATTTGGCAA Nar |
LM6_R CCGAGCTCGTTTGACAGCTTATCATCGGATCTA Sac |
Nos-T Kpn 1* LM40Kpnl_R  CCGGTACCGTTTGACAGCTTATCATCGGATCTA Kpn |

Restriction sites used for cloning purpose are underlined. F, forward sequence; R, reverse sequence. (*),
TNoskpnl was used to amplify those terminators that were part of those vectors harbouring a synthetic
gene designed to be retained in the lumen of endoplasmatic reticulum. ER retention signal includes a

native Sac | restriction site in its sequence (aag gac gag ctc).
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Specific oligonucleotides used to amplify the antimicrobial peptides and the

oleosin_PRS_Cec A fusion protein sequences: Restriction
Peptide/Fusion protein Primer code Sequence (5'-3') site
BP188/178 pGluB-1  LM_F GGAAGCTTTTCAAGAAGATCCTCA Hind 1Nl
LM46_R CCAAGCTTATTACTAGAGCTCGTCCTT  Hind IlI
pGluB-4  LM3_F GGGGGATCCATGGCCAAGAAGCTCTT BamH |
CAAGAAGAT
LM53_R CCGGATCCATTACTAGAGCTCGTCCTT BamH |
pGlb-1 LM19_F GGGGGCGCCAAGAAGCTCTTCAAGA Narl
AGAT
LM52_R CCGGCGCCATTACTAGAGCTCGTCCTT Narl
BP192 pGluB-4  LM3_F GGGGGATCCATGGCCAAGAAGCTCTT BamH |
CAAGAAGAT
LM28_R CCGGATCCATTACTAGAGCTCGTCCTT BamH |
GAGGTACTTGAGGATCTTCTT
pGluB-1  LM_F GGAAGCTTTTCAAGAAGATCCTCA Hind Il
LM46_R CCAAGCTTATTACTAGAGCTCGTCCTT  Hind lll
pGlb-1 LM19_F GGGGGCGCCAAGAAGCTCTTCAAG Nar |
AAGAT
LM31_R CCGGCGCCATTACTAGAGCTCGTCCTT Narl
GAGGTACTTGAGGATCTTCTT
Cec A_KDEL pGluB-4,  LMA40_F GGGGATCCATGGCCAAGTGGAAGCTT BamH |
pGluB-1 TTCAAGAAGAT
LM41KDEL_R CCGGATCCATTATCAGAGCTCGTCCTT BamH |
CTTGGCGATTTGGTTGGCTT
Cec A pGluB-4, LM40_F GGGGATCCATGGCCAAGTGGAAGCTT BamH |
pGluB-1 TTCAAGAAGAT
LM42_R CCGGATCCATTATCACTTGGCGATTTG BamH |
GTTGGCTT
Oleosin_ PRS_Cec A* pOle18 LM56_F GGCGITGCATTCATCTTGCTAGCTAGC Bsm |
TTA
LM58_R CCCGAGGATGTCTTGGTG No RS
LM59_R CCTAGAGGTTCTCGGTGGTGGGCGA No RS
GGATGTCTTGGTG
LM60_R CCAAGCTTCCACTTGCTCTGGAAGTA  Hind III°
GAGGTTCTCGGTGGTGGG
Ole18 pOle18 LM56_F GGCGITGCATTCATCTTGCTAGCTAGC Bsm |
TTA
LM57_R CCAAGCTTTTACGAGGATGTCTTGGT  Hind IlI

G

Restriction sites used for cloning purpose are underlined. No RS, no incorporation of restriction sites to
the 5' terminal end of the oligonucleotide primer sequence; F, forward sequence; R, reverse sequence.
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Asterisk indicate partial sequence of cecropin A (1-12 nucleotides from Cec A). (a) Indicate native
restriction site belonging to native sequence of Cec A (Hind lll).

Specific oligonucleotides used for DNA sequencing

Primer code

Sequence (5'-3')

Related to gene contructs

S1F
S2_F
S3.F
s4_F
S5_F
S6_F
LM56_F

Related to plasmid vectors

T7_F
SP6_R
1221 R
1201_R

CGAACACACGACGGAGCAGCT
AGGGCACGAATACTG AGACCT
GGATGACTCATCAATTCCACTTTACGTA
GGCTTTCGGTGTGTAAAATAACATA
GGTTTACATATGGGAGAGGATAGTAT
GGCTCCTCAAATTAAAGGGCCTTTT
GGCGTTGCATTCATCTTGCTAGCTAGCTTA

AATACGACTCACTATAGG
GGTGACACTATAGAATAC
AGCGTGGTCGCGGCCGAGGT
TCGAGCGGCCGCCCGGGCAGGT

Specific oligonucleotides used for quantitative polymerase chain reaction:

Primer binding

Promoter Peptide/Fusion protein Primer code Sequence (3'-5') site
GluB-1 BP178 QPG1_F TAGCATGGCGAGTTCC Promoter_SP
GTTTTC
QPG1BP_R GCGAGGTACTTGAGG  BP134der
ATCTTCTTG
BP188 QPG1_F TAGCATGGCGAGTTCC Promoter_SP
GTTTTC
QPG1BP_R GCGAGGTACTTGAGG BP134der
ATCTTCTTG
BP192 QPG1_F TAGCATGGCGAGTTCC Promoter_SP
GTTTTC
QPG1GLB192_R ATTACTAGAGCTCGTC BP134der
CTTGAGGT
Cec A_KDEL QPG1_F TAGCATGGCGAGTTCC Promoter_SP
GTTTTC
QPG1/0OCE_R GCGATTTGGGTGGCTT CecAder
GGC
CecA QPG1_F TAGCATGGCGAGTTCC Promoter_SP
GTTTTC
QPG1/OCE_R GCGATTTGGGTGGCTT CecAder
GGC
GluB-4 BP178, BP188, BP192, QPG4_F ACTTTTGTGTTCTTCTC SP
Cec A_KDEL, CecA CTATGCC
QPG4_R TTGCCAAATGTTTGAA Nos-T
CGATCCC
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Primer binding

Promoter Peptide/Fusion protein Primer code Sequence (3'-5') site
Glb-1 BP178 QPGLB_F CGCCATCATCTCATCAT Promoter
CAGTTC
QPGLB_R GCGAGGTACTTGAGG BP134der
ATCTTCTTG
BP192 QPGLB_F CGCCATCATCTCATCAT Promoter
CAGTTC
QPG1GLB192_R ATTACTAGAGCTCGTC BP134der
CTTGAGGT
Ole18 Olel8_PRS_CecA QPOLE18 F ACCACCGAGAACCTCT PRS
ACTTCC
QPG1/0OCE_R GCGATTTGGGTGGCTT CecAder
GGC

SP, signal peptide; PRS, protease recognition site; F, forward primer; R, reverse primer; BP134der,
BP134 peptide derivatives; CecAder, CecA peptide derivatives.

Gene Primer code Sequence (5’-3’) Description

Actin QPACT_F CCTCTTCCAGCCTTCCTTCATA  Endogenous gene
QPACT_R GCAATGCCAGGGAACATAGTG

hpt I QPHIG_F CGAAATTGCCGTCAACCAAGC Selection gene
QPHIG_R CTGGAGCGAGGCGATGTTC

F, forward primer; R, reverse primer.
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2.7 Enzymes

Enzymes

Company/Dealer

Restriction endonucleases

BamH |
Bgl |
Bsm |
EcoR |
Hind 1l
Kpn |
Nar |
Pst |
Sac |

Other enzymes used

Ribonuclease T1
Alkaline Phosphatase
T4 DNA ligase

ProTEV plus protease
AcTEV™Protease

TEV Protease
Endoglycosidase H

Protein Deglycosylation Mix
Amersham ECL Glycoprotein
Detection Module

Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain
Roche Diagnostics, Barcelona, Spain

Calbiochem, Merck Chemicals, Madrid, Spain
Roche Diagnostics, Barcelona, Spain
Fermentas, Thermo Scientific Molecular biology,

Barcelona, Spain

Promega Biotech Iberica, SL, Madrid, Spain
Life Technologies, Invitrogen, Madrid, Spain
Sigma-Aldrich Quimica S.L., Madrid, Spain
New England Biolabs, IZASA, Barcelona, Spain
New England Biolabs, IZASA, Barcelona, Spain
GE Healthcare Life Science, Barcelona, Spain

2.8 Plasmids

Plasmid and vector Selection
system Source gene Description
pGEM®-T Easy Promega Biotech lberica, SL, Ampicillin Plasmid used for cloning of
Madrid, Spain PCR products
pCAMBIA1300 CRAG Kanamicin Plasmid used for stable
Hygromycin  transformation of Oryza
sativa
pCUbiI::Ap-Cec A::Nos-T  CRAG Kanamicin Plasmid used for amplify
Hygromycin  cecropin A and the Nos

Riken AK243015

Rice Genome Resource Center  Ampicillin

terminator DNA

Plasmid used for amplify the
18 kDa rice oleosin cDNA
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Materials

Most of standard peptides were synthesized by LIPPSO (University of Girona)

or CASLO Laboratory ApS (Lyngby, Denmark). Cec A was purchased from

Innovagen AB (Lund, Sweden). 1 mM stock solutions were prepared in sterile

double distilled water, sterilized through a 0.2 um pore filter and stored a

-20°C.

Code

Sequence

BP100
BP134
BP184
BP185
BP186
BP187
BP199

BP214
BP203

BP202
BP193

BP195
BP200
BP213
BP198
BP197
BP192
BP194
BP196
BP204
BP201
BP216
BP169
BP205
BP206
BP170
BP171
BP207
BP208
BP172
BP173
BP189
BP191
BP217

KKLFKKILKYL-NH,
KKLFKKILKYL-OH
KLFKKILSKLFKILSKILKYL-OH
KWFKKILSKLFKILSKILKYL-OH
KLFKKILSKLFKILSKILKYL-KDEL-OH
KWFKKILSKLFKILSKILKYL-KDEL-OH
KKLFKKILKYL-AGPA-OH

KKLFKKILKYL-KDEL-OH
KKLFKKILKYL-KKLFKKILKYL-OH

KKLFKKILKYL-AGPA-KKLFKKILKYL-OH
G-KKLFKKILKYL-AGPA-KKLFKKILKYL-OH

S-KKLFKKILKYL-AGPA-KKLFKKILKYL-OH
KKLFKKILKYL-AGPA-KKLFKKILKYL-AGPA-OH
KKLFKKILKYL-AGPA-LYKLIKKFLKK-KDEL-OH
KKLFKKILKYLKKLFKKILKYL-KDEL-OH
KKLFKKILKYL-AGP-KKLFKKILKYL-KDEL-OH
KKLFKKILKYL-AGPA-KKLFKKILKYL-KDEL-OH

G -KKLFKKILKYL-AGPA-KKLFKKILKYL-KDEL-OH
S -KKLFKKILKYL-AGPA-KKLFKKILKYL-KDEL-OH
KKLFKKILKYL-KKLFKKILKYL-KKLFKKILKYL-OH
KKLFKKILKYL-AGPA-KKLFKKILKYL-AGPA-KKLFKKILKYL-OH
KKLFKKILKYL-AGPA-KKLFKKILKYL-AGPA-KKLFKKILKYL-KDEL-OH
KKLFKKIKKYL-TTGLPALISW-OH
G-KKLFKKIKKYL-TTGLPALISW-OH
S-KKLFKKIKKYL-TTGLPALISW-OH
KKLFKKILKYL-TTGLPALISW-OH
KKLFKKILKYL-AGPA-TTGLPALISW-OH
G-KKLFKKILKYL-AGPA-TTGLPALISW-OH
S-KKLFKKILKYL-AGPA- TTGLPALISW-OH
KKLFKKILKYL-TTGLPALISW-KDEL-OH
KKLFKKILKYL-AGPA-TTGLPALISW-KDEL-OH
KKLFKKILKYL-GIGAVLKVLTTGL-KDEL-OH
GIGAVLKVLTTGL-KKLFKKILKYL-KDEL-OH

KKLFKKILKYL-TTGLPALIS-AGPA-SILAPLGTT-LYKLIKKFLKK-KDEL 73
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Code Sequence

BP180 KKLFKKILKYL-KFLHSAK-OH

BP181 KKLFKKILKYL-AGPA-KFLHSAK-OH

BP211 G-KKLFKKILKYL-AGPA-KFLHSAK-OH

BP212 S-KKLFKKILKYL-AGPA-KFLHSAK-OH

BP182 KKLFKKILKYL-KFLHSAK-KDEL-OH

BP183 KKLFKKILKYL-AGPA-KFLHSAK-KDEL-OH

BP174 KKLFKKILLYL-GIGKFLHSAK-OH

BP175 KKLFKKILKYL-AGPA-GIGKFLHSAK-OH

BP209 G-KKLFKKILKYL-AGPA-GIGKFLHSAK-OH

BP210 S-KKLFKKILKYL - AGPA-GIGKFLHSAK-OH

BP176 KKLFKKILKYL-GIGKFLHSAK-OH

BP177 KKLFKKILKYA-GIGKFLHSAK-KDEL-OH

BP178 KKLFKKILKYL-AGPA-GIGKFLHSAK-KDEL-OH

BP179 KKLFKKILKYL-GIGKFLHSAK-KDEL-OH

BP188 KKLFKKILKYL-AVAVVGQATQIAK-KDEL-OH

BP215 KKLFKKILKYL-AGPA-VAVVGQATQIAK-KDEL-OH

BP190 AVAVVGQATQIAK-KKLFKKILKYL-KDEL-OH

BP251 KKLFKKILKYLPTTENLYFQSAVAVVGQATQIAK-OH

Cec A_KDEL KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK- KDEL-OH

CecA KWKLFKKIEKVGQONIRDGIIKAGPAVAVVGQATQIAK-OH

2.10 Antibodies
Antibodies Company/Dealer
Rabbit IgG HRP linked whole AB GE healthcare, Barcelona, Spain
Anti-Rabbit 1gG (Fc), AP Conjugate Promega Biotech Iberica, SL,
Madrid, Spain
Antibody anti-oleosin Produced in this work
Antibody anti-cecropin A Avaiable at GRAG, Barcelona, Spain
(Coca et al., 2006)

Antibody anti-BP192 GenScript Corp, Piscataway, USA
Antibody anti-BP178 GenScript Corp, Piscataway, USA
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Methods

3.1 In vitro activity assessment of synthetic peptides

Synthetic peptides (mostly synthesized by LIPPSO, Universitat de Girona,
Spain) were evaluated for their antibacterial activity against pathogenic
bacterial strains indicators. Peptides chosen to express in rice plant seeds
were previously selected from a library of linear undecapeptides exhibiting
antibacterial activity against phytopathogenic strains. The selection criterion
was based on the balance between their antibacterial and hemolytic activity.

3.1.1 Bacterial pathogens

The plant pathogenic bacterial strains assayed in this work: Erwinia
amylovora PMV6076 (Institut National de la Recherche Agronomique,
Angers, France), Pseudomonas syringae pv. syringae EPS94 (Institut de
Tecnologia Agroalimentaria, Universitat de Girona, Spain), Xanthomonas
axonopodis pv. vesicatoria 2133-2 and Dickeya sp. 1552.10.1 (Instituto
Valenciano de Investigaciones Agrarias, Valencia, Spain). All bacteria strains
were stored in Luria Bertani broth (LB) containing 20-30% glycerol at -80 °C.
E. amylovora, P. syringae pv. syringae and Dickeya sp. 1552.10.1 were
scrapped from LB agar after growing 24 h and X. axonopodis pv. vesicatoria
after growing 48 h at 25 °C. Cell material was suspended in double distilled
H,O and adjusted to 108 cfu/mL at 600 nm using an OD v.s. Cell Viable
Concentration Curve, and serially diluted 10-fold if necessary.

3.1.2 Antibacterial activity

Peptide antibacterial activity was tested following the protocol described by
Badosa et al. (2007). Lyophilized peptides were solubilized in double distilled
H,0 to a final concentration of 1 mM and filter sterilized through a 0.2 um
pore filter (Whatman®). For minimum inhibitory concentration (MIC)
assessment, dilutions of the synthetic reference peptides were made to
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obtain a final concentration of 0.6, 1.25, 2.5, 5.0, 7.5, 10, 12.5 and 20 uM.
Twenty plL of each dilution were mixed in a microtiter plate with 20 uL of the
corresponding suspension of bacterial indicator (E. amylovora, P. syringae
pv. syringae and X. axonopodis pv. vesicatoria) and added to 160 plL of
Trypcase soya Broth (TBS) (Bidmereux, France) to obtain a total volume of
200 pL. Three replicates for each strain, peptide and concentration were
used. Also, positive controls containing water instead of peptide and
negative controls containing peptide without bacterial suspension were
included. Bacterial cell concentration in suspension was automatically
determined by optical density measurement at 600 nm (Bioscreen C,
Labsystem, Helsinki, Finland). Microplates were incubated at 25 °C with 20 s
shaking before hourly absorbance measurement for 48 h. Each experiment
was repeated twice. The MIC value was taken as the lowest peptide
concentration with no growth at the end of the experiment.

3.1.3 Bactericidal activity

Bactericidal activity of chemically synthesized peptides was assessed by a
contact time exposure test of the pathogenic bacteria to a peptide solution
in water. This method is in fact a killing assay and differs from continuous
exposure (bacteriostatic assay) used in screening of activity (growth
inhibition, Section 3.1.2, Methods). Lyophilized peptides were solubilized in
double distilled H,O to a final concentration of 1 mM, filter sterilized
through a 0.2 um pore filter (Whatman®) and subsequently diluted to obtain
a final concentration of 100, 50, 25, 12.5, 6.25, 3.12 and 1.56 pM. One
hundred pL of each peptide dilution were mixed in a microtiter plate with
100 pL of the corresponding suspension of bacterial indicator at 10° and
10%cfu/mL (E. amylovora and Dickeya sp. 1552.10.1). Microplates were
incubated at 25 °C with shaking. The minimal killing concentration (MKC)
was evaluated by the viable plate count method (two times: 30 min and 2 h
after contact exposure). Three replicates of each strain, peptide and
concentration were used as well as positive controls containing water
instead of peptide and negative controls containing peptide without

bacterial suspension.
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3.1.4 Hemolytic activity

The hemolytic activity of synthetic peptides was evaluated by determining
hemoglobin release from erythrocyte suspensions of fresh human blood (5%
v/v). Blood was aseptically collected using BD vacutainer K2E System with
EDTA (Belliver Industrial State, Plymouth, UK) and stored for less than 2 h at
4 °C. Blood was centrifuged at 6000 x g for 5 min, washed three times with
Tris buffer and diluted in it. Three replicates of each peptide and
concentration were used. Sixty-five uL of human red blood cells were mixed
with 65 pL of the peptide solution (150 uM final concentration) in a
MicroAmp®96-well plates (Applied Biosystems, USA) and incubated at 37 °C
for 1 h with shaking. After the plates were centrifuged at 3500 x g for 10
min, 80 pL aliquots of the supernatant were transferred to 100-well
microplates (Bioscreen) and diluted with 80 uL of double distilled H,O.
Hemolysis was measured as the absorbance at 540 nm with Bioscreen plate
reader (Bioscreen C, Labsystem, Helsinki, Finland). Complete hemolysis was
determined in Tris buffer containing melittin (200 puM) (Sigma-Aldrich
Corporation, Madrid, Spain) as a positive control. The percentage of
hemolysis (H) was calculated using equation H=100x [(Op- Op)/ (Om- O],
where O, was the density for a given peptide concentration, O, for the
buffer, and O, for the melittin positive control.

3.1.5 Phytotoxic activity

Leaves from Nicotiana tabacum plants (20-30 days old plants) were used to
test the phytotoxicity of the chemically synthesized peptides. One hundred
pL of synthetic peptides at 50, 100 and 150 uM were infiltrated into the
mesophylls of fully expanded leaves with a syringe without a needle (the
leaves were previously wounded with a needle) as described by Nadal et al.
(2012). Up to three independent inoculations were carried out per peptide
and concentration, and peptides are randomly distributed in different leaves
and plants. The melittin peptide (at 50, 100 and 150 uM) and double distilled
water are used as a positive and negative control, respectively. The
appearance of symptoms on the leaves was followed for 48-72 h after
infiltration and the phytotoxicity was measured as the lesion diameter (cm).
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3.2 Preparation and transformation of competent E. coli cells

A single colony of E. coli (DH5aF’strain) was picked up from a fresh LB agar
plate was inoculated into 5 mL of LB broth and incubated overnight at 37 °C
with a constant shaking of 250 x rpm. Subsequently, 200 mL of LB broth
were inoculated with 1/100 of the overnight culture and incubated with
shaking until the culture reached an ODgy of 0.5. Then the culture was
transferred into a prechilled centrifuge flask and centrifuged at 4000 x rpm
at 4 °C during 10 min (Centrifuge 5810R, Eppendorf). The pellet was
resuspended in 50 mM sterile prechilled CaCl, (1/2 of initial volume) and
chilled (let stand) for 30-45 min in ice. Afterwards, the bacterial culture was
centrifuged at 4.000 x rpm at 4 °C for 10 min and the pellet was resuspended
at 1/20 of initial volume with prechilled 50 mM CaCl, containing 15% (w/v)
glycerol, and let stand 30-45 min on ice. Aliquots of 100 pL of cell suspension
were frozen in liquid nitrogen and stored at -80 °C until required.

Transformation of Escherichia coli DH5aF’ competent cells was carried out by
heat shock, following the protocol described by Hanahan (1983) with some
modifications. Plasmidic DNA (1 pg or the product from a DNA ligation
reaction mixture) was mixed with 100 pL of competent cells. The mixture
was immediately frozen in liquid nitrogen and incubated at 37 °C for 5 min.
After adding 900 uL of SOB medium, the tube was incubated at 37 °Cfor 1 h
in an orbital shaker (250 x rpm). Following centrifugation at 13000 x rpm for
1 min at room temperature, the pellet was suspended in 100 pL of SOB
broth and plated on LB agar plates containing the appropriates antibiotics
and incubated overnight at 37 °C. Transformed colonies appeared in 16 h.

3.2.1 Screening bacterial colonies using x-gal and IPTG selection

Bacterial cells harbouring a recombinant plasmid were identified by using
the blue/white screening. For this, the bacterial cells were plated onto x-gal
(40 pg/mL in dimethylformamide), IPTG (23.8 pug/mL) and ampicilin agar
plates. The identification of colonies carrying recombinant plasmids is based
on B-galactosidase activity. Colonies that carry wild type plasmids present
active B-galactosidase; therefore, the colonies are blue. On the contrary,
colonies that contain recombinant plasmids do not present B-galactosidase
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activity and the colonies shown a cream-white colour (sometimes, a faint
blue spot in the centre).

3.3 Small-scale plasmid DNA purification from E. coli

A selected single colony carrying a recombinant plasmid was transferred to a
15 mL assay tube containing 5 mL of LB broth including the appropriate
antibiotic. The culture was incubated at 37 °C overnight in an orbital shaker
(250 x rpm). After 16 h, the culture was ready to proceed to the plasmid
DNA extraction. Plasmid DNA was isolated from an overnight bacterial
culture using the QlAgen Spin Miniprep kit (QIAGEN®) according to the
manufacturer’s manual. This protocol allows the purification of up to 20 ug
high-copy plasmid DNA. Next, 2-4 mL of bacterial culture were centrifuged at
room temperature for 1 min at 13000 x rpm, and the bacterial cells were
harvested. Plasmid DNA was eluted either in double distilled H,O or EB
buffer and quantified using Nanodrop N-2000 UV-Vis spectrophotometer
(Thermo Scientific). The resulting DNA is suitable for analysis by
electrophoresis, sequencing, transformation or DNA modification reactions.
The plasmid DNA is stored at -20 °C until use.

The manipulation and analysis of nucleic acids hereafter detailed, were
performed following the manual Molecular Cloning: A Laboratory Manual
(Sambrook and Russell 2001), and Current Protocols in Molecular Biology
(Ausubel et al., 1998) with some modifications.

3.4 Large-scale plasmid DNA purification from E.coli

Plasmid DNA was isolated from an overnight bacterial culture (Section 3.3,
Methods) using the QlAgen Plasmid Midi kit (QIAGEN®) according to the
manufacturer’s manual. This protocol allows the purification of up to 100-
200 pg high-copy plasmids DNA. For this, 50-200 mL of bacterial culture is
centrifuged at room temperature for 10 min at 4000 x rpm, and the bacterial
cells harvested. Plasmid DNA was eluted from the spin column either with
double distilled H,0 or EB buffer and quantified using Nanodrop N-2000 UV-
Vis spectrophotometer (Thermo Scientific). The resulting DNA is suitable for
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analysis by electrophoresis, sequencing, transformation or DNA modification
reactions. The plasmid DNA was stored at -20 °C until use.

3.5 Preparation and transformation of competent A. tumefaciens
cells

For the preparation of competent cells, a single colony of Agrobacterium
tumefaciens EHA105 (Hood et al., 1993) taken from a fresh YEB agar plate
containing rifampicin (100 ug/mL) served for inoculation of 5 mL of YEB
broth (supplemented with antibiotic) and incubated overnight at 28 °C with
a constant shaking of 250 x rpm. Subsequently, 5 mL of YEB broth with
antibiotic was inoculated with 2 mL of the overnight culture and incubated
with shaking until the culture reached the ODgy of 0.5-1. Then the culture
was chilled during 5 min, transferred into prechilled centrifuge flask, and
centrifuged at 4.500 x rpm at 4 °C for 5 min (Centrifuge 5810R, Eppendorf).
The pellet was resuspended in 1 mL of 20 mM sterile prechilled CaCl, and
aliquots of 100 pL of cell suspension were frozen in liquid nitrogen and
stored at -80 °C until required.

The transformation of A. tumefaciens EHA105 competent cells was carried
out by heat shock following the protocol described by Hanahan (1983) with
some modifications. Briefly, 1 pug of plasmidic DNA was mixed with 200 uL of
competent cells. The mixture was immediately frozen in liquid nitrogen and
incubated at 37 °C for 5 min. After adding 800 pL of YEB broth, the tube was
incubated at 28 °C for 4 h in an orbital shaker (250 x rpm). Following
centrifugation at 13000 x rpm for 1 min at room temperature, the pellet was
suspended in 100 pL of YEB broth and plated on YEB agar plates containing
the appropriate antibiotics and incubated 2 days at 28 °C. Transformed
colonies appeared in 12-16 h.

3.6 Small-scale plasmid DNA purification from A. tumefaciens

Plasmid DNA was isolated from an overnight bacterial culture in the same
way as Small-scale plasmid DNA purification from Escherichia coli (Section
3.3, Methods).
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3.7 Extraction of genomic DNA from rice (Oryza sativa)

Genomic DNA was isolated from leaves of rice plants as described by Murray
and Thompson (1980) with some modifications. For this, leaves (1 g) were
pulverized in liquid nitrogen, transferred to Eppendorf 2 mL tubes, mixed
with 750 uL MATAB extraction buffer and incubated at 74 °C for 30-60 min in
a bath, with occasionally shaking. When tubes were tempered, 900 pL of
chloroform/isoamyalcohol were added. After inverting the tube several
times, the phases were separated by centrifugation at 13000 x rpm for 5
min. Then, the supernatant was mixed with 2 uL of RNAse T1 (10 mg/mL,
Sigma) and incubated at 37 °C for 30 min, 900 puL of
chloroform/isoamyalcohol was added and the phases were separated by
centrifugation at 13000 x rpm for 5 min. The aqueous phase was transferred
into a new tube and the DNA was precipitated by adding 750 pL of
isopropanol. The DNA was pelleted after centrifugation at 13000 x rpm for
15 min and washed twice in 70% (v/v) ethanol. After air-drying, the pellet
was resuspended in TE buffer and the DNA was quantified using Nanodrop
N-2000 UV-Vis spectrophotometer (Thermo Scientific). Genomic DNA was
stored at 4 °C until use.

3.8 Amplification of DNA fragments by PCR (polymerase chain
reaction)

In vitro amplification of DNA by the polymerase chain reaction was used to
obtain DNA fragments from genomic DNA, recombinant plasmids and
screening of bacterial recombinants. Also it was used in studies of gene
expression by RT-PCR. The composition of the PCR reactions used in this
study is listed in Tables 3.1 and 3.2.
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Table 3.1 Reagents composition to amplify genomic or plasmidic DNA fragments by

PCR

Stock reagents X1 (pL)
10x PCR buffer 5.0

50 mM MgCl, 1.5

2.5 mM dNTPs 4.0

10 uM Reverse primer 1.0

10 uM Forward primer 1.0

5 U/uL Taq DNA polymerase 0.2
50-100 ng DNA 1
Double distilled H,0 adjust to 50.0

Table 3.2 Reagents composition for screening of bacterial recombinants by PCR

Stock reagents X1 (pL)
10x PCR buffer 2.0

50 mM MgCl, 1.5

2.5 mM dNTPs 4.0

10 uM Reverse primer 1.0

10 uM Forward primer 1.0

5 U/uL Taq DNA polymerase 0.2
50-100 ng DNA 2
Double distilled H,0 adjust to 20.0

(a) A single colony of transformed or non-transformed E.coli was pinch with sterile tip. The
tip was soaked into PCR tubes as a DNA template.

Exceptionally, to increase the efficiency of amplification, a PCR enhancer

(Invitrogen) was used according to the manufacturer’s manual.

PCR was performed in a T3000 thermocycler (Biometra®) using the
conditions detailed in Table 3.3.

Table 3.3 Termocycler conditions for DNA amplification by PCR

Step Temperature (°C) Duration PCR cycles
Initial denaturation 94 3 min 1
Denaturation 94 30s

Annealing 58 30s 29°
Extension 72 2

Final extension 72 7 min 1

Hold 4 0 1

(a) Extension is carried out for 1 min for every 1000 pb of product to amplify.

(b) Including denaturation, annealing and extension.
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3.8.1 Design of oligonucleotide primers for PCR

The criteria for primer design were as follows: (1) the size of primers (18-25
nucleotides long), (2) the base composition (G+C content should be between
40-60%), (3) no inverted repeat or self complementary sequences, (4) Tm
values of a primer pair (should not differ by more >5-10 °C (Tm =4 (G + C) +
2 (A +T)°Q)), (5) the 3’ base for each primer should be G or C. Also, when
restriction sites added at 5 end of the primer, the primer should be
extended 2-3 additional nucleotides from the recognition sequence of the
restriction enzyme. The OligoAnalyzer 3.1 software
(http://eu.idtdna.com/analyzer/applications/oligoanalyzer/) was used to

exclude the possibility of choosing oligonucleotides which may form dimer

primer.
3.8.2 Purification of PCR products

To purify double-strand DNA fragments from PCR reactions, the QlAquick
PCR Purification kit (QIAGEN®) was used according to manufacturer’s
manual. The DNA was eluted either in doubled distilled H,O or EB buffer and
quantified using Nanodrop N-2000 UV-Vis spectrophotometer (Thermo
Scientific). Purified DNA was stored at -20 °C until required.

3.9 DNA gel electrophoresis

Electrophoresis agarose gels were used to separate, identify and purify DNA
fragments. Samples were mixed with 6x loading buffer before loading. To
visualize the DNA fragments, gels were stained with ethidium bromide
(1:10000 in TAE 1X), incubated at room temperature for 15-30 min and
detected using ChemiDoc™XRS+System (BioRad, USA). In this work,
fragments from 100 to 4000 bp in length were separated using a horizontal
electrophoresis system (Mini-Sub cell GT and wide Mini-Sub cell GT, Bio-Rad,
USA.

Agarose gel percentage for size separation used in this work is detailed as

follows:
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Table 3.4 Agarose gel percentage for double stranded
DNA resolution

Agarose (% w/v) Range size of DNA fragments (Kb)
0.8 1.4-4.0
1 0.3-1.4
2.5 0.1-0.3

Molecular weight markers were purchased from Invitrogen (1 kb plus DNA
ladder DNA) and Fermentas (GeneRuler™Low Range DNA Ladder).

3.10 Extraction and purification of DNA fragments from agarose
gels

The recovery of DNA from agarose gels was done using a razor blade to cut
out a slice of the agarose containing the band of interest, and placing it into
an Eppendorf tube. After excising the band, DNA fragments were purified
with the QlAquick Gel Extraction kit according to the manufacturer’s manual.
DNA was eluted either in 20-30 pL double distilled H,O or EB buffer and
quantified and analysed using Nanodrop N-2000 UV-Vis spectrophotometer

(Thermo Scientific). DNA was stored at -20 °C until use.
3.11 DNA modifications

Restriction enzyme cleavage, DNA dephosphorylation and ligation of DNA
fragments were used to modify DNA, following the manual Molecular
Cloning: A Laboratory Manual (Sambrook and Russel, 2001), and Current
Protocols in Molecular Biology (Ausubel et al., 1998). Some modifications
were introduced, taking into account the recommendations of the

manufacturer for each of the enzymes used.
3.11.1 Restriction enzyme digestion

Most of restriction endonucleases used to digest double-stranded DNA were
purchased from Roche Applied Science. Digestion reactions were performed
according to particular enzyme and manufacturer’s protocol, using the
appropriate buffer and the appropriate incubation temperature. Incubations
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were performed in a bath (Precisterm, Selecta) and bovine serum albumin
was added if recommended by manufacturers.

To purify double-stranded DNA fragments from enzymatic reactions, either
QIAquick PCR Purification Kit or QlAquick Gel Extraction Kit (QIAGEN®) were
used according to the manufacturer’s manual. Purified DNA was eluted in
double distilled water, EB or directly in restriction buffer if another
enzymatic digestion was required. The eluted DNA was storage at -20 °C

until use.
3.11.2 DNA dephosphorylation

Terminal 5’-phosphate groups were removed to suppress self-ligation and
circularization of plasmid DNA. Dephosphorylation of the digested plasmid
was carried out using the enzyme alkaline phosphatase (Roche Diagnostics
GmbH) according to manufacturer’s manual. To determine the amount of
enzyme necessary for the reaction, the number of pmol 5 terminal was
calculated using BioMath Calculators, dsDNA: Micrograms to Picomoles
Converter

(http://www.promega.com/a/apps/biomath/index.html?calc=pmolends). A

1 pmol 5 terminal phosphorylated DNA fragment was incubated with 1-2
units of alkaline phosphatase. The reaction assay was adjusted with 1/10
volume 10x dephosphorilation buffer and incubated at 37 °C for 60 min.
Dephosphorylated DNA was stored at -20 °C until use.

3.11.3 Ligation of DNA fragments

DNA ligases used in molecular cloning reactions were T4 DNA ligase included
in pGEM®-T Easy vector system (Promega) for the cloning of PCR products,
T4 DNA ligase for build-up the plant transformation vectors (Fermentas). In
both cases the ratio vector: insert, was considered by calculating the amount
of insert DNA required to give a 1:3 ratio of vector: insert for pGEM®-T Easy
Vector system, or 1:3 and 1:5 vector: insert for T4 DNA ligase from
Fermentas. The reactions were performed according to manufacturer’s
manual and incubated at room temperature for 1 h or overnight at 4 °C
(pGEM®-T Easy vector system) or overnight at room temperature (T4 DNA
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ligase from Fermentas) to achieve the maximum number of transformants.
The enzyme was inactivated incubating at 65 °C for 10 min. The ligation
product was stored at -20 °C until transformation of competent E. coli cells.

3.12 DNA sequencing

Sequencing was performed on an automated sequencer ABI PRISM 377
(Applied Biosystems) at the Sequencing facility from CRAG (Barcelona,
Spain).

Gene sequence database wused in this work were: GenBank
(http://www.ncbi.nlm.nih.gov/genbank/), EMBL (http://www.embl.org/),
SWISS-PROT (http://web.expasy.org/docs/swiss-prot_guideline.html)
reusing the program BLAST server through National Center for

Biotechnology Information web site (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

The sequence alignments were performed using the Clustal W program
available at http://www.ebi.ac.uk/clustalw/.

To identify cis-acting regulatory elements in the promoter of rice genes, the
Databases of Plant Cis-acting Regulatory DNA Elements (Higo et al., 1999,
PLACE www.dna.affrc.go.jp/PLACE/) and PlantCare (Lescot et al.,, 2002,
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) were used.

3.13 Construction of plant expression vectors

Constructs for the expression of a variety of antimicrobial peptides in rice
plants were prepared. For this purpose, the entire coding region of AMP
derivatives (BP134 and Cec A derivatives) was amplified by PCR and the DNA
fragments were purified and cloned into the pGEM® T-Easy vector using T/A
cloning technology (a 3’ adenosil extension is generated by Tagq DNA in the
PCR product). Subsequently, each gene cassettes consisting of a seed-
specific promoter, the coding region of synthetic AMP gene and the Nos
terminator sequences were introduced into the multiple cloning site of the
pCAMBIA1300 plant expression vector. The steps followed in this work for
the preparation of various plant expression vectors are indicated below.
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18 kDa oleosin promoter::18 kDa oleosin_PRS_Cec A construct

To obtain the 18 kDa oleosin_PRS Cec A gene, three consecutive rounds of
PCR reactions were made using the AK243015 clone containing the 18 kDa
oleosin cDNA as the starting material. The entire process is presented in Fig.
3.1. The strategy followed to clone the oleosin_PRS_Cec A fusion gene into
the binary vector for expression in rice seeds is detailed in Fig. 3.2.

A B

EcoR | EcoR |
5'-Bsm | Xho'l

18 kDa oleosin | PRS |cecA*|
@

3’-Hind Ill AK243015 pPGEM-T Easy:: 18 kDa oleosin
2"d PCR product

LMS56_F feor 1/ CN Ecor |
< M58 R

LM59_R
LM60_R

3rd PCR product

| PGEM-T Easy:: 18 kDa oleosin_PRS_Cec A*

Fig. 3.1 Preparation of 18 kDa oleosin_PRS_Cec A gene. (A) Schematic representation indicating
the primers used on the successive PCR reactions to amplify the entire coding sequence of the 18
kDa oleosin_PRS gene. LM60_R includes the first twelve base pairs of the Cec A coding sequence.
Asterisk in Cec A indicates partial DNA sequence. Restriction sites relevant for cloning are
indicated. (B) Construction of synthetic 18 KDa oleosin_TEV_Cec A* gene by third consecutive
rounds of PCR and subsequent subcloning into pGEM®T-Easy cloning vector. Xho | restriction site
was used to linearize the recombinant AK243015 plasmid before PCR reaction, and EcoR |
restriction site were used to excise the target DNA to be used as a template in consecutive PCR
reaction. The third-round of PCR product was subcloned into a definitive pGEM® T- Easy vector
which was used for further cloning process. PRS, TEV protease recognition site.
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Fig. 3.2 Schematic diagrams showing the plant expression vectors prepared in this work for the
expression of either the oleosin_PRS_Cec A fusion gene coding sequence or the oleosin into the
rice oil bodies. (A) Cloning strategy to obtain the plant expression vector
pCOle18::0le18 PRS_CecA::Nos-T, used for rice transformation. () restriction enzyme cleavage
(and when necessary, DNA dephosphorylation) followed by the ligation of the DNA fragment into
the plasmid vector. Asterisk indicates partial Cec A gene sequence. (A) Plant expression vector
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comprising the oleosin_PRS_Cec A fusion gene driven by the Ole18 promoter and Nos terminator.
(B) Plant transformation vector for the expression of the 18 kDa oleosin gene in the rice oil bodies.
Oleosin gene was subcloned into the Bsm I|-Pst | site of pGEM T®-Easy::Ole18-prom. Nos-T
sequence was fused downstream of oleosin gene using Hind IlI-Pst | restriction site. The complete
cassette was cloned into EcoR I-Pst I-digested pCAMBIA1300 plant expression vector. 35SCaMV-
prom, cauliflower mosaic virus 35S promoter; CaMV-term, 35S terminator from cauliflower
mosaic virus. The hptll gene encoding resistance to hygromycin was used as a selectable marker
during rice transformation. LB, left border; RB, right border.

Seed-specific promoter::AMP derivative construct

The entire coding region of the BP178 KDEL, BP188 KDEL, BP192 KDEL, Cec
A_KDEL and Cec A synthetic genes was amplified using specific primers (one
PCR reaction).

The various seed-specific promoters used in this work were amplified from
genomic DNA obtained from rice leaves. In the case of the endosperm-
specific rice promoters, in addition to the promoter region, the PCR-
amplified DNA fragment also included the nucleotide sequence encoding the
N-terminal signal peptide of the corresponding storage protein (glutelin B-4,
glutelin B-1 or 26 kDa a-globulin). The cloning strategies of the binary
vectors prepared for expression of AMP genes in rice seed endosperm are
detailed in Figs. 3.3 to 3.6. The nucleotide sequence for the nopaline
synthase terminator was also obtained by PCR using the pCUbi::Cec
A _KDEL::Nos-T plasmid (Coca et al., 2006) as the template.
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Fig. 3.3 Schematic representation of the plant expression vectors prepared in this work for the
expression of the BP134ders in the rice endosperm. Each synthetic peptide was cloned between
the GluB-1 promoter (containing the signal peptide coding gene of the GluB-1 seed storage
protein, SP) and the nopaline synthase terminator (Nos-T). Cloning strategy to obtain the plant
expression vectors pCGluB-1::BP134der::Nos-T, used for plant transformation. The entire cassette
was cloned into the Kpn I-digested pCAMBIA1300 vector. (e), restriction enzyme cleavage (and
when necessary, DNA dephosphorylation) followed by the ligation of the DNA fragment into the
plasmid vector. (°), Kpn | restriction site was added to 3’ terminal end of the cassette in those
constructs bearing KDEL sequence. (KDEL retention signal includes a native Sac | restriction site in
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its sequence). 35SCaMV-prom, cauliflower mosaic virus 35S promoter; CaMV-term, 35S
terminator from cauliflower mosaic virus. The hptll gene encoding resistance to hygromycin was
used as a selectable marker during rice transformation. LB, left border; RB, right border.
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Fig. 3.4 Schematic representation of the plant expression vectors prepared in this work for the
expression of the Cec A derivatives in the rice endosperm. Each synthetic peptide was cloned
between the glutelin B-1 promoter (containing the signal peptide coding gene of the GluB-1 seed
storage protein, SP) and the nopaline synthase terminator (Nos-T). Cloning strategy to obtain the
plant expression vectors pCGluB-1::Cec Ader::Nos-T, used for plant transformation. The complete
cassette was cloned into Kpn |-Sac | or Kpn |-digested-pCAMBIA 1300. Those entire cassettes
containing the BP134 derivatives and Cec A_KDEL genes were cloned into Kpn | digested
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pCAMBIA1300, while the construct harbouring the Cec A peptide gene, was cloned into Kpn I-Sac |
digested-pCAMBIA. (e), restriction enzyme cleavage (and when necessary, DNA
dephosphorylation) followed by the ligation of the DNA fragment into the plasmid vector. (°), Kpn
| restriction site was added to 3’ terminal end of the cassette in those constructs bearing KDEL
sequence. (KDEL retention signal includes a native Sac | restriction site in its sequence). 355CaMV-
prom, cauliflower mosaic virus 35S promoter; CaMV-term, 35S terminator from cauliflower
mosaic virus. The hptll gene encoding resistance to hygromycin was used as a selectable marker
during rice transformation. LB, left border; RB, right border.
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Fig 3.5 Schematic representation of the plant expression vectors prepared in this work for the
expression of the AMPs in the rice endosperm. Each synthetic peptide was cloned between the
glutelin B-4 promoter (containing the signal peptide coding gene of the GluB-4 seed storage
protein, SP) and the nopaline synthase terminator (Nos-T). Cloning strategy to obtain the plant
expression vectors pCGluB-4::AMPder::Nos-T, used for plant transformation. The expression of
BP134 derivatives and Cec A_KDEL was driven by the GluB-4 promoter and the nopaline synbthase
terminator. Those entire cassettes containing the BP134 derivatives and Cec A_KDEL genes were
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cloned into Kpn | digested p-CAMBIA 1300, while the construct harbouring the Cec A peptide
gene, was cloned into Kpn I-Sac | digested-pCAMBIA. (e), restriction enzyme cleavage (and when
necessary, DNA dephosphorylation) followed by the ligation of the DNA fragment into the plasmid
vector. (°), Kpn | restriction site was added to 3’ terminal end of the cassette in those constructs
bearing KDEL sequence. (KDEL retention signal includes a native Sac | restriction site in its
sequence). 355CaMV-prom, cauliflower mosaic virus 35S promoter; CaMV-term, 35S terminator
from cauliflower mosaic virus. The hptll gene encoding resistance to hygromycin was used as a
selectable marker during rice transformation. LB, left border; RB, right border.
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Fig. 3.6 Schematic representation of the plant expression vectors prepared in this work for the
expression of the AMPs in the rice endosperm. Each synthetic peptide was cloned between the 26
kDa a-globulin promoter (containing the signal peptide coding gene of the Glb-1 seed storage
protein, SP) and the nopaline synthase terminator (Nos-T). Cloning strategy to obtain the plant
expression vectors pCGlb-1-P::BP134der::Nos-T, used for rice transformation. The complete
cassette was cloned into Kpn |I-BamH |-digested pCAMBIA1300 plant expression vector. Those
entire cassettes containing the BP134 derivatives and genes were cloned into Kpn | digested
pCAMBIA 1300. (*), restriction enzyme cleavage (and when necessary, DNA dephosphorylation)
followed by the ligation of the DNA fragment into the plasmid vector. 355CaMV-prom, cauliflower
mosaic virus 35S promoter; CaMV-term, 35S terminator from cauliflower mosaic virus. The hptll
gene encoding resistance to hygromycin was used as a selectable marker during rice
transformation. LB, left border; RB, right border.
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3.14 Stable transformation of Oryza sativa

Currently, particle bombardment (Christou, 1997) and Agrobacterium-
mediated gene transfer (Hiei et al., 1994, 1997) are the most widely used
methods for genetic transformation of rice plants. Advantages and
limitations are reported for one or another method. Particle bombardment
includes frequent integration of multiple transgene copies into a single or
multiple integration sites, facilitating rearrangements of the transgenes
(Shou et al., 2004). In contrast, Agrobacterium-mediated transformation
results in lower copies of the transgene integrated in the rice genome
(usually, 1-3 copies). One concern using the Agrobacterium-mediated
transformation relies in the potential insertion of vector sequences (e.g.
plasmid backbone, outside the T-DNA region) into the host genome
(Ramanathan and Veluthambi, 1995). In this work, the Agrobacterium-
mediated transformation was used to generate transgenic rice plants
carrying AMP genes.

A. tumefaciens is a soil bacterium and the causal agent of crown gall (plant
tumor) disease in dicotyledonous plants. Agrobacterium-mediated
transformation had been well established for many dicotyledonous plants.
This method allows the transfer of DNA with minimal rearrangements, the
insertion of small numbers of copies of genes into plant chromosomes, and
high quality and fertility of transgenic plants generated (Hiei et al. 1997).
However, monocotyledonous plants have proven to be recalcitrant to
Agrobacterium-mediated transformation. Hiei and co-workers (1994) were
the first to achieve an efficient method to transfer DNA to rice cells, and
demonstrated its stable integration in rice chromosomes, as well as, the
Mendelian transmission of the DNA to the progeny. Moreover, they found
that the callus cultures initiated from scutellum of mature seeds are the
optimum starting material to co-cultivate with Agrobacterium (Hiei et al.
1994). In this work, the method used is based on the choice of starting
material (callus) and a modified co-culture and selection procedure for
transformation of embryogenic rice calli, following the protocol described by
Sallaud et al. (2003).
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3.14.1 Disinfection of rice seeds

Mature seeds of Oryza sativa ssp. japonica cv. Senia were used for stable
transformation of rice. Dehulled seeds were surface sterilized in 70% ethanol
for 1 min and left in 30% of sodium hypochlorite solution containing
Tween®20 as wetting agent. The seeds were placed in a rotary shaker for 40
min. After surface sterilization, seeds were rinsed with distilled water several
times, including at least 1 h soaking step.

3.14.2 Agrobacterium tumefaciens-mediated transformation of
embryogenic calli

Stable transformation of Oryza sativa ssp. japonica cv. Senia was performed
as described by Sallaud et al. (2003), with some modifications to adapt the
procedure to the local cultivar Senia. The plant material was grown in a
Versatile Environmental Test Chamber MLR-351H (Sanyo (currently

Panasonic), Japan).

Surface sterilized seeds were placed in NB agar medium and incubated at 28
°C in the dark for four weeks. 0.5-1 mm embryogenic nodular units released
from primary callus derived from scutellum were transferred onto fresh NB
agar and incubated for an additional 17 days. 30-50 compact embryogenic
nodular units which presented 3 to 5 mm-long, rough surface, spherical
shape and pale yellow colour were selected for the transformation process.
Selected embryogenic nodular units were co-cultivated with the

recombinants A. tumefaciens as follows:
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Seven to ten un-contaminated calli were transferred onto R2S agar selection
(including hygromycin for selection of transformed nodules and cefataxime
and ticarcillin for eliminating Agrobacterium) and incubated at 28 °C for 14
days in the dark. During this period, the first transgenic white nodular units
appeared, while the rest of the primaries calli became necrotic. Six calli were
transferred and incubated on NBS agar selection at 28 °C in the dark. After
seven days of incubation, the protuberances arising from primary necrotic
calli were separated around the NBS plate using forceps and were incubated
at 28 °C for 14 days in the dark. During these two weeks the putative
transgenic calli had evolved into round shape, compact consistency and
presented an opaque pale yellow colour. Calli were placed on PRAG agar
regeneration (containing hygromycin, cefataxime and ticarcillin) and
incubated for a further week. Seven creamy-white and dry appearance calli
were transferred to RN agar regeneration, incubated at 28 °C for two days in
the dark following by an incubation at 28 °C for 3-4 weeks using a 12 h/12 h
(day/night) photoperiod under a photon flux of 110-150 umol. m?>. s Those
calli which acquired green colour and were differentiated into shoots were
transferred to test tubes containing P agar for 3 weeks to promote tiller and
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root development before being acclimated in the greenhouse. The primary
transgenic and further seed progenies were grown to maturity in the
greenhouse.

3.14.3 Seed production under greenhouse conditions

The substrate used to grow rice plants consisted of 225 L of Floratorf
substrate (Floragard), 125 L of num. 3 vermiculite (Europerlita Espafiola),
250 g COsCa and 375 g of Osmocote (11+11+13+2MgO, Scotts). Once the
rice seed (or transgenic seedlings) were planted in substrate, the soil surface
was kept moist all time, avoid to add large amounts of water to young plants
(plants starting tilling). When rice plants had reached larger size, the soil was
kept well watered at all times by underwatering and by adding water to the
soil surface using automated dripping. Rice plants were fertilized, every two
weeks, with a mixture consisting of 100 g Kristalon (Yara), 3 g Sequestrene
(Syngenta) and 3 g Hortrilon (Compo) diluted 1:50 just before use. When
necessary, plants were treated with pesticides to guard against insect or
pathogen infestations. For fungicidal treatment Topas (Syngenta) and
Draconil (Masso) was used, while Chas (Agrodan) and Confidor (Bayer) were
used for insecticide treatment. All products used for the rice seed
production were from Spanish manufacturers.

For greenhouse rice seed production environmental conditions are detailed
as follows:

Table 3.5 Greenhouse environmental conditions used in this study

Day Night
Lighting 12 hours 0 hours
Humidity 60% 80%
Temperature 28°C 20°C
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Fig.3.7 Greenhouse environmental conditions.

All mature seeds were harvested stored at 20 °C in dry and cool conditions

until use.
3.14.4 Obtention of homozygous transgenic rice lines

To obtain homozygous lines expressing a foreign gene, the selection method
was based on Mendelian segregation of the gene marker hptll. The offspring
homozygous for hptll gene was identified in the T2 lines. Subsequently T3
lines were obtained from the homozygous T2 lines.

Twenty-four dehulled T1 rice seeds of transformants were surface-sterilized
(Section 3.14.1, Methods) and placed on a Petri dish containing 50 mg/L of
hygromycin (previously T1 seeds were pre-germinated in double distilled
H,O0 for 24 h). Seeds were incubated at 28 °C for seven to ten days using a 12
h/12 h (day/night) photoperiod under a photon flux of 110-150 umol. m2. s*
(Versatile Environmental Test Chamber MLR-351H, Sanyo (currently
Panasonic), Japan). Nine hygromycin resistant seedlings were potted and
grown to maturity in greenhouse. Homozygous T2 seeds were selected for
htpll gene in the same way as T1 seeds and planted in substrate to obtain T3
homozygous lines for the gene marker htpll and for the transgene.
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3.14.5 Screening of transgenic rice plants for transgene integration

To confirm the insertion of the peptide/fusion protein into the genome
hygromycin-resistant plants, two independent PCRs were performed using
two sets of oligonucleotides as primers. A set was designed to amplify the
DNA fragment that expands from the promoter region to terminator region
of the transgenes. The second pair of primers was designed to amplify the
coding region for the peptide sequence. As neither the complete DNA
fragment (Promoter to Terminator) nor the peptide coding sequence exist in
wild-type transgenic plants, positive amplification should appear only in the
transgenic plants.

Total genomic DNA of transgenic plants (including plants transformed with
the empty vector) and non transgenic plants was isolated from rice plant
leaves and analysed by PCR (Sections 3.7 and 3.8, Methods). In all the cases
negative controls were included: Senia or plants transformed with the empty
pCAMBIA1300 vector and samples with no DNA added to the PCR reaction.

3.14.6 Determination of transgene copy number by Quantitative Real-
Time PCR assay (qRT-PCR)

To estimate the transgene copy number in the transgenic rice plants, a gRT-
PCR assay was performed. The actin gene was used as the endogenous

reference gene.

Quantitative RT-PCR quantifies the amplification product by fluorescence.
The chemical detection based on fluorescence can be performed by using
either intercalating agents or specific probes labelled with fluorochromes. In
this work, SYBR®Green | was used for chemical fluorescence detection.
SYBR®Green | is the most commonly used dye and emits at 520 nm for non-
specific detection. It is a double-stranded intercalating dye, which fluoresces
once bounds to the DNA. The amount of dye incorporated is proportional to
the amount of generated product. Fluorescence is monitored during each
PCR cycle and analysis takes the Ct (threshold cycle) value, which means the
cycle in which there is the first detectable significant increase in

fluorescence. Every product generated has a different dissociation
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temperature, so it is possible to check the number of products amplified,
considering that a single pair of primers should produce a unique and well
defined melt curve.

To perform the gRT-PCR analysis specific oligonucleotides were designed for
the detection and quantification of the different transgenes using the
Beacon Designer 7.0 software (Premier Biosoft International, Palo Alto, CA,
USA). The oligonucleotides were designed to have a maximum length of 24
bases and to produce an amplicon between 100-200 pair bases.

Quantitative Real Time-PCR was carried out in a fluorometric thermal cycler
(7300 Real-Time PCR System, Applied Biosystems®) by use of Mix
SYBR®Green PCR Master Mix (Applied Biosystems). The total reaction
volume of this PCR reaction was 20 pl and the reaction mixture is show in
Table 3.6.

Table 3.6 Reagents composition for DNA amplification by gPCR using

SYBR green

Stock reagents X1 (pL)
2xSYBR®Green PCR Master Mix 10.0
2-6-18 uM Reverse primer* 1.0
2-6-18 uM Forward primer* 1.0
100 ng DNA 2
ddH,0 adjust to 20.0

*the concentration of the primers was different for different set of primers.

Reaction conditions are based on an initial denaturation, amplification and
guantification and a melting (dissociation) curve program to prevent the
detection of artefacts (Table 3.7).

Table 3.7 Termocycler conditions for standard qPCR using SYBR green

Step Temperature (°C) Duration PCR cycles
Initial denaturation 95 10 min 1
Denaturation 95 15s 50
Annealing_Extension 60 1 min 50

95 15s 1

. . . 60 1 min 1

Dissociation curve analysis

95 15s 1

60 15s 1
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The actin housekeeping gene and the hygromycin gene were used in this
work as previously described by Nadal et al., (2012). For each gene system,
the concentration of the primer pair was optimized to prevent non specific
reactions or artefacts that could hide the real result. For this optimization,
the combinations of concentration tested were 100/100 nM, 300/300 nM
and 900/900 nM using as a template 10° molecules DNA for reaction.

Once determined the concentration of primers to be used, the performance
of the calibration curve was tested. The establishment of the standard curve
is one of the key steps in determining the copy number of a selected target
sequence. The calibration curve was performed with different amounts of
DNA molecules of the target sequence per reaction tube. Serial dilutions of
106, 105, 10* and 10° molecules/reaction were generated for each gene.
Three replicates per sample were performed and qRT-PCR conditions were
the same as those used during the optimization of the qPCR primers. No
template controls were also included for each assay.

After performing the qRT-PCR analysis, a standard curve corresponding to
the relationship between the number of molecules and Ct was obtained.
Standard curves with a correlation efficiency equal to negative one (-1) are
desirable. The efficiency of the standard calibration curve is calculated with

slope by means of the following formula:

E= (107/°°P9.1) x100 (Rasmussen, 2001), where E is the efficiency of the
amplification reaction.

The slope of a standard curve provides an indication of the efficiency of the
amplification and should be close to -3.22, corresponding to an efficiency of
100% and indicating that each gRT-PCR cycle doubles the amount of DNA.

The Ct values obtained for each event were used to estimate the copy
number of the endogenous reference (actin), the selectable marker
(hygromycin) and the AMP transgene, and these result were used to
calculate the ratios of transgene and hygromycin genes (relative to the actin
gene for all events analysed).
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When working in heterozygote transgenic plants, the ratio of transgene to
actin copy number should be close to 0.5 for a single copy insertion (one
copy of transgene in contrast to the two copies of actin gene). If the
transgenic plants were homozygous, the ratios will be close to 1 for a single
copy insertion (two copies of both trangene and actin gene).

3.15 RNA extraction from rice seeds

Plant material (immature seeds, 17-21 days after flowering) was ground to a
fine powder in liquid nitrogen with the Tissuelyzer Il system (Qiagen). Total
RNA was extracted from rice immature seeds using TriZol® Plus RNA
Purification Kit (Invitrogen) according to the manufacturer’s manual. 200 mg
of seed powder was mixed with 1 mL of Trizol® reagent and incubated for 5
min at room temperature. After adding 200 pL of chloroform and shaking
the tube vigorously by hand, the sample was incubated for 2-3 min at room
temperature. Then, the tubes were centrifuged at 12000 x g for 15 min at 4
°C, and the upper phase containing the RNA was transferred to a fresh RNA
free tube containing an equal volume of 70% ethanol. Following vortexing,
700 pL of sample was transferred to a spin cartridge to bind, wash and elute
the RNA. The RNA was eluted in 35 pL of RNAse free water and quantified
using Nanodrop N-2000 UV-Vis spectrophotometer (Thermo Scientific). Total
RNA was stored al -80 °C until use.

3.15.1 DNAse treatment of RNA

Following a TriZol® extraction protocol, RNA samples were routinely
subjected to DNAse treatment (Turbo DNA-free™ Kit, Applied Biosystems) to
remove any contaminant DNA. 0.1 volumes of 10X Turbo DNase free buffer
and 1 pL Turbo DNAse were added to 33 pL of purified RNA. After vortexing,
the reaction was incubated for 30 min at 37 °C. Next, 0.1 volumes of DNAse
Inactivation reagent was added and the reaction was incubated at room
temperature for 2 min (mix occasionally). The supernatant (DNA-free RNA)
was recovered by centrifuging at 10000 x g for 1.5 min at room temperature.
The RNA was quantified using Nanodrop N-2000 spectrophotometer. Total
DNA-free RNA was stored al -80 °C until use.
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3.15.2 cDNA synthesis

Complementary DNA (cDNA) was generated from immature seed RNA (17-
21 DAF) by using reverse transcriptase (GeneAmp® RNA PCR). The reaction
mixture is detailed in Tables 3.8 and 3.9, respectively.

Table 3.8 RNA denaturation

Stock reagents X1 (pL)
50 uM oligodT 1.5
RNA (2 ug) X

Double distilled H,0 adjustto 14.0
(x) UL required to denature 2 pg of RNA

After heating to 75 °C for 5 min using T300 thermocycler (Biometra,
Germany), the reaction was chilled for 5 min in ice.

Table 3.9 Reverse transcription

Stock reagents X1 (pL)
Denatured RNA 14.0
10x PCR buffer 3.0

50 mM MgCl, 1.5

10 mM dNTPs 3.0

20 U/pL MuLVRT 1.5

Double distilled H,0 adjustto 30.0

Reverse transcription was performed in a T300 thermocycler (Biometra,
Germany) using the cycle conditions described in Table 3.10.
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Table 3.10 Termocycler conditions for standard retrotranscription reactions

Step Temperature (°C) Duration (min)  PCR cycles
Reverse transcription 42 15 1
Denaturation 99 5 1
Cool 5 5 1
Hold 4 0 1

The cDNA was stored at -20 °C until use.
3.16 Subcellular fractionation of rice seeds and protein extraction

In this study, transgenic plants were designed to target the expression of
recombinant antimicrobial peptides or fusion proteins to subcellular
compartments such as protein bodies (seed endosperm) or oil bodies
(embryo). Each organelle has its characteristics density, size and shape that
allow them to be isolated from the homogenate. Thus, two different
centrifugation techniques were performed based on organelles
characteristics.

3.16.1 Purification of protein bodies from rice seeds

Protein bodies are high density organelles that can be recovered from rice
seed homogenate using differential centrifugation. A homogenate subjected
to a series of increasing centrifugal forces cycles will form a series of pellet
with decreasing sedimentation particles rate. Fifteen dehulled mature rice
seeds from each transformant and the non-transformant control were
soaked in water for 2 h and the endosperm was excised from the embryo.
Endosperms were homogenized at 4 °C in 1.5 mL of grinding buffer using a
mortar and pestle. After centrifugation at 200 x g for 2 min at 4 °C, the upper
phase containing protein bodies was transferred to a fresh tube and
centrifuged at 2000 x g for 10 min at 4 °C. The pellet was suspended in 70 uL
of grinding buffer or TT1X. The enriched protein body fraction was stored at
-20 °C until use.

3.16.2 Purification of oil bodies from rice seeds

Oil bodies and associated proteins (e.g. oleosins) are easily isolated from rice
seed homogenate components by flotation centrifugation as they form an
immiscible “fat pad” in the upper supernatant. Oil bodies were isolated from

109



Methods

rice seeds by sucrose gradient density as described by Chuang et al. (1996)
with some modifications. Five dehulled mature rice seeds from each
transformant and the non-transformant control were soaked in water for 2 h
and homogenized at 4 °C in 0.9 mL of grinding buffer using a mortar and
pestle. 750 pL of homogenate were transferred to the bottom of a 2 mL
tube, and then 750 pL of flotation buffer was layered on top. After
centrifugation at 10000 x g for 20 min at 4 °C, the oil bodies were collected
at the top of the supernatant phase. Oil bodies were placed into 2 mL fresh
tube and resuspended in 750 pL of grinding buffer containing 2 M NacCl. 750
plL of floating buffer was layered on top and after centrifugation at 10000 x g
for 20 min at 4 °C, oil bodies were recovered again by removing infranatant
phase. Oil body fraction was suspended in 100 uL of grinding buffer, TM1X

or TEV protease buffer and stored at -20 °C until use.
3.16.3 Protein precipitation procedures
3.16.3.1 Protein precipitation from protein bodies

The enriched protein body fraction was pelleted after centrifugation at 2000
x g for 10 min at 4 °C. Proteins were precipitated by adding ice cold-acetone
containing 15% (v/v) TCA and 20 mM DTT to the pelleted protein bodies.
After incubation for 60 min at -20 °C the precipitate was recovered by
centrifugation at 13000 x rpm for 23 min at 4 °C. The pellet was washed by
adding ice-cold acetone and centrifuging at 13000 x rpm for 15 min at 4 °C.
After air-drying, the pellet was resuspended in double distilled H,O or TT1x,
depending on their subsequent use. This protocol was followed to obtain

precipitated proteins free of cell debris or starch.
3.16.3.2 Protein precipitation from oil bodies

When necessary, oil body proteins were precipitated by adding 10% of TCA.
After incubation for 30 min on ice the precipitate was recovered by
centrifugation at 13000 x rpm for 40 min at 4 °C. The pellet was washed by
adding ice-cold acetone and centrifuging at 13000 x rpm for 5 min at 4 °C.
This wash was repeated once. After air-dried, the pellet was resuspended in
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double distilled H,O0, TM1x or TEV protease buffer, depending on their

subsequent use.

3.16.4 Digestion of fusion proteins with tobacco Etch Virus (TEV)
protease

One of the strategies followed to produce antimicrobial peptides in rice
embryo was based on the production of AMPs as a fusion protein with rice
oleosin (van Roojien and Moloney, 1995). A sequence encoding a TEV
cleavage site was included between the oleosin and the peptide coding
sequence. TEV protease recognize a linear epitope of E-X-X-Y-X-Q-(G/S) and
cleaves between Q and G/C. The most frequently used cleavage sequence is
ENLYFQG/S (Dougherty et al., 1988; Dougherty and Parks, 1989).

3.16.4.1 TEV activity from different commercial suppliers on a synthetic
peptide as the substrate

A standard peptide, BP251, which included the TEV processing sequence,
was synthesized (LIPPSO) and used to test the performance of three
different commercial TEV preparations. Thus, AcTEV™Protease (Invitrogen),
TEV Protease (Sigma-Aldrich) and ProTEV plus (Promega) were used
according to the recommendations of the manufacturer for each of the
enzymes tested. In all cases, 20 ug of fusion protein were used as a TEV
substrate. Best results were obtained using the ProTEV plus.

3.16.4.2 Digestion of recombinant fusion protein with the TEV protease

Three types of oil body samples were subjected to protease digestion: (1)
crude oil body fraction (Section 3.16.1.2, Methods), (2) oil body protein
extracts (Section 3.16.2.2, Methods) and (3) fusion protein purified from
SDS-PAGE gels (Section 3.17.3, Methods). After suspending oil body samples
in buffer, the fusion proteins were routinely digested under reducing
conditions using ProTEV plus protease (Promega) according to the

manufacturer’s manual as follows:
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Table 3.11 Mixture of proteolytic digestion with TEV

Stock reagents X1 (pL)
20x ProTEV buffer 5.0
100 mM DTT 1.0
Fusion protein 20 ug
5 U/uL ProTEV Plus 2.0
Double distilled H,0 adjustto  100.0

To set up optimal conditions for proteolytic digestion, samples were
incubated at 30 °C or 4 °C and 20 pL aliquots were taken from the digestion
mixture at O, 1, 2, 4, 6 h and overnight, and stored at -20 °C until use. If
necessary, TT1X sample buffer was added and analysed by Tricine SDS-PAGE
(Section 3.17.2, Methods).

3.17 Denaturing protein electrophoresis

Proteins were routinely separated using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). In this study, SDS-PAGE was used (1) to
separate proteins from protein mixtures and subsequent detection of the
protein/peptide of interest by immunoblot analysis, and (2) for preparative
purposes (e.g. purification of rice oleosin and oleosin_Cec A fusion protein).
For gel electrophoresis, the Mini-Protean® Tetra Cell system (Bio-Rad) or the
Midi Format 1-D Electrophoresis System, Criterion™ cell (Bio-Rad) were used

following the manufacture’s instructions with minor modifications.
3.17.1 SDS-PAGE

SDS-PAGE was used to separate proteins with a mass >10 kDa. Stock
solutions and buffers were performed following the SDS-PAGE Buffer System
described by Laemmly (1970). Protein samples in solution were mixed with
TM2X sample buffer to a final concentration of TM1X, while lyophilized
protein extracts were resuspended directly in TM1X. After boiling at 100 °C
for 5 min in a block heater (Stuart, UK), protein samples were loaded into
each well of the SDS-PAGE gel (composition described in Tables 3.12 and
3.13, respectively). The gel was run at 60 V constant for 30 min until the
samples entered the resolving gel and 100 V constant till the bromophenol
blue front reached the end of the gel.
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Table 3.12 Composition of the stacking gel (5.2% acrylamide)

Stock reagents X1
Acrylamide/Bis-acrylamide 40% (37.5:1) 3.13mL
Lower buffer 2.50 mL
Double distilled H,0 4.38 mL
Ammonium persulfate 10% (w/v) 40 pL
TEMED 5puL

Table 3.13 Composition of the resolving gel (12.5% acrylamide)

Stock reagents X1
Acrylamide/Bis-acrylamide 40% (37.5:1) 0.50 mL
Upper buffer 1.00 mL
Double distilled H,0 2.25mL
Ammonium persulfate 10% (w/v) 40 uL
TEMED 6 pL

Alternatively, when the Criterion™ cell midi electrophoresis was performed,
the Criterion™ TGX™ Precast Gels were used (Bio-Rad).

3.17.2 Tris-Tricine SDS-PAGE

Tris-Tricine SDS-PAGE was used for the optimal separation of peptides and
small proteins in the size range of 1 to 10 kDa. A higher resolution and
separation is achieved by slowing the migration rate of peptide-SDS complex
due to the strongly differing pK values of glycine and tricine groups. Stock
solutions and buffers were prepared following the Tricine-SDS-PAGE
protocol described by Schagger (2006). Protein samples were prepared as
indicated above (Section 2.16.1, Methods) using TT2x instead of TM2x
protein loading buffer. The gel was run at 80 V constant for 60 min until the
samples entered the resolving gel and 100 V constant till the Coomassie G-
250 front reached the bottom of the gel. The composition of Tricine SDS-
PAGE gel is detailed in Tables 3.14 and 3.15.
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Table 3.14 Composition of the Tris-Tricine SDS-PAGE stacking gel(9.7% acrylamide)

Stock reagents X1
Double distilled H,0 1.0mL
Tris-HCI 3M pH 8.5 0.5 mL
Acrylamide/Bis-acrylamide 40% (37.5:1) 0.5mL
SDS 20% 8 uL
TEMED 5uL
APS 15% (w/v) 6 uL

Table 3.15 Composition of the Tris-Tricine SDS-PAGE resolving gel (18% acrylamide)

Stock reagents X1
Double distilled H,0 0.45 mL
Glycerol 1.20 mL
Tris-HCI 3M pH 8.5 3.35mL
Acrylamide/Bis-acrylamide 40% (37.5:1) 4.85 mL
SDS 20% 50 pL
TEMED 5uL
APS 15% (w/v) 50 pL

Alternatively, when the Criterion™ cell midi electrophoresis was performed,
the Criterion Tris-Tricine Precast Gels were used (Bio-Rad).

3.18 Coomassie blue staining

After electrophoretic separation, the proteins were visualized by Coomassie
blue staining. Depending on the subsequent use, Coomassie G-250 or
Coomassie R-250 were used as described bellow.

3.18.1 Colloidal Coomassie staining

Colloidal Blue G-250 staining was used to visualize those bands which were
later excised from de polyacrylamide gel. The advantage of Colloidal blue
stain lies in the reduction of free dye in solution requiring only water to
distain. Moreover, allows detection of 8-50 ng of protein (three times more
sensitive than Coomassie R-250) and is compatible with mass spectrometry
reagents. The staining and distaining protocols were performed according to
Neuhoff et al. (1988) with some modifications. After overnight incubation in
the staining solution with gentle shaking, the gel was washed in double
distilled H,0. The gel was stored in double distilled H,0 until use.
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3.18.2 Coomassie R-250 staining

Coomassie R-250 staining was routinely used to visualize proteins in gels.
Gels were stained for at least 30 min in staining R-250 solution followed by
distaining with distaining R-250 solution until the background became clear.

The gels were stored in double distilled H,0.
3.19 Preparative SDS-PAGE

Proteins from polyacrylamide gel were purified according to the protocol
described by Chuang et al. (1996). After colloidal Coomassie staining
(Section 3.18.1, Methods), proteins of interest were excised from the gel
using a razor blade. After excising the band, the gel slice was homogenized in
protein gel band extraction buffer using a mortar and a pestle. After
centrifugation at 10000 x g for 10 min at 4 °C the supernatant was retained
and the pellet was re-extracted twice with the extraction buffer. Combined
supernatants were precipitated by adding an equal volume of ice-cold
acetone. After overnight incubation at -20 °C, purified protein was recovered
by centrifuging at 10000 x rpm for 30 min at 4 °C. After air-drying, the pellet
was resuspended in double distilled H,O or protein gel band extraction

buffer depending on their subsequent use.
3.20 Immunodetection of fusion protein and peptides

Peptides and proteins were transferred onto 0.2 um PVDF membranes
(Immobilon-P*® transfer membrane, Millipore) designed for protein
sequencing and immunodetection of proteins <20 kDa from electrophoresis
gels. In this study, immunodetection was used either to detect the presence
of recombinant proteins or to obtain semiquantitative data on
immunodetected proteins.

3.20.1 Preparation of a polyclonal antibody against the 18 kDa rice
oleosin

Polyclonal antibodies against 18 kDa rice oleosin were produced in rabbits.
For this, the 18 kDa oleosin was purified from oil bodies (Sections 3.16.1.2
and 3.16.2.2, Methods). Following SDS-PAGE (Section 3.17.1, Methods), the

115



Methods

18 kDa oleosin was purified from the gel (Section 3.17.3, Methods). Three
triweekly injections (50 pg in each injection) were carried out, and the
rabbits were bled 8 days after the last injection. Preimmune serum was
collected from rabbits 1 week before immunization. Polyclonal antibodies
were produced at the IBMB-CSIC centre (Barcelona, Spain).

3.20.2 Western blot analysis: Transfer and immunodetection of proteins
and peptides on membranes

Following electrophoretic separation of protein mixtures by SDS-PAGE or
Tris-Tricine SDS-PAGE, the proteins/peptides were transferred onto
membranes using Mini Trans-Blot Cell Assembly (Bio-Rad), according to the
manufacturer’s instructions with minor modifications. For this, the resolving
gel was removed from the gel cassette and soaked in transfer buffer for at
least 30 min (with filter paper, fiber pads and membrane) The PVDF
membrane is highly hydrophobic, so it is prewetted with 100% methanol and
rinsed with double distilled water. A blotting sandwich was prepared from
equilibrated gel, membrane, filter paper and fiber pads according to the
transfer unit manual. Electrophoretic transfer was done at 100 V constant
for 1 h at room temperature or at 30 V constant for overnight transfer at 4
°C. Next, the membrane was washed twice in water to remove any
contaminating transfer buffer and blocked in 20 mL of blocking buffer to
prevent nonspecific binding of antibodies to the membrane surface. After
incubation for 80 min at room temperature with gently shaking, the
membrane was washed three times in 20 mL of PBST for 5 min each step.
The primary antibody was used as a dilution of 1:2000 or 1:3000 (depending
on the primary antibody) in blocking solution. The membrane was incubated
in the primary antibody solution for 1 h at room temperature or overnight at
4 °C with shaking. After six wash steps each in 20 mL of PBST for 5 min, the
membrane was incubated in the secondary antibody solution for 1 h at room
temperature with shacking, followed by another six wash steps. Depending
on the detection method, two types of detection systems were used in this
work: the chromogenic method using an Anti-Rabbit 1gG (Fc) Alkaline
Phosphatase conjugate (Promega) as the secondary antibody (1:7500
dilution in blocking solution), and the chemiluminescent method using an
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Anti-Rabbit IgGHRP linked (GE Healthcare) secondary antibody (1:100000
dilution). The Western Blue®Stabilized substrate served for visualization of
Alkaline Phosphatase activity (Promega). Luminata™ Forte Western HRP
Substrate (Millipore) was used for chemiluminescent detection of
immunological reactions that were viewed using the ChemiDoc™ XRS+
System (Bio-Rad, USA).

3.21 Protein and peptide chromatography

Chromatography was used to either purify or detect the protein or peptide
of interest taking advantage of its specific binding properties to an
immobilized ligand.

3.21.1 Solid Phase purification of peptides using the Weak Cation
Exchange-Reverse Phase (Strata X-CW)

To purify recombinant peptides produced by the transformed rice seed,
chromatography method was based on their high positive charge. Thus,
Weak Cation Exchange-Reverse Phase (Strata X-CW, Phenomenex) was used
following the manufacturer’s protocol, adjusting it to strong cationic peptide
properties. Seed protein extracts (Section 3.16.1, Methods) were either
precipitated (Section 3.16.2, Methods) or directly loaded into Strata X-CW
columns. In both cases, double distilled H,O containing 0.1% TFA was used
as a loading buffer. Standard peptides and protein extracts from non-
transformed seed plants were included in each purification process. The
optimized conditions for purifying cationic peptides from rice protein
extracts were compiled as follows:

117



Methods

Table 3.16 Solid Phase extraction procedure using acetic acid as elution solvent
# Recovered

Step Solvent/action fraction
Conditioning 2 mL methanol -
Equilibration 2 mL double distilled H,0 -
Load 1,5 mL protein extract resuspended in -
double distilled H,0:0,1% TFA

Wash 1 2 mL double distilled H,0:0,1% TFA 1
Wash 2 2 mL methanol 2
Dry 1 min (N,gas)

Elution 1 2 mL 50% acetic acid 3
Elution 2 2 mL 50% acetic acid 4
Elution 3 1 mL 100% acetic acid 5

Table 3.17 Solid Phase extraction procedure using acetic acid followed by methanol
as elution solvents

# Recovered

Step Solvent/action fraction
Conditioning 2 mL methanol -
Equilibration 2 mL double distilled H,0 -
Load 1,5 mL protein extract resuspended in -
double distilled H,0:0,1% TFA
Wash 2 mL double distilled H,0:0,1% TFA 1
Dry 1 min (N,gas) -
Elution 1 2 mL 50% acetic acid 2
Elution 2 2 mL methanol 3

All recovered fractions were lyophilized and resuspended in double distilled
H,0. Then, samples were analysed on Tris-Tricine SDS-PAGE gel and Western
blot for detection of the expected recombinant protein or peptide.
Appropriate fractions were stored at -20 °C until further processing.

3.21.2 Analytical High Performance Liquid Chromatography (HPLC)

Standard peptides and selected fractions eluted from Strata X-CW columns
were analysed in an Agilent 1200 HPLC system (Agilent Technologies, Palo
Alto, CA) using an analytical reverse-phase Cis-Kromasil 100 column (40x4.6
mm, 3.5 um particle size). Peptides were eluted using a linear gradient of O-
100% acetonitrile in 0.1% TFA at flow rate of 1.0 mL/min over 6 min. The
injection volumes ranged from 10 to 100 uL depending on the analysis. UV
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detector was used to monitor the UV absorbance of samples at 220 nm and
the purity was estimated integrating the area under elution peaks.

Calibration curves were generated using a 10-point standard over a
concentration range of 10 to 100 uM for BP134 standard peptide, allowing

to check the performance obtained from Strata X-CW eluted fractions.
3.22 Mass spectrometry

LC-MS/MS identification of the AMPder peptides was carried out by Esther
Izquierdo and M. Rossignol (Mass Spectrometry Proteomics Platform-MSPP,
Laboratoire de Protéomique Fonctionnelle, INRA, Montpellier, France)
within the framework of the European Trilateral Plant KBBE project SEPSAPE
(Safe and Efficient Plant Systems for Antimicrobial PEptide production).

3.22.1 Preparation of protein body proteins from transgenic rice seeds

Protein body enriched fractions (Section 3.16.1.1, Methods) were diluted in
15 volumes of ultrapure water and centrifuged at 18000 x g for 20 min.
Pelleted protein bodies and standard peptides (1, 10 and 100 ng) were
solubilized in TT1X buffer (in agitation for 2 h) and separated by Tris-Tricine
SDS-PAGE gel (16.5%). Electrophoresis was performed at 30 V for 1 h and at
80 V for 1 h. Samples were separated in only 3 cm in order to keep the
proteins concentrated in small gel pieces. Gels were stained using Coomasie
blue and three bands were excised from the gel between the dye front to
the 20 kDa marker. For in-gel digestion, gel bands were cut in small squares
of 2 mm and washed sequentially in double distilled water, 25 mM NH4HCOs,
pH 8.0, 50 % 25 mM NH;HCO3/50% acetonitrile and finally in acetonitrile.
Acetonitrile was removed and after gel pieces were dry (at room
temperature), 60 pL of trypsin solution (0.0125 ug/uL, Promega) dissolved in
25 mM NH4HCO; were added to each sample and incubated overnight at
37°C for protein digestion. Peptides were extracted with 50 uL of 2% (v/v)
formic acid and dried.
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3.22.2 Preparation of oil body proteins from transgenic rice seeds

Oil bodies (Section 3.16.1.2, Methods) were diluted in 6 volumes 25 mM
NH4HCOs3, 10 pL of trypsin (0.1 ug/uL, Promega) and incubated overnight at
37 °C. Increasing amounts of synthetic Cec A were treated similarly (1, 10
and 50 ng). After digestion, 10 pL of 2% (v/v) formic acid and samples were
desalted on 100 mg Sep-Pak cartridges (Waters) by three washes of 0.1%
formic acid and eluted with 30% ddH,0:70% acetonitrile containing 0.1%
formic acid. Eluted samples were dried and LC-MS analysis was performed as
described for protein body samples.

3.22.3 Mass spectrometry analysis

For LC-MS analysis, peptide samples were dissolved in 0.1% (v/v) of formic
acid and each sample was analysed using an Agilent 1200 nanoflow HPLC
coupled to a 4000 QTRAP LC-MS/MS hybrid triple quadruple/linear ion trap
mass spectrometer using a microSpray source (AB/MDS Sciex). Peptide
samples were concentrated using a cartridge trap column (Algilent Zorbax
300 SB-C18; 0.3 mm id, 5 mm length, 3.5 mm particles) and separated on a
nano-flow reverse-phase column (Aligent Zorbax 300 SB-C18; 0.075 mm id,
150 mm length, 3.5 mm particles) eluted with a linear gradient from 10 to
50% acetonitrile in 0.1% formic acid (42 min; 400 nL/min).

For each peptide, at least three transitions were selected, according to their
relative intensity and m/z greater than the precursor m/z. Collision energy
(CE) and declustering potential (DP) were optimized for maximum sensitivity
of each transition.
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Table 3.18 Selected transitions and parameters for the peptides produced in rice seeds
Peptide Precursorion (m/z) Charge DP (V) Production(m/z) CE (V)

CecA 741.0 +2 140 816.4 33
915.5 37

1085.0 36

BP192 390.8 +2 80 504.5 22
617.4 22

659.4 22

BP178 474.0 +2 100 783.4 23
670.3 26

599.3 29

542.3 27

3.23 Antimicrobial activity of the in planta produced AMPs

Antimicrobial peptides produced by transgenic plants were evaluated for
their antibacterial activity against fungal and bacterial phytopathogens. Also,
transgenic rice seeds were tested for resistance to pathogen infection.

3.23.1 Antibacterial activity of protein extracts from oil bodies of
transgenic plants

Antibacterial activity assays were carried out with recombinant peptides
produced in transgenic plants. Here, seed protein extracts were assayed for
both antibacterial and bactericidal activity against the bacterial
phytopathogen Dickeya sp. 1552.10.1. Protein extracts from non-

transformed and pCAMBIA1300 empty vector seeds were used as controls.

3.23.1.1 Antibacterial activity of the Cec A produced in oil bodies of transgenic

rice seeds

The antimicrobial activity of the in planta produced Cec A was assessed
against the Dickeya sp. 1552 10.1 and compared to that of synthetic Cec A.
Oil bodies were purified from transgenic and control (empty vector) seeds
and proteins were recovered by precipitation as described in Sections
3.16.1.2 and 3.16.2.2, Methods. Subsequently, the fusion protein was
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digested using the TEV protease technology (Section 3.16.3, Methods).
Synthetic Cec A was solubilized in double distilled H,O to a final
concentration of 1 mM, filter sterilized through a 0.2 um pore filter
(Whatman®) and subsequently diluted to obtain a final concentration of
0.097, 0.195, 0.250, 0.390, 0.500, 0.780, 1.000 and 1.560 uM. Twenty-five pL
of each synthetic peptide dilution or OB protein extracts (digested and not
digested-OB) were mixed in a microtiter plate with 75 L of the suspension
of bacterial indicator at 10* cfu/mL.

Bacterial cell concentration in suspension was automatically determined by
optical density measurement at 600 nm (Bioscreen C, Labsystem, Helsinki,
Finland). Microplates were incubated at 25 °C with 20 s shaking before
hourly absorbance measurement for 24 h. Each experiment was repeated

twice.
3.23.1.2 Bactericidal activity of the in planta produced Cec A peptide

The bactericidal activity of the plant-derived Cec A peptide was assessed by
means of the contact time exposure test of the pathogenic bacteria to a
peptide solution in water and compared to that of synthetic Cec A peptide.
Oil bodies were purified from transgenic and control (empty vector) seeds
and proteins were precipitated (Sections 3.16.1.2 and 3.16.2.2, Methods).
Subsequently, fusion protein was digested using the TEV protease
technology. Synthetic Cec A was solubilized in double distilled H,0 to a final
concentration of 1 mM, filter sterilized through a 0.2 um pore filter
(Whatman®) and subsequently diluted to obtain a final concentration of
0.097, 0.195, 0.250, 0.390, 0.500, 0.780, 1.000 and 1.560 uM.

Twenty-five pL of each synthetic peptide dilution or OB protein extracts
(digested and not digested-OB) were mixed in a microtiter plate with 75 plL
of the suspension of bacterial indicator at 10* cfu/mL. Microplates were
incubated at 25 °C with shaking. The minimal killing concentration (MKC)
was evaluated by the viable plate count method 30 min after contact
exposure. Three replicates of each strain, peptide and concentration were
used as well as positive controls containing water instead of peptide and
negative controls containing peptide without bacterial suspension.
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3.23.2 Direct seed antimicrobial activity bioassays

A seed bioassay consisting of seed inoculation with a bacterial plant
pathogen was optimized to evaluate resistance to infection. Five plant
pathogenic bacterial strains were tested in order to identify the most
suitable one for the rice seed infection assays. Fifty-four dehulled wild type
seeds (Senia) were surface sterilized and placed in groups of three in 24-well
culture chambers (Sigma) with increasing concentrations of the pathogenic
strains (10°, 10’ and 10°) (Fig. 3.8). The plant pathogenic bacterial strains
assayed in this work are shown in Table 3.19.
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Fig. 3.8 Scheme representing a typical seed activity bioassay. This experiment was performed for

each plant pathogenic bacteria (and concentration assayed).

Table 3.19 Bacterial strains used to set up the seed activity

bioassay

Code Bacterialstrain

B1 Dickeya sp. 1552.10.1

B2 Dickeya sp. 1428 1a

B3 Pectobacterium carotovorum 578.3
B4 Pectobacterium carotovorum 3902.3
B5 Pectobacterium carotovorum 558-6-b

Bacterial strains were provided by M.Lépez, Instituto Valenciano de
Investigaciones Agrarias, Valencia, Spain.

Inoculation was done by adding 500 pL of the bacterial suspension to the
seeds in each well. After seed inoculation, the 24-well culture chambers
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were subjected under vacuum infiltration and incubated at 28 °C for seven
days using a 12 h/12 h (day/night) photoperiod under a photon flux of 110-
150 pmol. mZ st (Versatile Environmental Test Chamber, Sanyo (currently
Panasonic) Japan). The development of infected seedlings was determined
using a semi-quantitative scale (Table 3.19 and Fig. 3.6). Control seed
incubated with water were used to check seed germination.

Table 3.20 Scale used to asses resistance to bacterial infection in the seed activity

bioassay

Scale Description of seedling growth

0 Not germinated seed

0.5 Germinated seed. The seedling length was less than 25% of control
seedling

1.0 Germinated seed. The seedling length was less than 50% of control
seedling and presented an altered root or shoot development

1.5 Germinated seed. The seedling length was less than 75% of control
seedling and presented an altered root or shoot development

2.0 Germinated seed. The seedling presented the same morphology as the

control seedling

005 1 15 2

Fig. 3.9 Representative examples of seedling growth after inoculation with Dickeya sp. 1552.10.1.
Picture was taken from Nadal et al., 2012.

After selection of the pathogenic strain and proper bacterial concentration
(cfu/mL), seed infection bioassays were performed with transgenic, Senia
and empty vector seeds. The incidence and the severity of the disease were
determined. Resistance was compared to that of Senia and empty vector-
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transformed plants. Control seeds inoculated with water were used to check
seed germination.

To test resistance of transgenic rice seeds to the seed-borne pathogen
Fusarium verticillioides, seed from transgenic and control plants (WT and
empty vector plants) were pregerminated for 6 hours on sterile filter-
watered paper. Subsequently, seed were inoculated with 50 ul of a
suspension of F. verticillioides spores at a concentration of 10° spores/ml (or
double distilled water as germination control) on MS medium without
sucrose. Seeds allowed to continue germination. Inhibition of germination
was evaluated after inoculation with fungal suspension and compared with
that of control seeds (inoculated with double distilled water), seven days
after inoculation. F. verticillioides isolate was obtained from rice plants in
Spain and provided by the Facilities of Plant Protection Service of the
Generalitat de Catalunya.

Fusarium infection bioassays were carried out by M. Coca (CRAG Centre,
Barcelona, Spain) within the framework of the European Trilateral Plant
KBBE project SEPSAPE (Safe and Efficient Plant Systems for Antimicrobial
PEptide production).
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Results

4.1 Design and characterization of BP100 derivatives for plant
expression

In the present section, different peptides (BP134 derivatives) were designed
and evaluated for antimicrobial activity against phytopathogens. When
designing these peptides, the specific requirements for the expression of the
corresponding AMP genes in transgenic rice were considered (i.e.
multimerization, presence/absence of targeting signals for AMP
accumulation in specific subcellular compartments, AMP fusion genes
containing a cleavage site for specific protease). The aim of these studies
was to identify the best AMP candidates for subsequent production in
transgenic rice, while maintaining or improving their antimicrobial activity
and minimizing potential toxicity.

4.1.1 Strategy of peptide design for plant expression

The strategy of peptide design for plant expression arises from the
information gained in previous studies for the antimicrobial peptide BP100
(Badosa et al., 2007). This peptide belongs to a chemical library of linear
undecapeptides (cecropin A (1-7)-melittin (2-9) hybrids) obtained by
combinatorial chemistry (named CECMEL11). The CECMEL11 peptide library
comprises 125 compounds that exhibit antimicrobial activity against
phytopathogenic bacteria and are able to control infection in host plants.
They exhibit low cytotoxicity and moderate susceptibility to proteolytic
degradation (Ferre et al., 2006; Badosa et al., 2007).

Thus, the present work was based on the leader peptide BP100 (amidated
form), which has been adapted for biotechnological production using the
non-amidated form BP134 (H-KKLFKKILKYL-OH).

As previously mentioned, the heterologous expression of such type of
peptide requires overcoming several challenges to allow its expressability in
plants, such as the need to achieve high expression levels, to avoid loss of
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activity due to degradation by host proteases and the need to have a
minimum size. Our design strategy aimed to solve these problems by
increasing the size of the peptide (elongation, n-merization) and including
sequences for stabilization or retention into the endoplasmic reticulum of
the plant cell. However, any change or addition in the basic sequence of
BP134 may affect its spectrum and antimicrobial activity or its potential
phytotoxic effects or hemolytic activity (Badosa et al.,, 2007). In order to
determine whether the aforementioned adjustments have an impact on the
properties of this peptide, a library of 52 peptides based on BP134 was
synthesized at the LIPPSO Laboratory (University of Girona, Spain) (In some
cases peptides were synthesized by CASLO Laboratory ApS (Lyngby,
Denmark)) within the framework of the European Trilateral Plant KBBE
project SEPSAPE (Safe and Efficient Plant Systems for Antimicrobial PEptide
production (Fig. 4.1).
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Fig. 4.1 Schematic representation of the peptide design for plant expression in rice plants. BP134,
KKLFKKILKYL-OH a cecropin A (1-7)-melittin (2-9) hybrid; cecropin A,
KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-OH; cecropin A stabilization sequence, AGPA
(hinge sequence); ER retention signal, KDEL; Protein carrier, 18 kDa rice oleosin (GenBank entry,
AAD10240); Processing TEV sequence, PTTENLYFQS. For details, see Table 4.1.
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4.1.1.1 Endoplasmatic reticulum (ER) retention signal sequence (KDEL)

A series of BP134-derived peptides (BP134ders) were prepared in which the
C-terminal KDEL ER retention signal sequence was included. Several reports
indicate that the KDEL tetrapeptide increases accumulation of certain fusion
proteins and reduces the risk of toxicity to plant cells. As an example, Takagi
and co-workers (2005a) obtained high amounts of a peptide vaccine using
the KDEL retention signal. In addition, Coca and co-workers (2006) observed
that the omission of the retention signal resulted in a reduction in cecropin A
levels compared with those obtained using the ER retention signal in
transgenic rice. Whereas no effect on plant phenotype was observed in rice
plants harbouring the cecropin A_KDEL gene, most of the rice lines
expressing the cecropin A gene with no KDEL extension were non-fertile.
Furthermore, when expressing a cecropin A hybrid peptide without ER
retention signal (called Pep 3) in rice plants under the control of a
constitutive promoter, the peptide was found to be toxic to the rice plants
(San Segundo, unpublished results).

Thus, based on the above mentioned reports, in this work two different
strategies were designed based on the absence or presence of the KDEL ER
retention signal at the C-terminal end of the BP134 peptide (Fig. 4.1,
peptides 1 and 2).

On the other hand, it is well known that the entry of proteins into the ER
endomembrane system is dependent on the presence of a transient N-
terminal peptide. A unique feature of plants is that they are able to store
proteins in the ER in addition to other endomembrane compartments. In this
work, the N-terminal signal peptide of either the GluB-1, GluB-4 or Glb-1 rice
storage proteins were used to allow translocation of candidate peptides into
the ER system of the plant cell. This issue will be further developed in
Section 4.2, Results.

4.1.1.2 Stabilization sequence (AGPA)

Cec A is an insect antimicrobial peptide in which an N-terminal basic,
amphipathic a-helix (residues 5 to 21) is linked by an AGPA hinge to a
shorter and more hydrophobic C-terminal helix (residues from 24 to 37)
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(Bulet and Stocklin, 2005). As discussed previously, de novo designed
peptides were synthesized departing from BP134, a cecropin-melittin hybrid.
BP134 sequence comprises seven residues of cecropin A, a cationic
antimicrobial peptide composed entirely of ordinary 37 L-amino acids.
Because the stability of the a- helix in enlarged BP134 derivatives may be
affected, the AGPA hinge region was included between each monomer
subunit of the designed peptides (Fig. 4.1, peptides 5 and 6; 9 and 10; 15
and 16).

4.1.1.3 Sequence enlargement

Several reports have shown the difficulty to express genes encoding
peptides less than 50 residues in length in plant cells.

Therefore, for expression of genes encoding BP134 derivatives in rice, the
length of this peptide was increased. Three strategies have been explored:
(1) fusion of the peptide sequence to a rice protein (carrier), namely the rice
oleosin (Fig. 4.1, peptide 17) (2) peptide tandem repeats (Fig. 4.1, peptides
3-8), and (3) chimeric enlargement (Fig. 4.1, peptides 13-16).

4.1.1.4 Cleavage site for the Tobacco Etch Virus (TEV) protease

The TEV protease specifically recognises the seven amino acid sequence
ENLYFQS/G, cleaving between the Q and S/G residues. In the present work
PTTENLYFQS, the recognition site for TEV (plus three extra amino acids at its
N-terminal end) was used to fuse the cecropin A peptide to the oleosin
protein (oleosin_TEV_cecropin A) (Fig. 4.1, Fusion protein, 17). The
PTTENLYFQS sequence corresponds to the naturally occurring processing site
in the TEV polyprotein that is cleaved more efficiently than the canonical
recognition site (ENLYFQS). A priori the presence of the cleavage site for the
TEV protease will allow the peptide to be released from the in planta
produced fusion protein by an enzymatic treatment after extraction and
purification of the fusion product (Dougherty et al., 1988).
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4.1.2 Candidate peptide sequences

The peptide library was designed based on the ideal a-helical wheel diagram
of H-KKLFKKILKYL-OH (BP134) and comprised 52 peptides. The sequences of
the de novo designed peptides are presented in Table 4.1.

Table 4.1 Amino acid sequences of BP100 derivative candidates for plant expression

Number of

Code Sequence® Aa residues
BP100 KKLFKKILKYL-NH, 11
BP134 KKLFKKILKYL-OH 11
BP134 derivatives and n-mers

BP184 KLFKKILSKLFKILSKILKYL-OH 21
BP185 KWFKKILSKLFKILSKILKYL-OH 21
BP186 KLFKKILSKLFKILSKILKYL - KDEL-OH 25
BP187 KWFKKILSKLFKILSKILKYL - KDEL-OH 25
BP199 KKLFKKILKYL- AGPA —OH 15
BP214 KKLFKKILKYL- KDEL-OH 15
BP203 KKLFKKILKYL-KKLFKKILKYL-OH 22
BP202 KKLFKKILKYL-AGPA-KKLFKKILKYL-OH 26
BP193 G-KKLFKKILKYL - AGPA -KKLFKKILKYL-OH 27
BP195 S-KKLFKKILKYL- AGPA -KKLFKKILKYL-OH 27
BP200 KKLFKKILKYL- AGPA -KKLFKKILKYL- AGPA-OH 30
BP213 KKLFKKILKYL- AGPA -LYKLIKKFLKK - KDEL — OH 30
BP198 KKLFKKILKYLKKLFKKILKYL - KDEL-OH 26
BP197 KKLFKKILKYL - AGP - KKLFKKILKYL - KDEL-OH 29
BP192 KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 30
BP194 G - KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 31
BP196 S - KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 31
BP204 KKLFKKILKYL - KKLFKKILKYL - KKLFKKILKYL-OH 33
BP201 KKLFKKILKYL - AGPA - KKLFKKILKYL - AGPA - KKLFKKILKYL-OH 41
BP216 KKLFKKILKYL - AGPA - KKLFKKILKYL - AGPA - KKLFKKILKYL-KDEL-OH 45
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Table 4.1 (continued)

Number of
Code Sequence’ Aa residues
BP134 - Melittin (amino acids 10 to 19) chimeras
BP169 KKLFKKIKKYL - TTGLPALISW — OH 21
BP205 G- KKLFKKIKKYL - TTGLPALISW — OH 22
BP206 S- KKLFKKIKKYL - TTGLPALISW — OH 22
BP170 KKLFKKILKYL - TTGLPALISW — OH 21
BP171 KKLFKKILKYL - AGPA - TTGLPALISW-OH 25
BP207 G- KKLFKKILKYL - AGPA - TTGLPALISW-OH 26
BP208 S- KKLFKKILKYL - AGPA - TTGLPALISW-OH 26
BP172 KKLFKKILKYL - TTGLPALISW - KDEL-OH 25
BP173 KKLFKKILKYL - AGPA - TTGLPALISW - KDEL-OH 29
BP134- Melittin (amino acids 1 to 13) chimeras
BP189 KKLFKKILKYL - GIGAVLKVLTTGL - KDEL-OH 28
BP191 GIGAVLKVLTTGL - KKLFKKILKYL - KDEL-OH 28
BP134 - Melittin (amino acids 10 to 18) (inverted dimer) chimeras
BP217 KKLFKKILKYL-TTGLPALIS-AGPA-SILAPLGTT-LYKLIKKFLKK-KDEL 48
BP134- Magainin (amino acids 4 to 10) chimeras
BP180 KKLFKKILKYL - KFLHSAK-OH 18
BP134- Magainin (amino acids 4 to 10) chimeras
BP181 KKLFKKILKYL - AGPA - KFLHSAK-OH 22
BP211 G-KKLFKKILKYL - AGPA - KFLHSAK-OH 23
BP212 S- KKLFKKILKYL - AGPA - KFLHSAK-OH 23
BP182 KKLFKKILKYL - KFLHSAK - KDEL-OH 22
BP134- Magainin (amino acids 4 to 10) chimeras
BP183 KKLFKKILKYL - AGPA - KFLHSAK - KDEL-OH 26
BP134- Magainin (amino acids 1 to 10) chimeras
BP174 KKLFKKILLYL - GIGKFLHSAK-OH 21
BP175 KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 25
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Table 4.1 (continued)

Number of
Code Sequence’ Aa residues
BP209 G-KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 26
BP210 S-KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 26
BP176 KKLFKKILKYL - GIGKFLHSAK-OH 21
BP177 KKLFKKILKYA - GIGKFLHSAK - KDEL-OH 25
BP178 KKLFKKILKYL - AGPA - GIGKFLHSAK - KDEL-OH 29
BP179 KKLFKKILKYL - GIGKFLHSAK - KDEL-OH 25
BP134- Cecropin A (amino acids 25 to 37) chimeras
BP188 KKLFKKILKYL - AVAVVGQATQIAK - KDEL-OH 28
BP215 KKLFKKILKYL - AGPA -VAVVGQATQIAK - KDEL-OH 31
BP190 AVAVVGQATQIAK - KKLFKKILKYL - KDEL-OH 28
Cecropin A and modifications
Cec A KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-OH 37
Cec A_KDEL KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK - KDEL-OH 41

(a) Boldfaced letters indicate the modifications introduced into the BP134 sequence.
Boldfaced underlined residues indicate the non-native Ser or Gly residue retained on N-terminal BP
sequence after TEV protease digestion.

4.1.3 Antibacterial activity of the BP134 derivatives

We tested the antimicrobial activity of the newly synthesized BP134
derivatives by using in vitro growth inhibition assays. For these studies three
plant pathogenic bacteria were used, namely Xanthomonas axonopodis pv.
vesicatoria, Pseudomonas syringae pv. syringae and Erwinia amylovora. The
MIC values were assessed by using increasing concentrations of peptide (0.6,
1.25, 2.5, 5.0, 7.5, 10, 12.5 and 20 uM). As shown in Table 4.2, the
modifications incorporated in the BP134 derivatives strongly influenced the
antimicrobial activity of the resulting peptides. Most BP134 derivatives
(80.8%) exhibited higher antibacterial activity against one or another
pathogen and 63.5% of de novo designed peptides had higher antibacterial
activity against the three pathogen bacteria tested, compared to BP134.
Interestingly, these peptides presented MIC values in the range of 0.6 to 10
MM. In general, the incorporation of stabilizing and ER retaining sequences,
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as well as, its elongation or n-merization, resulted in a similar or even higher

antibacterial activity compared to BP134. The BP134_melittin and magainin

derivatives, cecropin A and cecropin A_KDEL were the most active peptides,

whereas BP216 was the less active peptide (Table 4.2).

Table 4.2 Antibacterial activity of BP134 derivatives

MIC intervals (uM)®

b

b

Code Sequence Xav Pss Ea
BP 100 H-KKLFKKILKYL-NH, 2.5-5.0 5.0-7.5 2.5-5.0
BP134 KKLFKKILKYL-OH 12.5-25  6.25-12.5 6.25-12.5
BP134 derivatives and n-mers
BP184 KLFKKILSKLFKILSKILKYL-OH 10-20 10-20 10-20
BP185 KWFKKILSKLFKILSKILKYL-OH 10-20 10-20 10-20
BP186 KLFKKILSKLFKILSKILKYL - KDEL-OH 10-20 7.5-10 10-20
BP187 KWFKKILSKLFKILSKILKYL - KDEL-OH 5-7.5.0 10-20 10-20
BP199 KKLFKKILKYL- AGPA —OH 2.5-5 10-20 10-12.5
BP214 KKLFKKILKYL- KDEL-OH 1.25-25 25-5.0 2.5-5.0
BP203 KKLFKKILKYL-KKLFKKILKYL-OH 1.25-2.5 5.0-7.5 10-20
BP202 KKLFKKILKYL-AGPA-KKLFKKILKYL-OH 0.6-1.25 2.5-5.0 2.5-5.0
BP193 G - KKLFKKILKYL - AGPA -KKLFKKILKYL-OH 10-20 5.0-10 10-20
BP195 S -K KLFKKILKYL- AGPA -KKLFKKILKYL-OH 10-20 5.0-10 10-20
BP200 KKLFKKILKYL- AGPA -KKLFKKILKYL- AGPA-OH 0.6-1.25 7.5-10 >20
BP213 KKLFKKILKYL- AGPA -LYKLIKKFLKK - KDEL — OH 1.25-25 2.5-5.0 2.5-5.0
BP198 KKLFKKILKYLKKLFKKILKYL - KDEL-OH 10-20 10-20 10-20
BP197 KKLFKKILKYL - AGP - KKLFKKILKYL - KDEL-OH * 5.0-10 5.0-10 5.0-10
BP192 KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 5.0-10 5.0-10 5.0-10
BP194 G - KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 10-20 5.0-10 10-20
BP196 S - KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 10-20 5.0-10 10-20
BP204 KKLFKKILKYL - KKLFKKILKYL - KKLFKKILKYL-OH 2.5-5.0 10-20 >20
BP201 KKLFKKILKYL - AGPA - KKLFKKILKYL - AGPA - 1.25-2.5 7.5-10 >20
KKLFKKILKYL-OH
BP216 KKLFKKILKYL - AGPA - KKLFKKILKYL - AGPA - 10-20 >20 >20
KKLFKKILKYL-KDEL-OH
BP134 - Melittin (amino acids 10 to 19) chimeras
BP169 KKLFKKIKKYL - TTGLPALISW — OH 2.5-5.0 <2.5 2.5-5.0
BP205 G- KKLFKKIKKYL - TTGLPALISW — OH 0.6-1.25 1.25-2.5 1.25-2.5
BP206 S- KKLFKKIKKYL - TTGLPALISW — OH 0.6-1.25 1.25-2.5 1.25-2.5
BP170 KKLFKKILKYL - TTGLPALISW — OH <2.5 2.5-5.0 2.5-5.0
BP171 KKLFKKILKYL - AGPA - TTGLPALISW-OH 2.5-5.0 <25 2.5-5.0
BP207 G- KKLFKKILKYL - AGPA - TTGLPALISW-OH 0.6-1.25 1.25-2.5 1.25-2.5
BP208 S- KKLFKKILKYL - AGPA - TTGLPALISW-OH 0.6-1.25 1.25-2.5 1.25-2.5
BP172 KKLFKKILKYL - TTGLPALISW - KDEL-OH <2.5 2.5-5.0 2.5-5.0
BP173 KKLFKKILKYL - AGPA - TTGLPALISW - KDEL-OH 5.0-7.5 2.5-5.0 5.0-7.5
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MIC intervals (uM)?

b

b

Code Sequence Xav Pss Ea
BP134- Melittin (amino acids 1 to 13) chimeras
BP189 KKLFKKILKYL - GIGAVLKVLTTGL - KDEL-OH 2.5-5.0 2.5-5.0 5.0-7.5
BP191 GIGAVLKVLTTGL - KKLFKKILKYL - KDEL-OH 2.5-5.0 >20 >20
BP134 - Melittin (amino acids 10 to 18) (inverted dimer) chimeras
BP217 KKLFKKILKYL-TTGLPALIS-AGPA-SILAPLGTT- <0.6 2.5-5.0 2.5-5.0
LYKLIKKFLKK-KDEL
BP134- Magainin (amino acids 4 to 10) chimeras
BP180 KKLFKKILKYL - KFLHSAK-OH 2.5-5.0 2.5-5.0 2.5-5.0
BP181 KKLFKKILKYL - AGPA - KFLHSAK-OH 2.5-5.0 <2.5 2.5-5.0
BP211 G-KKLFKKILKYL - AGPA - KFLHSAK-OH 0.6-1.25 2.5-5.0 1.25-2.5
BP212 S- KKLFKKILKYL - AGPA - KFLHSAK-OH 0.6-1.25 2.5-5.0 2.5-5.0
BP182 KKLFKKILKYL - KFLHSAK - KDEL-OH <2.5 <2.5 2.5-5.0
BP183 KKLFKKILKYL - AGPA - KFLHSAK - KDEL-OH 5.0-7.5 7.5-10 2.5-5.0
BP134- Magainin (amino acids 1 to 10) chimeras
BP174 KKLFKKILLYL - GIGKFLHSAK-OH 5.0-7.5 10-20 5.0-7.5
BP175 KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 1.25-2.5 2.5-5.0 5.0-7.5
BP209 G-KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 0.6-1.25 2.5-5.0 1.25-2.5
BP210 S-KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 0.6-1.25 2.5-5.0 1.25-2.5
BP176 KKLFKKILKYL - GIGKFLHSAK-OH 2.5-5.0 2.5-5.0 5.0-7.5
BP177 KKLFKKILKYA - GIGKFLHSAK - KDEL-OH 5.0-7.5 2.5-5.0 7.5-10
BP178 KKLFKKILKYL - AGPA - GIGKFLHSAK - KDEL-OH 2.5-5.0 2.5-5.0 2.5-5.0
BP179 KKLFKKILKYL - GIGKFLHSAK - KDEL-OH 2.5-5.0 2.5-5.0 5.0-7.5
BP134- Cecropin A (amino acids 25 to 37) melittin
BP188 KKLFKKILKYL - AVAVVGQATQIAK - KDEL-OH 2.5-5.0 <2.5 2.5-5.0
BP215 KKLFKKILKYL - AGPA -VAVVGQATQIAK - KDEL-OH 1.25-2.5 2.5-5.0 2.5-5.0
BP190 AVAVVGQATQIAK - KKLFKKILKYL - KDEL-OH 5.0-7.5 >20 >20
Cecropin A and modifications
CecA KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK- <1 <1 <1
OH
Cec KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK- 0.6-1.25 0.6-1.25 0.6-1.25
A_KDEL KDEL-OH

(a) Minimal inhibitory concentrations were determined with a concentration of target bacterial cells
of 10® cfu/mL. (b) Antibacterial activity of BP134 derivatives was determined against Erwinia
amylovora (Ea), Pseudomonas syringae pv. syringae (Pss) and Xanthomonas axonopodis pv.

vesicatoria (Xav).
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4.1.4 Hemolytic activity

In order to estimate the toxicity of BP134 derivatives to eukaryotic cells, the
hemolytic activity of those AMPs showing MIC < 10 uM (for the three
pathogenic bacteria) was investigated. Their toxicity was determined as the
ability to lyse human erythrocytes and compared to that of melittin (a highly
hemolytic natural peptide) (Ferre et al., 2006; Badosa et al., 2007). The
percent hemolysis of peptides at a final concentration of 150 uM after 1 h of
incubation is shown in Table 4.3. Of interest, ten peptides showed lower
hemolytic activity than BP134. Among them, BP181 and BP211
(BP134_melittin), BP178 (BP134_magainin), BP215 (BP134_cecropin A), Cec
A and Cec A_KDEL exhibited the lowest hemolytic activity in human
erythrocytes. The remaining peptides (67.6%) displayed high hemolytic
activity compared to BP134. In fact, eight peptides exhibited >50% hemolysis
at 150 uM.

Table 4.3 Hemolytic activity of BP134 derivatives with relevant antimicrobial activity
(MIC < 10 pM)

Code Sequence Hemolysis (%)’
BP 100 H-KKLFKKILKYL-NH, 22.0+2.8
BP134 KKLFKKILKYL-OH 7.8+28

BP134 derivatives

BP214 KKLFKKILKYL- KDEL-OH 6.0+0.8
BP202 KKLFKKILKYL-AGPA-KKLFKKILKYL-OH 93.0+3.3
BP213 KKLFKKILKYL- AGPA -LYKLIKKFLKK - KDEL — OH 92.0+4.6
BP197 KKLFKKILKYL - AGP - KKLFKKILKYL - KDEL-OH 743124
BP192 KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 68.8+4.3

BP134 - Melittin (amino acids 10 to 19)

BP169 KKLFKKIKKYL - TTGLPALISW — OH 30.3+1.2
BP205 G- KKLFKKIKKYL - TTGLPALISW — OH 13.0+0.9
BP206 S- KKLFKKIKKYL - TTGLPALISW — OH 20.0+1.2
BP170 KKLFKKILKYL - TTGLPALISW — OH 93.0+3.8
BP171 KKLFKKILKYL - AGPA - TTGLPALISW-OH 15.8+0.4
BP207 G- KKLFKKILKYL - AGPA - TTGLPALISW-OH 36.0+1.1
BP208 S- KKLFKKILKYL - AGPA - TTGLPALISW-OH 47.0+1.2
BP172 KKLFKKILKYL - TTGLPALISW - KDEL-OH 48.5+4.7
BP173 KKLFKKILKYL - AGPA - TTGLPALISW - KDEL-OH 16.3+6.5
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Code Sequence Hemolysis (%)°
BP134- Melittin (amino acids 1 to 13)

BP189 KKLFKKILKYL - GIGAVLKVLTTGL - KDEL-OH 60.2+5.2
BP134 - Melittin (amino acids 10 to 18) (inverted dimer)

BP217 KKLFKKILKYL-TTGLPALIS-AGPA-SILAPLGTT-LYKLIKKFLKK-KDEL 100.0+ 3.9
BP134- Magainin (amino acids 4 to 10)

BP180 KKLFKKILKYL - KFLHSAK-OH 54.4+2.6
BP181 KKLFKKILKYL - AGPA - KFLHSAK-OH <1

BP211 G-KKLFKKILKYL - AGPA - KFLHSAK-OH 1.0+0.2
BP212 S- KKLFKKILKYL - AGPA - KFLHSAK-OH 5.0+04
BP182 KKLFKKILKYL - KFLHSAK - KDEL-OH 38.1+6.5
BP183 KKLFKKILKYL - AGPA - KFLHSAK - KDEL-OH 42+13
BP134- Magainin (amino acids 1 to 10)

BP175 KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 143 +25
BP209 G-KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 13.0+0.7
BP210 S-KKLFKKILKYL - AGPA - GIGKFLHSAK-OH 17.0+1.8
BP176 KKLFKKILKYL - GIGKFLHSAK-OH 43.7+9.3
BP177 KKLFKKILKYA - GIGKFLHSAK - KDEL-OH 46+0.4
BP178 KKLFKKILKYL - AGPA - GIGKFLHSAK - KDEL-OH 3.4+4.14
BP179 KKLFKKILKYL - GIGKFLHSAK - KDEL-OH 12.3+0.25
BP134- Cecropin A (amino acids 25 to 37)

BP188 KKLFKKILKYL - AVAVVGQATQIAK - KDEL-OH 23.81+4.0
BP215 KKLFKKILKYL - AGPA -VAVVGQATQIAK - KDEL-OH 3.0+1.1
Cecropin A

CecA KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-OH <1

Cec KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK- KDEL-OH <1

A_KDEL

(a) Hemolytic activity at 150 uM peptide concentration with confidence interval for o = 0.05.

4.1.5 Selection and further characterization of candidate peptides to be

produced in rice plants

Taking into account the specific challenges that involves the expression of

small peptides in plant systems, those peptides showing improved

antimicrobial activity profile, lower cytoxicity and increased length, were

selected as candidates for preparation of the corresponding synthetic genes.

The ER retention signal and stabilization sequences were also considered at
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selecting the candidate peptides (Table 4.4). The following three BP134
derivative peptides were selected:

1) BP192, a dimer of BP134

2) BP178, a BP134_melittin hybrid

3) BP188, a BP134_Cec A hybrid which does not include the AGPA stabilizing
sequence

The cecropin A and cecropin A_KDEL peptides were included in this study
and used as references for peptide production in rice plants because they
have been used in previous reports in constitutive expression strategies
(Coca et al., 2006).

Table 4.4 Antibacterial and hemolytic activity of the selected candidates

MIC intervals (pM)

Code Sequence Xav Pss Ea Hemolysis®
BP192 KKLFKKILKYL - AGPA - KKLFKKILKYL - KDEL-OH 5.0-10  5.0-10  5.0-10 68.8+4.3
BP178 KKLFKKILKYL - AGPA - GIGKFLHSAK - KDEL-OH 2.5-5.0 2.5-5.0 2.5-5.0 3.4+4.1
BP188 KKLFKKILKYL - AVAVVGQATQIAK - KDEL-OH 2.5-5.0 <25 2.5-5.0 23.8+4.0
CecA KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQl <1 <1 <1 <1

AK-OH
Cec KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQl 0.6-1.25 0.6-1.25 0.6-1.25 <1

A_KDEL AK- KDEL-OH

(a) Hemolytic activity is given in % at 150 uM peptide concentration with confidence interval for a =
0.05.

4.1.5.1 Phytotoxicity

Further experiments were carried out to investigate whether the selected
peptides show toxicity to plant cells. Peptide phytotoxicity was evaluated in
tobacco leaves (Nicotiana tabacum) by infiltrating the leaf mesophyle with a
peptide solution (100 L, at 50, 100 or 150 uM each peptide, or water as a
control). The highly cytotoxic peptide, melittin, was used as a positive
control. Representative results are presented in Fig. 4.2 and Table 4.5.
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ddH,0 BP100
(500 uMm)

BP100
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100 pm
BP100 Melittin

Cec A_KDEL

Fig. 4.2 Phytotoxicity of BP134 derivatives in Nicotiana tabacum leaves (concentrations 5 to 100

fold their MIC were used). Pictures were taken at 48 h after infiltration with the various peptides
at the indicated concentrations. Representative images are shown.

The results obtained with the selected peptides were essentially in
agreement with the hemolytic assay. At 48 h after infiltration, no necrotic
lesions were observed in the water control while lesions appeared in the leaf
areas where melittin was inoculated. The various peptides here assayed
produced lesions in a concentration-dependent manner (Fig. 4.2 and Table
4.5). The most phytotoxic peptide was BP192, which also exhibited the
highest hemolytic activity among the selected peptides, whereas the less
toxic were BP134, Cec A KDEL and BP100. BP178 and BP188 were
intermediate (Table 4.3). No significant differences among the selected
peptides were observed when the phytotoxicity was assessed at 150 uM (p >
0.05). By contrast, when phytotoxicity was tested using peptide
concentrations in the range of 50-100 uM, differences in lesion areas were
clearly observed (p< 0.05).
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Table 4.5 Phytotoxicity in tobacco leaves (lesion diameter, cm) of the selected peptides

Peptide concentration (uM)

Peptide 50 100 150

water control 0.00 +0.00 a 0.00 +£0.00 a 0.00 £ 0.00 a
BP134 0.47 £0.03 b 0.50 £ 0.06 b 0.87 £0.07 b
Cec A_KDEL 0.47 £0.03 b 0.73 £0.09 bcd 1.07 £0.07 b
BP100 0.57 £0.07 bc 0.57 £0.03 bc 0.93+0.03 b
BP178 0.67 £0.07 bcd 0.77 £0.03 cd 1.03+0.14 b
BP188 0.77 £0.07 cd 0.80 £ 0.06 cd 1.23+0.09 b
BP192 0.86 +0.10 d 0.97 £ 0.06 d 1.15+0.07 b

Phytotoxicity values are given as the mean of the lesion diameter (cm) after peptide solution
infiltration. The confidence interval for a = 0.05 is indicated. Letters indicate significant differences
according to Tukey one-way ANOVA (a= 0.05).

4.1.5.2 Bactericidal activity

Bactericidal activity of selected peptides was assessed by a contact time
exposure test of pathogenic bacteria to a peptide solution. This method is in
fact a killing assay and differs from continuous exposure (bacteriostatic
assay) used in screening of activity (growth inhibition, Section 4.1.3,
Results). The selected peptides (Table 4.6) were assessed for bactericidal
activity against E. amylovora and Dickeya sp. 1552.10.1. The minimal killing
concentration (MKC) values are shown in Tables 4.7, and 4.8, respectively.
The MKC was dependent on the concentration of bacteria used for the assay
and the exposure time. E. amylovora and Dickeya sp. 1552.10.1 did not
survive when treated with BP192, BP178 or Cec A at a concentration <1.56
KM (30 min exposure period). Adding the KDEL retention signal either to the
cecropin A (Cec A_KDEL) or to the BP134_Cec A (BP188) peptide decreased
the bactericidal activity against E. amylovora (MKCs values of 1.56 to 12.5
UM, and 1.56 to 6.25 pM, respectively). By contrast, Cec A_KDEL showed a
slight increase of activity against Dickeya sp. 1552.10.1. (1.56 to 6.25 uM),
whereas BP188 still was less active against the pathogen.
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Table 4.6 Amino acid sequence of the selected peptides tested for their bactericidal
activity against Erwinia amylovora and Dickeya sp. 1552.10.1.

Peptide Sequence

AMP models

BP134 -OH

Magainin GIGKFLHSAK -OH

CecA AVAVVGQATQIAK-OH

AMPs selected in this work

BP178_KDEL (BP134-magainin) - AGPA - GIGKFLHSAK - KDEL-OH

BP188_ KDEL (BP134-cecropin A) - AVAVVGQATQIAK - KDEL-OH

BP192_KDEL (BP134-BP134) - AGPA - - KDEL-OH

Cec A_KDEL - KDEL-OH
CecA -OH

Table 4.7 Bactericidal activity (MKC, uM) of the selected peptides against Erwinia
amylovora

Bacterial concentration (CFU/mL)

Peptide 10° 10°
Exposure time (min) Exposure time (min)
30 120 30 120
BP192 <1.56 <1.56 <1.56 <1.56
BP188 1.56-3.12 <1.56 3.12-6.25 1.56-3.12
BP178 <1.56 <1.56 <1.56 <1.56
Cec A_KDEL 1.56-3.12 1.56-3.12 6.25-12.5 6.25-12.5
Cec A <1.56 <1.56 <1.56 <1.56

Table 4.8 Bactericidal activity (MKC, uM) of the selected peptides against Dickeya sp.
1552.10.1

Bacterial concentration (CFU/mL)

Peptide 10° 10*
Exposure time (min) Exposure time (min)
30 120 30 120
BP192 <1.56 <1.56 <1.56 <1.56
BP188 12.5-25.0 3.12-6.25 12.5-25.0 12.5-25.0
BP178 <1.56 <1.56 <1.56 <1.56
Cec A_KDEL <1.56 <1.56 3.12-6.25 3.12-6.25
CecA <1.56 <1.56 <1.56 <1.56
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Taking into account the results obtained in these studies, the BP134
derivatives BP192, BP188, BP178 and Cec A/Cec A_KDEL were selected to be
produced in the rice seed platform. These peptides exhibited optimized
features such as strong antibacterial and bactericidal effects, and low
hemolytic and phytotoxic activity.
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4.2. Construction of plant expression vectors

For expression of AMP genes in transgenic rice, seed specific promoters
were initially obtained which were then used to drive expression of the
selected AMP genes. Strategies to optimize transgene expression and to
direct the transgene product to specific subcellular compartments, namely
the protein bodies (endosperm) or oil bodies (embryo) were evaluated.
Transgenes were carefully designed taking into account the results obtained
in the characterization of BP134 derivatives and for the peptides
BP178_KDEL, BP188_KDEL and BP192_KDEL (Section 4.1, Results).

4.2.1 Strategies for the expression of antimicrobial genes in rice seed
tissues

As previously described (Section 4.1, Results), transgene expression level is
highly dependent on the regulatory elements used to control its expression,
promoters and terminators. Generally, the stronger the promoter is, the
higher protein yield can be expected (unless the transgene transcripts are
unstable or recombinant protein is unstable or toxic to the plant cell). In
order to hinder the possible negative effects of AMPs on plant growth and
development (in our case, AMPs might display certain phytotoxicity) an
approach for seed-specific expression of AMPs was assessed by using
different seed-specific promoters to drive transgene expression. Four rice
promoters were chosen on the basis of their activity and pattern of
expression in the rice seed (Qu and Takaiwa, 2004). They were: glutelin B-1
(GluB-1), glutelin B-4 (GluB-4) and 26 kDa a-globulin (Glb-1) promoters
(active in the rice endosperm during seed germination), and the 18 kDa
oleosin (Ole18) promoter (active in the rice embryo and aleurone tissues).
Moreover, the Olel8 protein was used as a carrier to produce the AMP of
interest as an oleosin_ AMP fusion protein in the seed oil bodies (van Roojien
and Moloney, 1995). Towards this end, an oleosin_ AMP fusion gene was
obtained and expressed in rice plants under the control of the 18 kDa
oleosin promoter. The activity and strength of the seed specific promoters
used in this work during rice seed development, are presented in Table 4.9
according to Qu and Takaiwa (2004).
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Table 4.9 Activity of the selected seed-specific promoters during seed development, as revealed
by GUS activity of promoter::GUS fusion genes (according to Qu and Takaiwa, 2004).

Promoter Expression pattern Promoter strengh Description

GluB-1, GluB-4  Outer endosperm Moderate, high Expression is observed in the aleurone
layer and subaleurone tissues 7 days
after flowering. Progressively spreads
into the inner endosperm during
maturation

26 kDa Glb-1 Inner endosperm High Expression in  the inner starchy
endosperm. The expression pattern does
not change during seed development.

Ole 18 Embryo Low Expression is first detected in the
aleurone layer 7 days after flowering, and
in the embryo at later stages of
maturation

The universal promoter ubiquitin is included in the low GUS activity group.

In the present work, the signal peptide sequence of the rice endosperm
storage protein either GluB-1, GluB-4 or 26 kDa Glb-1 was fused to the N-
terminal end of the AMP peptide sequence to direct its internalization into
the ER. During translocation into the ER, the signal peptide is cleaved off by a
signal peptidase (von Heinje, 1983, 1985; Glinter Blobel 1999-Novel price in
Physiology or Medicine: "for the discovery that proteins have intrinsic signals
that govern their transport and localization in the cell"). When necessary, the
ER retention signal (KDEL tetrapeptide) was added to the C-terminal end of
the peptide. In all the cases, the nopaline synthase terminator (Nos-T)
derived from A. tumefaciens was used to control transcriptional termination.
The components of the different plant expression vectors prepared in this
work are presented in Fig. 4.3.
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Fig. 4.3 (A) Schematic representation of the chimeric gene constructs used for expression of AMP

genes in rice seed tissues, either endosperm (A) or embryo (B). Arrows indicate the orientation of
the sequence. SP, signal peptide; ER, endoplasmatic reticulum retention signal (KDEL); PRS,
processing site (TEV protease recognition sequence). (C) Expression pattern of rice promoters
which direct embryo-specific or endosperm-specific expression. Highlighted areas indicate: blue,
GluB-1 promoter; green, GluB-4 promoter; red, G/b-1 promoter; yellow, Ole18 promoter.

4.2.2 Synthesis and cloning of AMP genes

Synthetic genes were designed based on the codon usage bias in O. sativa.
The codon usage pattern has been correlated with the gene expression level
(Liu et al., 2004). Lysine residues in the peptide genes are preferentially
encoded by AAG, isoleucine by ATC, valine by GTC, threonine by ACC, glycine
by GGC or phenylalanine by TTC, among others (Liu et al., 2004). Similarly,
the synthetic Cecropin A coding sequence was previously obtained by
changing 20 out of the 37 codons of the native Cecropin A coding sequence
(Coca et al., 2006).

Based on the amino acid sequence of BP192, BP178, BP188, Cec A_KDEL and
Cec A, the corresponding codon-optimized AMPs genes were chemically
synthesized. Synthetic BP192 and Cec A genes were fully synthesized using
recursive PCR (Prodromou and Pearl, 1992). This technique is used to
generate new synthetic genes from overlapping complementary
oligonucleotides without the need for precursor template DNA. BP192 and
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cecropin A coding sequences were synthesized by Maria Montero (University
of Girona) and Maria Coca (CRAG, Barcelona), respectively. The coding
sequence of BP178 and BP188 was chemically synthesized and cloned into
the pUC57 plasmid (GenScrip).The full-length cDNA for the 18 kDa oleosin
gene (AK243015) was purchased from the Rice Genome Resource Center
(National Institute of Agrobiological Science, Japan,
http://www.nias.affrc.go.jp).

The nucleotide sequences of the synthetic genes prepared in the present
work and deduced amino acid sequences are presented in Table 4.10 and
4.11, respectively.

Table 4.10 Nucleotide sequences of the synthetic BP134 derivatives and Cec A genes prepared in
this work. The rice promoter used to drive the expression of these genes is indicated.

Promoter Peptide Peptide sequence bp

GluB-1 BP178 aag aag ctt ttc aag aag atc ctc aag tac ctc gcc ggc cca 94
G

A P
gcc ggce atc ggc aag ttc ctc cac tcc gcc aag aag gac gag
A G | G K F L H S A K K D E
ctc tag taat

L

BP188 aag aag ctt ttc aag aag atc ctc aag tac ctc gcc gtc gcc 91
gtc gtc ggc caa gcc acc caa atc gcc aag aag gac gag ctc

tag taat

BP192 aag aag ctt ttc aag aag atc ctc aag tac ctc gcc ggc cca 97
G
gcc aag aag ctc ttc aag aag atc ctc aag tac ctc aag gac
A K D

gag ctc tag taat
E L

Cec aag tgg aag ctt ttc aag aag atc gag aag gtc ggc caa aac 130
A_KDEL
atc cgc gac ggc atc atc aag gcc ggc cca gcc gtc gcc gtc
G
gtc ggc caa gcc acc caa atc gcc aag aag gac gag ctc tga

taat

Cec A aag tgg aag ctt ttc aag aag atc gag aag gtc ggc caa aac 118
atc cgc gac ggc atc atc aag gcc ggc cca gcc gtc gcc gtc
G A

gtc ggc caa gcc acc caa atc gcc aag tga taat
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Table 4.10 (continued)
Promoter Peptide Peptide sequence bp

GluB-4 BP178 aag aag ctc ttc aag aag atc ctc aag tac ctc gcc ggc cca 94
G
gcc ggc atc ggc aag ttc ctc cac tcc gcc aag aag gac gag
A G 1 G

ctc tag taat
L

BP188 aag aag ctt ttc aag aag atc ctc aag tac ctc gcc gtc gcc 91
gtc gtc ggc caa gcc acc caa atc gcc aag aag gac gag ctc
tag taat

BP192 aag aag ctc ttc aag aag atc ctc aag tac ctc gcc ggc cca 97
gcc aag aag ctc ttc aag aag atc ctc aag tac ctc agg gac

gag ctc tag taat
E L

Cec aag tgg aag ctt ttc aag aag atc gag aag gtc ggc caa aac 130
A_KDEL

atc cgc gac ggc atc atc aag gcc ggc cca gcc gtc gecc gtc

gtc ggc caa gcc acc caa atc gcc aag aag gac gag ctc tga

taat

Cec A aag tgg aag ctt ttc aag aag atc gag aag gtc ggc caa aac 118
atc cgc gac ggc atc atc aag gcc ggc cca gcc gtc gecc gtc
gtc ggc caa gcc acc caa atc gcc aag tga taat

Glb-1 BP178 aag aag ctc ttc aag aag atc ctc aag tac ctc gcc ggc cca 94
A G

gcc ggc atc ggc aag ttc ctc cac tcc gcc aag aag gac gag
G 1 G K F L H S A K K D E
ctc tag taat

BP192 aag aag ctc ttc aag aag atc ctc aag tac ctc gcc ggc cca 97
G

A P
gcc aag aag ctc ttc aag aag atc ctc aag tac ctc aag gac
A
gag ctc tag taat
E L

Single nucleotide changes were introduced in peptide coding sequences to create specific restriction
sites. Restriction sites introduced for cloning purposes are underlined; nucleotides in red indicate the
modifications made in the peptide coding sequence to introduce restriction sites; sequences in bold
indicate the stop codons (tga, taa). Amino acid sequence: in green, BP134; in blue, (1-10) magainin; in
pale brown, (25-37) cecropin A; in yellow, cecropin A; in orange, AGPA hinge; in purple, ER retention
signal and in black, the last two amino acids of GluB-4 signal peptide that were added during
subsequent cloning.
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Table 4.11 Nucleotide sequence encoding the 18 kDa oleosin and 18 kDa

fusion genes

oleosin_Cec A

Fusion
Promoter protein

Peptide sequence

bp

Ole 18 Olel8-
Cec A

gcc ggg cag

acg
cag
ctg
999
gtg
ggc
tcg
cgc
gag
cac
ggc
acc
aag
aag

atc

Olel8

gtg
gcg
ctc
ctc
ctc
ttc
ctc
acg
gcc
gcc
gcc
gag
atc
gcc

gcc

aag
ctg
gtg
gcc
gtc
ctc
acc
ccc
gcc
atc
ggce
aac
gag
ggc

aag

gcc ggg cag

acg
cag
ctg
999
gtg
ggc
tcg
cgc
gag
cac
ggc

taat

gtg
gcg
ctc
ctc
ctc
ttc
ctc
acg
gcc
gcc

gcc

aag
ctg
gtg
gcc
gtc
ctc
acc
ccc
gcc
atc

ggc

cgttgcattcatcttgctagctagcttagca

tac tac cag cag cag

999
acg
ctg
gtc
ccg
acc
ttc
gac
gcy
cag
ggt
ctc
aag
cca

tga

atc
gtg
tcc
gcc
gcc
tcc
ctc
tac
cac
ggc
ggc
tac
gtc
gcc

taat

ctg
gcg
999
acg
gcg
ggc
gcc
gtc
gcc
agg
gcc
ttc
ggc

gtc

ccy
acg
ctg
ccy
ctyg
gcyg
aac
gag
ggc
gcc
ggc
cag
caa

gcc

gag
ctg
gcg
gtg
ctc
ctg
acg
cag
cac
gac
acc
agc
aac

gtc

cgttgcattcatcttgctagctagcttagca

tac tac cag cag cag

999
acg
ctg
gtc
ccg
acc
ttc
gac
gcg
cag

ggt

atc
gtg
tcc
gcc
gcc
tcc
ctc
tac
cac
ggce

ggc

ctg
gcg
999
acg
gcg
ggc
gcc
gtc
gcc
agg

gcc

ccg
acg
ctg
ccg
ctg
gcg
aac
gag
ggc
gcc

ggc

gag
ctg
gcg
gtg
ctc
ctg
acg
cag
cac
gac

acc

atg
aga
aag
ttc
ctg
ttc
atc
ggc
gcg
gcg
aag
cag
aag
aag
atc

gtc

atg
aga
aag
ttc
ctg
ttc
atc
ggc
gcg
gcg
aag
cag

aag

gcg
999
gcg
ccg
gcg
ctg
999
ctc
cgc
cgg
acg
gcc
aca
tgg
cgc

ggc

gcg
999
gcg
ccy
gcg
ctyg
999
ctc
cgc
cgg
acg
gcc

aca

gat
cag
ccg
ctg
gcg
atc
ctc
ggc
cag
cgc
gcg
ggce

tcc

cgc
gtg
tcg
ggt
tcc
ttc
gcc
999
gcg
agg
cag
acc

tcg

aag ctt

gac

Caa

gat
cag
ccg
ctg
gcg
atc
ctc
ggc
cag
cge
gcg
ggc

tcc

ggc

gcc

cgc
gtg
tcy
ggt
tce
ttc
gcc
999
gcg
agg
cag
acc

tcg

gac
999
gcg
999
gtg
agc
gtc
ctg
ttc
atg
gcc
ggc
cce
ttc
atc

acc

gac
999
gcg
999
gtg
agc
gtc
ctg
ttc
atg
gcc
ggc

tga

cgc
gag
tcg
ctg
gtg
ccg
gcc
tcg
cag
gcc
ggc
gcc
acc
aag
atc

Caa

cgc
gag
tcg
ctg
gtg
ccg
gcc
tcg
cag
gcc
ggc

gcc

695

556

Restriction sites used for cloning purpose are underlined; sequences in bold indicate the start
codon (atg) and the stop codons (tga, taa). Amino acid sequence: in blue 18 kDa rice oleosin; in

purple TEV protease recognition site; in yellow cecropin A.
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The synthetic gene sequences were then amplified by PCR using specific
primers containing the appropriate restriction sites for subsequent cloning
steps (Fig. 4.4 A, B). When needed, the signal peptide of the seed storage
protein, GluB-1, GluB-4 or Glb-1, was fused to the N-terminal end of the
AMP sequence. For this, the nucleotide sequence encoding the signal
peptide was PCR-amplified from rice (O. sativa cv. Senia) genomic DNA
together with the promoter DNA sequence of the corresponding gene (GluB-
1, GluB-4 or Glb-1). Next, the DNA fragment encompassing the promoter and
the signal peptide sequence was fused to the synthetic AMP gene of
interest. All the PCR products were gel-purified using a DNA purification
column (Fig 4.4 C) and cloned into the pGEM ®T-Easy plasmid.

bp

650

100

I00

200 =

1000
101 “5s5p
98 i
500

100

Std Std std
Fig. 4.4 Analysis of PCR products on agarose gel stained with ethidium bromide. (A) Product

amplification corresponding to BP178 KDEL (101 bp) and BP188 KDEL (98 bp) peptide genes
designed to be expressed under the control of GluB-1 endosperm promoter. (B) PCR products

corresponding to oleosin_PRS_Cec A fusion gene (589 bp) designed to be expressed under the
control of Ole18 embryo promoter. (C) Purified DNAs encoding Cec A (140 bp), Cec A_KDEL (152
bp), BP192_KDEL (119 pb) and BP188_KDEL (98 pb). PRS, TEV protease recognition sequence; bp,
base pairs. The PCR products here presented contain restriction sites added for cloning purposes,
as well as some extra nucleotides from the corresponding signal peptide sequence. Std, molecular
standard (1 Kb, Invitrogen) plus. Numbers in the left side indicate the size of the DNA fragments of
the molecular weight DNA markers.

The insertion of the DNA fragment of interest into the plasmid was verified

by colony PCR (using primers to amplify the insert), followed by restriction

enzyme analysis.
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After screening for recombinant plasmids, those colonies harbouring the
plasmid vector containing the cloned fragment were isolated and the
recombinant plasmids were digested using the appropriate restriction
enzyme (for which restriction sites were inserted by PCR) to release the
cloned insert.

The complete nucleotide sequence of the cloned genes was confirmed by
DNA sequence analysis performed on an automated sequencer ABI PRISM
377 (Applied Biosystems) at the DNA Sequencing Facility from CRAG
(Barcelona, Spain). In this way, sequences encoding the various BP134 and
Cec A gene derivatives, as well as the oleosin and oleosin fusion sequences

were obtained.

4.2.3 Cloning of seed-specific rice promoters and N-terminal signal
peptide sequences

Four rice promoters that are known to be active in particular tissues of the
rice seed were isolated by PCR using rice genomic DNA as the template
(Oryza sativa ssp. japonica cv. Senia, and Oryza sativa ssp. indica cv. IR36).
The oligonucleotide primer sequences were designed to amplify a DNA
fragment encompassing the promoter, the 5’-untranslated region (UTR) and
the coding region for the N-terminal signal peptide of the corresponding
seed storage protein genes. Oligonucleotide primers were designed
according to the nucleotide sequences available at the EMBL/GenBank/DDB)J
nucleotide sequence database with accession numbers AY427569 (GluB-1),
AY427571 (GluB-4), AY427575 (Glb-1) and AY427563 (Olel8) (Qu et al.,
2004). The signal peptide encoding-region of the GluB-1, GluB-4 and Glb-1
genes is described in Table 4.12 (the 18 kDa oleosin does not contain N-
terminal signal peptide sequence).
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Table 4.12 Nucleotide sequences of the N.terminal signal peptide region of the GluB-1, GluB-4 and
Glb-1 genes from Oryza sativa

Promoter Signal peptide sequence #bp
GIuB-1 atg gcg agt tcc gtt ttc tct cgg ttt tct ata tac ttt tgt 72
M A S S Vv F S R F S | Y F C

gtt ctt cta tta tgc cat ggt tct atg gcc aag aagctt gagctc ggatcc
\Y L L L C H G S M A

GIluB-4 atg gcg acc ata gct ttc tct cgg tta tct atc tac ttt tgt 72
M A T | A F S R L S | Y F C
gtt ctt ctc cta tgc cat gga tcc gagctc
\% L L L C H G S

Glb-1 atg gct agc aag gtc gtc ttc ttc gcg gcg gcg ctc atg gcg 66
M A S K VvV Vv F F A A A L M A
gcc atg gtg gcc atc tcc ggc gcc ggatcc
A M V A 1 S G A

Restriction sites introduced for cloning purpose are underlined; nucleotides in red indicate the
modifications made in the signal peptide coding sequence to introduce restriction sites; sequences in
bold indicate the start codon (atg). Amino acid sequence: in black, signal peptide; in green, amino
acids from BP134 derivatives; in grey, the last two amino acids of the GluB-4 signal peptide which
were incorporated during cloning steps. #bp indicates the number of pair bases of the DNA fragment
encoding the signal peptide.

The GluB-1, GluB-4 and GIb-1 promoters were isolated from genomic DNA
from Oryza sativa ssp. japonica cv. Senia, while genomic DNA from Oryza
sativa ssp. indica cv. IR36 was used to obtain the Ole18 gene promoter (Fig.
4.5). Attempts were made to isolate the Ole18 promoter from the japonica
ssp., with no success.

The DNA fragments containing the promoter and N-terminal signal peptide
region (included in endosperm promoters) were as follows: (1) GluB-1
promoter (2292 bp) containing the 5’UTR region (43 bp) and the N-terminal
signal peptide sequence (72 bp), (2) GluB-4 promoter (1448 bp) containing
the 5’UTR region (26 bp) and the signal peptide sequence (72 bp), (3) Glb-1
promoter (902 bp) containing the 5’UTR region (73 bp) and the N-terminal
signal peptide sequence (66 bp), and (4) 18 kDa oleosin promoter (1139 bp)
containing the 5’UTR region (61 bp). A more detailed information on rice
seed promoters is compiled in Fig 4.6.

The PCR-amplified DNA fragments were cloned into a pGEM ®T-Easy vector
(EcoR | restriction enzyme site) and the ampicillin-resistant clones were
screened by PCR and restriction digestion analysis. Cloning of the correct
DNA fragments was confirmed by DNA sequencing. The nucleotide

sequences of the isolated rice promoters containing the signal peptide
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coding region are shown in Annex 8.1. Nucleotide changes were observed in
the GluB-1, Glb-1 and Olel8 promoter sequences compared to the DNA
sequences deposited in GenBank sequences which might be explained by
differences among rice varieties (Nipponbare variety, GenBank database;
Senia and IR36, present work).

A B

bp

bp

1700
1200
1159

805

Std Std

Fig. 4.5 Analysis of the PCR products for the obtention of the GluB-1 (2438 bp), GluB-4 (1551 bp),
Glb-1 (1053 bp) and Ole18 (1200 bp) promoters. (A) PCR products of the endosperm specific
promoters including the N-terminal signal peptide coding region. (B) DNA fragment corresponding
to the 18 kDa oleosin promoter. Ethidium bromide-stained agarose gel (1%). Std, molecular
standard 1 Kb plus (Invitrogen). Numbers in the left side indicate the size of the DNA fragments of
the molecular weight DNA markers. Bp, base pairs.

4.2.3.1 Promoter analysis

It is generally accepted that the seed specificity of storage protein gene
expression is primarily regulated at the transcriptional level, although post-
transcriptional processes can modulate the final amount of gene products.
Cis-regulatory sequences, or cis-regulatory elements are recognized by
distinct transcription factors and/or other regulatory molecules that are
needed to activate and sustain transcription. Takaiwa and co-workers (1996)
described that the AACA and GCN4 motifs are required for the high level of
seed-specific expression of the glutelin multigene family in rice. Specifically,
the combination of GCN4, AACA and ACGT motifs is shown to be sufficient to
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confer detectable endosperm expression of the GluB-1 gene (Washida et al.,
1999; Wu et al., 2000). Furthermore, Wu, L. S. and co-workers (1998) found
three conserved sequences (ATAGTTTAG, ATG/A CGGCC and
CTCCC...10pp...CACCC (Fig. 4.6 D) and two potential regulatory elements of
cereal storage proteins (RY repeat and CATC tetranucleotide) in the flanking
5’ region of 16 and 18 kDa rice oleosin genes. Other common cis-regulatory
elements involved in seed-specific regulation/expression are described in
Table 4.13.

Table 4.13 Relevant plant cis-regulatory elements involved in seed specific expression in
different plant species

Motif Reported in Sequence Function

RY-element Helianthus annuus CATGCATG Involved in seed-specific regulation
Skn-l_motif Oryza sativa GTCAT Required for endosperm expression
CAATBOX1 Pisum sativum CAAT Responsible for the tissue specific

promoter activity

PROLAMINBOX Oryza sativa TGCAAAG Involved in quantitative regulation of
GluB-1 gene
CANBNNAPA Brassica napus CNAACAC Required for seed (embryo and

endosperm) specific transcription

PROBXBBNNAPA Brassica napus CAAACACC Required for seed specific gene
expression and ABA responsiveness

ACGTSEED3 Tobacco GTACGTGGCG  Related to seed expression

ACGTOSGLUB1 Oryza sativa GTACGTG Required for endosperm expression of

glutelin genes

AACACOREOSGLUB1 Oryza sativa AACAAAC Involved in controlling endosperm
expression of glutelin genes

CEREGLUBOX2PSLEGA  Pisum sativum TGAAAACT Sequence homologous to the cereal
glutenin gene control element

GCN4 Oryza sativa CAAGCCA/TGA Involved in endosperm expression
GTCA
(Higo et al., 1999 (PLACE database); Lescot et al., 2002 (PlantCare database)).

In the present work, a search for the presence of known cis-regulatory
elements in the sequence of the isolated rice promoters was carried out
using the PLACE and PlantCare databases (Higo et al.,, 1999 (PLACE
database); Lescot et al., 2002 (PlantCare database). Interestingly, in addition
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to seed-specific regulation, cis-regulatory elements associated with plant
hormonal regulation, light and stress responsiveness were identified (Fig.
4.6).

None of the changes found in the promoter regions of the GluB-1 and Glb-1
promoters (e. g. single nucleotide replacements, 1-4 nucleotide
deletions/insertions) located at any of the known cis-elements controlling
seed-specific gene expression (Fig. 4.6 A, C).

To note, major nucleotide changes were identified in the sequence of the
isolated Olel8 promoter in comparison to the AY427563 sequence
deposited in GenBank. In fact, the Ole18 promoter isolated from genomic
DNA of indica was 1200 nucleotides in length, while AY427563 (isolated from
japonica, GenBank) comprises 1249 nucleotides. Nucleotide sequencing also
revealed a 64-nucleotide fragment deletion and a 13 nucleotide fragment
insertion. An additional GCN4 motif was identified in the nucleotide
sequence of the isolated promoter (indica rice). Interestingly, the GCN4
motif was also found in the GluB-1, GluB-4 and Glb-1 promoter genes, but
not in the Ole18 AY427563 promoter sequence (Fig. 4.6 D).
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Fig. 4.6 Schematic diagram of cis-elements identified in the rice seed specific promoters from Oryza
sativa ssp. indica cv. IR36 (for 18 kDa oleosin promoter) or Oryza sativa ssp. japonica cv. Senia (for GluB-
1, GluB-4 and GIb-1 promoters). The transcriptional start site is indicated as +1. Nucleotides in red
indicate the translational initiation (ATG) and termination codon (TAA). Negative numbers represent the
position of nucleotides upstream the transcription start site (+1). Blue box denotes the seed protein
coding region. The uncoloured area represents the promoter gene sequence. The location of the cis-
acting regulatory elements identified in seed specific promoters are indicated as follows: Dcis-acting
regulatory element required for tissue specific expression; Dcis-acting regulatory element required for
endosperm expression; Dcis-acting regulatory element involved in seed specific regulation/expression;
] required for high level expression; (] other identified motifs; B raTA box, the main recognition
site for the binding of RNA polymerase in the promoter sequence. Arrowheads at the bottom indicate
the direct (=) or reverse orientation (€) of the cis-acting element. In 18 kDa oleosin promoter, the
nucleotide sequence in bold indicate the three conserved sequences identified in promoter region of
the rice 16 and 18 kDa rice oleosin genes (Wu, L. S. et al., 1998), nucleotides in purple indicate a 13
nucleotide fragment insertion (TGTTGCTACCTAA) and position -480 indicate a 64-fragment
deletion (CATTATAACTAGGTATTATGAGGTACCAAATTTACAATAGAAAAAATAGTACTTCATGGTACTT)
compared to AY427563 (isolated from japonica).
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4.2.4 Cloning of the nopaline synthase terminator

The DNA sequence encoding the nopaline synthase terminator (Nos-T) from
A. tumefaciens was isolated by PCR using the plasmid pCUbi::Cec
A_KDEL::Nos-T (Coca et al., 2006) as the template (Fig. 4.7). Plasmidic DNA
was provided by Sonia Campo (CRAG, Barcelona, Spain). The amplified
fragment was cloned into pGEM®-T Easy vector and its nucleotide sequence
confirmed by DNA sequencing.

1000
850
650
500
400
300

200
100

Std
Fig. 4.7 Analysis of PCR products for the amplification of the Nos terminator (289 bp) by agarose
gel stained with ethidium bromide. Std, molecular standard 1 Kb plus (Invitrogen). Std, molecular

standard (1 Kb, Invitrogen) plus. Numbers in the left side indicate the size of the DNA fragments of
the molecular weight DNA markers.

4.2.5 Construction of vectors for rice transformation

DNA fragments consisting of an endosperm-specific promoter, the signal
peptide coding region, the coding region of the synthetic AMP gene and the
Nos terminator sequence, were cloned into the pCAMBIA1300 plant
expression vector. For this purpose, the pGEM::Nos-T and pGEM:endosperm
promoter-signal peptide (SP) vectors (Fig. 4.8) were digested with the
appropriate restriction enzymes. The Nos terminator sequence was cloned
downstream of the promoter-SP, resulting in plasmids pGEM::endosperm
promoter-SP::Nos_T. Then, the synthetic AMP gene was cloned into the
pGEM::endosperm promoter-SP::Nos-T plasmid DNA, flanked by the
promoter (containing the signal peptide coding region) and the terminator
sequence. The complete cassette (endosperm promoter-SP::AMP::Nos-T)
was cloned into the pCAMBIA1300 vector. All the constructs used for rice
transformation were verified by nucleotide sequencing. The schematic
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representations of the binary vectors are shown in Figs. 4.8 and 4.9. The
expression vectors were transferred to Agrobacterium tumefaciens (EAH105
strain) (Hood et al., 1993). The parent pCAMBIA1300 vector already contains
the hptll (hygromycin phosphotransferase) gene encoding hygromycin
resistance in the T-DNA region.
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A pCGluB-1::BP134der_KDEL::Nos-T
Kpn| Hind Il Hind Il Kpn1

hCaMV-terml hptll 355CaMV-prom|—‘ Nos-term| AMP |SP K GluB-1-prom

LB RB

BP178 DEL
BP188  |KDEL
BP192 KDEL

pCGluB-1::Cec A_KDEL::Nos-T

Kpn BamH| BamH| Kpnl

hCaMV-terml hptll 355CaMV—prom|—‘ Nos-term | AMP |SP K GluB-1-prom

LB RB

pCGluB-1::Cec A::Nos-T

Sacl BamH1 BamH| Kpn1

hCaMV-terml hptil 355CaMV-prom|—‘ Nos-term | AMP |SP K GluB-1-prom

LB RB

B pCGluB-4::AMPder_KDEL::Nos-T

Kpnl BamH| BamH| Kpn1

hCaMV-terml hptll 3SSCaMV-prom|—‘ Nos-term | AMP |SP K GluB-4-prom

LB RB
BP178  |KDEL
BP188  |KDEL
BP192  |KDEL
CecA  |KDEL

pCGluB-4::Cec A::Nos-T

Sac| BamH| BamH| Kpn1

hCaMV-terml hptll 355CaMV-prom|—‘ Nos-term | AMP |SP K GluB-4-prom

L8 RB

C  pCGIb-1::BP134der_KDEL::Nos-T

Kpn Narl Narl BamH |

hCaMV-terml hptil 355CaMV-prom|—‘ Nos-term | AMP | SP Glb-1-prom

LB RB

Fig. 4.8 Schematic representation of the plant expression vectors prepared in this work for the
expression of AMP genes in the rice endosperm. Each synthetic peptide was cloned between an
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endosperm-specific promoter (containing the signal peptide (SP) coding sequence for the
corresponding gene and the nopaline synthase terminator (Nos-T). 355CaMV-prom, cauliflower
mosaic virus 35S promoter; CaMV-term, 35S terminator from cauliflower mosaic virus; hptll, gene
encoding resistance to hygromycin; LB, left border; RB, right border. Restriction sites used for
cloning purposes are indicated.

Moreover, in the present work, the Cec A synthetic gene was expressed in
rice as a 18 kDa oleosin_Cec A fusion gene under the control of 18 kDa
oleosin promoter and the Nos terminator. The nucleotide sequence
encoding the TEV protease recognition site (PRS) was placed between the
oleosin and Cec A DNA sequences. The components of the T-DNA in the
pCOlel8::0leosin_PRS Cec A::Nos-T construct are indicated in Fig 4.9 A. A
construct consisting of the 18 kDa oleosin coding sequence under the
control of its own promoter (Ole18 promoter) and the Nos terminator was
also obtained and used as a control of oleosin overexpression in transgenic
rice (Fig 4.9 B).

A pCOle18::0le18 PRS_Cec A::Nos-T

EcoR|| Bsm| Hind Il Hind Il

hCaMV-terml hptll K355CaMV-prom Ole18-prom Oleosin |PRSI CecA INos-term

LB RB

B pCOlel18::0le18::Nos-T

EcoR|| Bsm| Hind 1l

hCaMV-termI hptll K35SCaMV-prom Ole18-prom Oleosin | Nos-term
LB RB

Fig. 4.9 Schematic representation of the plant expression vectors prepared in this work for the
expression of the oleosin_Cec A fusion gene (A) and the oleosin gene (B) in the rice
embryo/aleurone. Each transgene was cloned between the 18 kDa oleosin promoter and the
nopaline synthase terminator (Nos-T). 355CaMV-prom, cauliflower mosaic virus 35S promoter;
CaMV-term, 35S terminator from cauliflower mosaic virus; hptll, gene encoding resistance to
hygromycin; LB, left border; RB, right border. Restriction sites used for cloning purposes are
indicated.
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In summary, fourteen plant expression vectors containing a seed-specific

promoter (with the N-terminal peptide sequence), the coding sequence of a

synthetic AMP gene and the Nos terminator sequence were obtained and

used for rice transformation (Table 4.14).

Table 4.14 Plant expression vectors prepared in this work for transgenic expression of

AMPs in the rice seed

N-terminal Expected tissue
Promoter AMP gene signal sequence Features of expression
GluB-1 BP178 + ER retention signal Endosperm
BP188 + ER retention signal Endosperm
BP192 + ER retention signal Endosperm
Cec A_KDEL + ER retention signal Endosperm
CecA + - Endosperm
GluB-4 BP178 + ER retention signal Endosperm
BP188 + ER retention signal Endosperm
BP192 + ER retention signal Endosperm
Cec A_KDEL + ER retention signal Endosperm
CecA + - Endosperm
Glb-1 BP178 + ER retention signal Endosperm
BP192 + ER retention signal Endosperm
Ole18 18 kDa oleosin_PRS_Cec A - Oleosin_AMP fusion  Embryo
18 kDa oleosin - - Embryo
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4.3 Production and characterization of transgenic rice plants
expressing an AMP gene in seed tissues

In this work, the japonica rice (O. sativa) cultivars Senia and Ariete were
used for transformation. Transgenic rice plants were produced by
Agrobacterium-mediated transformation, using the hygromycin resistance
gene as the selectable marker (Sallaud et al., 2003). The various plant
transformation vectors indicated in Section 4.2.5 (Table 4.14) were used.
Rice transformation and phenotypic characterization was done in
collaboration with B. San Segundo and M. Coca (CRAG-Barcelona) within the
framework of the European Trilateral Plant KBBE project SEPSAPE (Safe and
Efficient Plant Systems for Antimicrobial PEptide production). Thus, rice
transformation was performed at the plant tissue culture facilities of CIDSAV
(University of Girona, Girona, Spain), CRAG (Autonomous University of
Barcelona, Barcelona, Spain) as well as at The Rice Functional Genomics
platform (REFUGE) at Montpellier, http://www.refuge-platform.org/. In

brief, embryogenic rice callus derived from the scutellum of mature seeds of
japonica cv. Senia and Ariete (Figs. 4.10 and 4.11 A) were co-cultivated with
A. tumefaciens (EHA105 strain) bearing a pCAMBIA1300-seed
promoter::AMP::Nos-T binary vector. As a control, the pCAMBIA 1300 empty
vector (including hptll selection gene and no AMP expression cassette) was
used for rice transformation. The Senia cv. was mainly used as starting
material to obtain the transgenic plants at the CIDSAV, while the Ariete cv.
was used at the CRAG. Thirty embryogenic nodular units per construct were
co-cultured. Seventy-two hours after transferring to R2C agar medium, the
co-cultured callus pieces were transferred onto R2S agar first selection
medium. Contaminated calli, resulting from an overgrowth of A. tumefaciens
were discarded. About 14 days after transferring to selective medium, the
primary calli become necrotic, while the first hygromycin resistant, white
nodular units appear (Fig. 4.11 B). Uncontaminated calli were placed onto
NBS agar selection medium. The transformed nodules arising from primary
necrotic callus were scattered around the medium surface (Fig. 4.11 C).

163


http://www.refuge-platform.org/

Results

4.3.1 Recovery of transformed events and plant regeneration

Independently transformed rice callus were selected by hygromycin
resistance according to Sallaud et al., 2003. Seven to ten transformed calli
(selected on the basis of hygromycin resistance) were transferred onto PRAG
agar pre-regeneration medium and then to RN agar regeneration (Fig. 4.11
D-F). The resistant calli (each one arising from a single co-cultured callus)
were transferred and identified by the code number of the primary callus.
The transformation events were identified by using the RX.Y code where X
refers to the construct used for rice transformation (type of transgene) and Y
indicates the primary callus from which each line derives. After 3-4 weeks,
the hygromycin-resistant calli already differentiated into shoots and were
transferred to test tubes containing P agar (Fig. 4.11 G). After 3 weeks,
plantlets presenting vigorous shoots and roots were transferred to the
greenhouse for acclimatation (Fig. 4.11 H). In this step a third number was
added to the previous code (for instance, the plantlet RX 7.1 derives from
the single co-cultured callus number 7, and from the secondary callus

number 1).
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Fig. 4.10 Schematic diagram of A. tumefaciens-mediated transformation of japonica rice.
Embryogenic calli were co-cultured with A. tumefaciens (EHA105 strain) carrying a binary vector
for expression of an AMPder under the control of a rice seed-specific promoter. 50 mg/mL of

hygromycin B was used for selection of transformed cells.

Indicates 12/12 h (day/night)

photoperiod under a photon flux of 110-150 umol. m-2. s-. The preceding steps are performed
under dark conditions. The whole transformation process lasts approximately 17 weeks.
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i : -
Fig. 4.11 The Agrobacterium-mediated transformation of rice. Embryogenic calli derived from the

scutellum of mature seeds (japonica cv. Senia) are co-cultivated with A. tumefaciens EHA105
(harbouring either a pCAMBIA-derived plasmid for expression of an AMP, or the vector control
plasmid). (A) Calli induced from mature seeds. Embryogenic nodular units produced by primary
callus. (B) Transformed callus after 14 days incubation on R2S selection medium. First hygromycin-
resistant transgenic white nodular units appear, while the primary callus became necrotic. (C)
Development of hygromycin-resistant cell lines at the surface of the primary callus, seven days
after being transferred to NBS selection medium. (D) Hygromycin-resistant cell lines maturating
on the P pre-regeneration medium. (E, F) Shoots regenerating from hygromycin-resistant calli
three weeks after being transferred onto RN regeneration medium. (G) 3-week-old regenerated
plantlets ready for acclimation. (H) The primary transgenic plants (TO) are grown to maturity in the
greenhouse.

Transformations made with the 14 different constructs prepared in this
study (Section 4.2.5, Results) yielded hygromycin-resistant transgenic calli
and also transgenic TO plants (Table 4.15). In Agrobacterium-mediated
transformation, there is the possibility that more than one hygromycin-
resistant calli arise from the same co-cultured primary callus. In this respect,
Sallaud and co-workers (2003) demonstrated that transgenic calli mainly
correspond to independent transformation events. On this basis, the
transformation efficiency was determined in terms of TO plants obtained per
callus (starting from thirty embryogenic calli/construct), which was found to
range between 20 and 103.3% under the greenhouse conditions operating at
the CIDSAV facility (Section 3.14.3, Methods).
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Table 4.15 Production of transgenic rice plants (cultivars, Senia and Ariete)

Results

# plants regenerated

Construct Cultivar Code TO total TO fertile  Fertility (%)
pC1300 Senia EV 2 2 100.0
pCGluB-1::BP178 KDEL Senia S11 1 100.0
Ariete All 1 50.0
pCGluB-1::BP188 KDEL Senia R7 100.0
Ariete Al2 77.7
pCGluB-1::BP192_KDEL Senia R4 83.3
S8 100.0
Ariete MC2 19 17 89.5
pCGluB-1::Cec A_KDEL Senia S3 2 50.0
Ariete MC3 13 9 69.2
A3 1 100.0
pCGluB-1::Cec A Ariete A5 6 4 66.6
pCGluB-4::BP178 KDEL Ariete Al4 6 6 100.0
pCGluB-4::BP188 KDEL Senia R8 31 31 100.0
Ariete Al3 1 0 0.0
pCGluB-4::BP192 KDEL Ariete A7 13 11 84.6
pCGluB-4::Cec A_KDEL Senia S2 4 3 75.0
pCGluB-4::Cec A Senia R10 24 24 100.0
Ariete Al 9 4 44.4
pCGlb-1::BP178 KDEL Senia R11 25 23 92.0
pCGlb-1::BP192_ KDEL Senia S6 4 4 100.0
pCOle18::0le18 PRS Cec A Senia R9 26 26 100.0
Ariete Al6 16 16 100.0
pCOle18::0le18 Ariete MCX n.d n.d n.d

n.d., not determined.
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Most transgenic TO plants were morphologically similar to the wild-type
untransformed plants with respect to vegetative growth, flowering
behaviour and seed vyield. However, R8 (pCGluB-4::BP188 KDEL), R9
(pCOle::0le18 PRS Cec A) and R10 lines (pCGluB-4::Cec A) showed more
vigorous root and shoot systems than wild-type plants, and their seed yield
was higher than the wild-type (results not shown). By contrast, transgenic
lines bearing the BP188 KDEL transgene under the control of the GluB-1
promoter (R7) exhibited less shoot biomass and reduced seed yield (Fig. 4.12
A). All independent transgenic R7 lines exhibited the same abnormal
phenotype under controlled greenhouse conditions, excluding the possibility
of an insertional effect caused by transgene integration into the rice
genome.

Interestingly, although most of Tl seeds from primary regenerants (TO)
showed wild-type-like morphology and viability, mature T1 seeds from some
TO plants exhibited different morphological traits while maintaining their
viability. As an example, Fig. 4.12 B and Table 4.16 show the morphological
variability among T1 seeds from pCOle::0le18 PRS Cec A (R9 lines).

Fig. 4.12 Appearance of the transgenic rice plants designed to produce AMPder peptides. (A)
Impact of BP188_KDEL on rice development. Transgenic plants carrying the BP188 KDEL gene
driven by GluB-1 (R7) and GluB-4 (R8) promoter. Plants were grown in soil in the greenhouse. (B)
Seed progeny from Ole18::0le18 PRS_Cec A (R9) TO transgenic rice plants. Seeds from control
plants carrying the pCAMBIA1300 empty vector (EV) and wild-type (Senia). Grains are
morphological different.
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Table 4.16 Characteristics of TO seeds from Ole::0le18_PRS_Cec A (R9)-lines

Line Length (mm) Width (mm) Awn length (mm) Weight (mg)
Controls

Senia 7.2 bcd 40 ab 08 a 29.1  bcd
EV 7.0 bcd 3.8 ab 00 a 29.1  bcd

Ole18::0le18_PRS_Cec A (R9)

3.1 9.4 d 4.2 b 24.0 c 42.8 d
3.2 7.4 bcd 4.0 ab 2.2 ab 30.1 bcd
7.2 7.8 d 3.8 ab 0.0 a 32.0 cd
8.1 7.4  bcd 3.8 ab 1.4 ab 28.5 bcd
8.5 7.2 bcd 3.2 ab 2.2 ab 26.0 bcd
10.1 6.6 abc 3.8 ab 0.8 a 25.6 bcd
10.2 6.4 ab 3.2 ab 0.6 a 25.1 bcd
10.4 7.6 cd 3.8 ab 1.4 ab 29.0 bcd
10.5 7.4 bcd 3.2 ab 0.0 a 23.3 bc
11.2 7.0 bcd 4.0 ab 0.0 a 28.2 bcd
12.1 7.0 bcd 3.6 ab 0.0 a 28.8 bcd
15.1 7.2 bcd 3.8 ab 8.4 b 22.9 b
16.2 7.8 d 3.8 ab 0.0 a 32.1 cd
16.3 56 a 3.0 a 00 a 203 a

Data show the mean seed length, width, awn length, and weight form seeds from indicated
independent lines from each transformation event (5 seeds per line). The confidence interval is also
indicated. Letters indicate significant differences according to Tukey one-way ANOVA (a=0.05).

As most regenerated plants showed normal growth and development, toxicity
of the antimicrobial peptides to the rice cells can not be expected. However,
different transformation efficiency (TO plants obtained/number of starting
callus) appears to occur depending on the construct used for transformation. In
addition to the type of the transgene, the promoter which drives its expression
might well be responsible of the observed differences in transformation
efficiencies. For instance, the R7 and R8 plants harbour the same AMP gene
(BP188_KDEL) but differ in the promoter used to drive its expression (the GluB-1
promoter in R7 lines and the G/uB-4 promoter in R8 lines). Whereas the R8 lines
(GluB-4::BP188 _KDEL) grew vigorously, the R7 lines exhibited reduced growth
and abnormal phenotype. Thus, in the case of the R7 and R8 plants, the
promoter appears to play a critical role in determining the impact of
BP188 KDEL expression in rice performance. Further studies are, however,
needed to understand why transgenic expression of the BP188 KDEL under the
control of the endosperm-specific GluB-1 promoter causes such unintended

effects on rice growth.
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4.3.2 Transgene detection and copy number assessment

Transgene integration into the rice genome, and integrity was examined by
PCR analysis of genomic DNA obtained from young leaves (TO plants) as the
template. PCR primers were designed to amplify either the AMP gene or the
complete cassette for expression of each AMP gene (that is the
promoter::AMP::Nos-T DNA fragment). Agarose gel electrophoresis of
products revealed amplification of the expected DNA fragment in each case
(compared to the pCAMBIA-derived plasmid). Representative results are
presented in Fig. 4.13. Almost all the regenerated rice lines recovered from
the various transformation events had the complete cassette for AMP
expression integrated into their genomes (as revealed by PCR analysis using
primers located at the promoter and terminator regions, blue arrows in Fig.
4.13A).
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Fig. 4.13 Transgene integration in the rice genome. PCR analysis of genomic DNA. Locations of

primers used for PCR amplification are denoted in (A). The PCR amplified DNA fragments were
analysed by agarose gel stained with ethidium bromide. (B) Lines pCGlb-1::BP192_KDEL (S6 lines).
Detection of the complete cassette (1433 bp, left panel; location of the PCR primers is show in A,
upper panel, blue arrows), or the AMP gene (109 pb, right panel; primers used for PCR are shown
in A, upper panel, red arrows). (C) Lines pCOle18::0le18 PRS_Cec A (R9 lines). Detection of the
cecropin A sequence (location of the primers is shown in A, lower panel, red arrows). c+, the
pCAMBIA-derived plasmid used for the rice transformation served as a positive control of the PCR
reaction; c- negative control of the PCR reaction; EV, rice plants transformed with the empty
vector (pCAMBIA1300); WT, non transformed seeds. Std, molecular standard 1 Kb plus. Numbers
in the left side indicate the size of the DNA fragments of the molecular weight DNA markers. Bp,
base pairs.

Several studies have been shown that the insertion of multiple copies of the
transgene in the plant genome may result in a loss of expression of some, if
not all, integrated copies (a phenomenon referred to as transgene silencing).
Moreover, when introducing DNA sequences homologous to endogenous
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genes, the expression of the transgene and the endogenous gene can be
silenced (co-suppression) (Ingelbrecht et al., 1994; Flavell, 1994, Stam et al.,
1997; Vaucheret and Fagard, 2001). In addition to this, Vain and co-workers
(2002) established a relationship between high transgene copy number and
reduced seed viability.

Therefore, in order to achieve a rice seed-based platform producing foreign
peptides, the estimation of transgene copy number was crucial. Southern
hybridization analysis of restriction enzyme-digested genomic DNA has been
the standard method to estimate transgene integrity and copy number, as
well as to determine the integration patterns of the transgene in the various
transformants (Southern, 1975). However, this method is laborious and
time-consuming and requires large amounts of tissue for genomic DNA
extraction (Ingham et al.,, 2001; Mason et al.,, 2002). Also, detection of
restriction enzyme-digested DNA fragments by gel-transfer hybridization
presents important limitations: (1) incomplete DNA digestion, (2)
underestimation of transgene copies when more than one copy is inserted
into one locus; and (3) variable blotting efficiency of the DNA fragment. To
overcome these limitations an alternative method was developed to
determine the transgene copy number which is based on quantitative PCR
(gPCR) analysis. This method requires minimal amounts of genomic DNA and
it is performed in a few hours, and it allows to estimate transgene copy
number (except when rearrangements occur in the primer binding site). It
also avoids post-PCR manipulation, reducing contamination risks (Ingham et
al., 2001; Song et al., 2002; De Preter et al., 2002; Weng et al., 2004; Yi et al.,
2008; Jiang et al., 2009). A correlation of 90-95% between Southern blot and
gPCR for transgene copy number estimation has been reported (Li et al.,
2004; Chu et al., 2013). Other studies indicated that qPCR is more effective
and accurate than Southern blot in determining transgene copy number,
being especially useful to estimate low or single copy transformation events
(Yang et al., 2005; Chen et al., 2010). However, qPCR also presents some
limitations as the method detects DNA fragments usually below 200 bp.

In the present study, the transgene copy number was estimated by gPCR in
all TO regenerated plants. This allowed us the identification of single copy
events which were next used as the parental lines for the obtention of
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homozygous lines (at the T2 generation). In this way, the high copy number
transgenic plants were discarded to save efforts and space in the
greenhouse.

For the identification of the low copy number events, genomic DNA was
extracted from young leaves of TO plants and analysed by qPCR targeting to
either the AMP or the hptll genes. The single copy gene, 8-actin, was used
for normalization (previous studies in our research group showed that 8-
actin was a suitable endogenous control gene). gPCR was performed based
on SYBR-Green technology and PCR primers were designed using the Beacon
designer 7.0 software as described by Nadal et al., 2012. The AMP and hptll
gene copy number was estimated by comparing quantitative PCR data of the
AMP and the hptll transgene with those of B-actin gene, obtained from
standard calibration curves. Each genomic DNA sample (including genomic
DNA from Senia and EV controls) was analysed in three independent
amplification reactions, performed simultaneously. Since TO plants are
hemizygous for the transgenes (hpt/l and AMPs) and homozygous for the 8-
actin, ratios close to 0.5 suggested that these TO regenerated plants
integrated a single copy for the AMP transgene (Mason et al., 2002; Weng et
al.,, 2004; Chen et al., 2010). The percentage of the gPCR-tested TO lines
showing a single copy of both transgenes ranged from 25 to 81.4%
depending on the line (Table 4.17). Interestingly, some events presented a
different copy number for the hptll and the AMPder transgenes, suggesting
T-DNA rearrangements during the transformation process (Hiei et al., 1994;
Yang et al., 2005).

It was not possible to optimize standard curves from genomic DNA of TO
plants transformed with pCGluB-1::Cec A, pCGluB-4::Cec A_KDEL and pCGlb-
1::BP192 KDEL due to a low primer hybridization level, so transgene copy
number in this plants could not be estimated.
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Table 4.17 Estimation of transgene copy number (and possible rearrangements) in the
TO transgenic rice lines as determined by qPCR. The percentage (%) of the total number
of lines tested showing single copy or multiple copies inserted is shown.

Rice lines (%)

Promoter Peptide/Fusion protein Code Single copy  Multiple copy Rearrangements
GluB-1 BP178_KDEL S11, A11 50.0 50.0 0.0
BP188 KDEL R7, A12 25.0 75.0 0.0
BP192_KDEL R4, MC2,S8 50.0 10.0 40.0
Cec A_KDEL MC3 n.d nd nd
Cec A A5 333 66.6 0.0
GluB-4 BP178 KDEL Al4 100.0* 0.0 0.0
BP188 KDEL R8 59.2 25.9 14.9
BP192_KDEL A7 0.0 100.0 0.0
Cec A_KDEL S2 n.d n.d nd
Cec A R10, A1 41.6 45.9 12.5
Glb-1 BP178 KDEL R11 52.0 24.0 24.0
BP192_KDEL S6 n.d n.d n.d
Ole18 18 kDa oleosin_PRS_Cec A R9 81.4 14.8 3.8

n.d, not determined; *, only one transgenic event was obtained that showed a single AMP and hptll
integration.

Most of the transgenic plants showing high copy numbers, or possible
rearrangements, were discarded to prevent transgene loss or silencing.
Those transgenic lines containing a single copy of the transgene were
selected for further characterization.

During the course of this work, qPCR analysis was also performed on
selected T3 homozygous lines. In most cases, the number of copies of the
transgene correlated well between TO and T3 plants, indicating stable
transgene inheritance through successive generations of the transformed
rice plants (at least up to the T3 generation).

4.3.3 Transgene expression in immature seeds

Several studies demonstrated no accumulation of the transgene product in
plants expressing transgenes encoding small peptides (<50 aa) (Matoba et
al., 2001; Yasuda et al., 2005; Takagi et al., 2008, 2010). Failures to detect
accumulation of small peptides in plants with integrated transgenes could
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be, however, attributable to problems that might occur at one or another
level of transgene expression (transcriptional, post-transcriptional,
translational and post-translational mechanisms, including peptide
degradation by host proteases).

To verify that the AMPs genes were properly expressed in the transgenic rice
lines here obtained, a random set of seeds were subjected to RT-PCR
analysis using primers specific to the coding region of each transgene, that is
the SP-AMPder (signal peptide-AMPder), in the PCR reaction. For this
purpose, total RNA was extracted from developing seeds (17-21 days after
pollination, DAP) of T1 and T2-T3 homozygous plants, and used for RT-PCR
analysis. The actin gene was used as the endogenous control of gene
expression and the PCR product was analysed by DNA gel electrophoresis
(Fig. 4.14).

Most of the randomly selected seeds gave the expected DNA amplification
product for the AMP transcript under study. Only AMP transcripts could not
be observed in Ole18::0le18 PRS Cec A::Nos-T (R9, line 7.2) seeds (results
are not shown because the Fig. 4.14 is referred to T3 homozygous plants,
and, as described below (Section 4.3.7, Results), no T3 homozygous plants
from the event R9 7.2 could be obtained). Integration of multiple copies of
both transgenes AMP and hptll was observed by qPCR. As expected, AMP
transcripts were not detected either in wild-type or empty vector pCAMBIA
seeds. In this way, RT-PCR analyses confirmed transgene expression in
developing seeds from the different transformation events generated in this

work.
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Fig. 4.14 Detection of transgene transcripts in immature rice seeds. AMP gene expression was
assessed by RT-PCR using 2 ug of total RNA from immature T2-T3 rice seeds. (A) Representative
results for transgenic lines harbouring the following transgenes are presented: pCGluB-4::Cec A
(R10, 136 bp); pCOle::0le18 PRS_Cec A (R9, 136 bp), GluB-1::BP192_KDEL (R4, MC2, 173 pb) and
Glb-1::BP192_KDEL (S6, 173 pb). (B) The rice actin gene was used as endogenous control (150 bp).
EV; empty vector line used as a negative control for transgene expression. c-, negative control of
the PCR reaction; c+, DNA from pCAMBIA1300 control. Numbers in the left side indicate the size
of the DNA fragments of the molecular weight DNA markers. Bp, base pairs.

4.3.4 Detection of the AMPs in rice seeds

The aim of the present study was to produce recombinant antimicrobial
peptides in rice seeds by targeting the AMP of interest to a particular
subcellular compartment such as protein bodies (seed endosperm) and oil
bodies (seed aleurone and embryo). The detection of the in planta produced
AMPs have proven to be a difficult task in this study. The main problem
encountered relates to the biochemical nature of such peptides. In addition
to being small sized peptides, they are amphyphatic and sticky in nature.
Seeds from representative transformation events were analysed, namely
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seeds from Ole18::0le18_PRS Cec A (R9), GluB-1::Cec A_KDEL (MC3), GluB-
1::Cec A (A5), GluB-1::BP178 KDEL (A11), GluB-4::Cec A (R10), GluB-
4::BP178 KDEL (A14) and GIb-1::BP178 KDEL (R11) lines (T1 generation). For
these studies, seeds from plants harbouring single or multiple insertions

were used.

We approached AMP detection by subcellular fractionation followed by
Western blot analysis. The advantage of using this experimental approach is
that it allows not only detection of the AMP and variations in AMP
accumulation among tested lines, but also confirmation of expected
subcellular compartments (oil bodies, protein bodies).

4.3.4.1 Detection of the cecropin A peptide accumulating in oil bodies of
seeds

Rice oil bodies (and associated proteins) can be easily isolated and separated
from other seed components by floating centrifugation where the oil body
fraction forms an immiscible “fat pad” onto the upper surface of the
supernatant. Thus, oil bodies were purified from seeds of non transgenic and
transgenic lines bearing the pCOle::0le18 PRS Cec A construct (R9) by two
consecutive cycles of the two layer flotation method as described in Section
3.16.1.2, Methods. Further, protein extracts from the oil body fractions
were subjected by SDS-PAGE gel electrophoresis and transferred onto PVDF
membrane. Cec A was immunodetected using an anti-Cec A antibody (Coca
et al, 2006). This analysis demonstrated that a recombinant
oleosin_PRS_Cec A fusion protein was properly produced and accumulated
at different levels in oil bodies of all the transgenic lines assayed (Fig. 4.15
and 4.16). No immunological reaction occurred with protein extracts from
oil bodies isolated from control seeds (WT and empty vector). We noticed
that the apparent molecular weight of the protein band corresponding to
the 18 kDa oleosin_Cec A fusion protein of ~18 kDa was slightly lower than
expected (Fig. 4.15). Thus, the addition of the cecropin A peptide and the
processing site for the TEV protease to the C-terminus of the oleosin protein
accounts for 47 extra amino acids. In this way the theoretical molecular mass
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of the 18 kDa oleosin_PRS_Cec A fusion protein is 23.2 kDa (18 kDa oleosin
(272 aa) + 1.2 kDa PRS (10 aa) + 4 kDa Cec A (37 aa), whereas the apparent
molecular weight of the fusion protein in our electrophoretic system was
~18 kDa (Fig. 4.15). In our electrophoretic system, however, the rice oleosins
(18 kDa and 16 kDa isoforms) also exhibited an apparent molecular mass
slightly lower that the expected one (Fig. 4.15 A). The identity of the oleosin
isoforms was confirmed by mass spectrometry. For this, proteins obtained
from the oil bodies of japonica rice were electrophoretically separated. Gel
slice containing proteins in the range of 13-15 kDa and subjected to LC
MS/MS analysis (Proteomic Service of Barcelona Science Park, Barcelona,
Spain). MS data was analysed by MASCOT SEARCH. The true molecular
weights of 17211 Da (corresponding to the 18 kDa rice oleosin), and 15190
Da (corresponding to 16 kDa oleosin) were obtained (p value <0.05) further
confirming the anomalous electrophoretic mobility of these proteins in SDS-
PAGE gels.
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Fig. 4.15 Protein blot analyses of oil bodies isolated from seeds of rice plants transformed with the
pCOle::0le18 PRS_Cec A gene (R9 lines, T1 seeds). Oil bodies were purified from 5 seeds from
each line. OB extracts (50 pg) were separated by SDS-PAGE gel and transferred onto PVDF
membrane. Membranes were probed with an anti-Cec A polyclonal antibody. Immunological
reactions were detected with an anti-rabbit 1gG secondary antibody linked to horseradish
peroxidase. (A) Coomassie-blue staining of rice proteins extracted from isolated oil bodies. The
two rice oleosins isoforms (18 and 16 kDa) are indicated according to Chuang et al., 1996. (B)
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Western blot analysis for detection of the oleosin_Cec A fusion protein in samples shown in (A).
WT, non-transgenic rice. The oleosin_Cec A fusion protein is indicated by arrow. Numbers in the
left indicate the molecular weight of protein markers (Precision Plus Protein™ Dual Color, Bio-
Rad).
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Fig. 4.16 Western blot analysis of oil body protein extracts (50 pg) from T1 transgenic rice seeds
expressing the chimeric gene oleosin_PRS_Cec A using the anti-Cec A antibody. Depending on the
line, different levels of oleosin_PRS_Cec A accumulation were observed. The same protein
extracts were also probed with the anti-oleosin A antibody produced in this work (see Fig. 4.17).
WT, untransformed seed; EV, seeds from transgenic event transformed with the empty pCAMBIA
1300 vector. 0.3 pg of the synthetic cecropin A peptide, used as a positive control. The transgene
copy number of each line is indicated.

Detection of the oleosin_Cec A fusion protein was also approached using a
polyclonal antibody raised against the 18 kDa rice oleosin. For this, the 18
kDa oleosin protein was purified from mature rice seeds and used to raise a
polyclonal antibody. Oil body proteins from transgenic rice seeds
(Ole18::0le18 PRS Cec, R9) and control seeds (Senia, EV) were probed with
the anti-18 kDa oleosin antibody. Replicate membranes were prepared. One
membrane was probed with anti-oleosin antibody, while the other
membrane was probed with anti-Cec A antibody. As expected the
oleosin_PRS_Cec A fusion protein was recognised by anti-Cec A antibody in
Ole18::0le18 PRS Cec A seeds, whereas no immunological reaction
occurred with protein extracts from, either wild-type or empty vector seeds
(Fig. 4.17 A). When the same protein samples were probed with anti-oleosin
antibodies, the endogenous 18 kDa oleosin was detected in oil body proteins
from both transgenic and wild type seeds, whereas the oleosin_Cec A fusion
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protein was exclusively detected in the oil body protein fractions from
Ole18::0le18 PRS Cec A transgenic seeds (Fig. 4.17 B). The observed
immunological reaction of the ~23 kDa protein with the anti-Cec A and the
oleosin antibodies, confirmed the presence of the recombinant oleosin_Cec
A fusion protein in the oil bodies of Ole18::0le18_PRS_Cec A homozygous
seeds. However, variable levels of recombinant protein accumulation were
observed between independently transformed events.

Finally, when using Criterion technology (Precast gels, Bio-Rad) for
electrophoretic separation of oil body extracts and immunodetection of the
18 kDa oleosin and 18 kDa oleosin_PRS_Cec A fusion protein, the “true”
molecular mass (18 and ~23 kDa, respectively) was observed for these
proteins (Fig. 4.17). The apparent lower molecular mass that is observed for
the aforementioned proteins in handmade SDS-PAGE gels could be
attributed to conformational features of these proteins.

pCOle18::0le18_PRS_Cec A (R9) &

&
A U S, o of
A L TN A B

kDa 5 Q?‘h “‘;} ‘?_-.r-\ %?j SO U N Q,'-\

25
20
15

T e e - — <€— ~23 kDa oleosin_PRS_Cec A

-
anti-Cec A antibody

&— ~23 kDa oleosin_PRS_Cec A
<€— 18 kDa oleosin

anti-oleosin antibody

Fig. 4.17 Oleosin_Cec A fusion protein accumulates in the rice oil bodies of
pOlel8::0le18 PRS_Cec A (R9) lines. Oil body protein extracts were prepared from mature rice
seeds (T3 homozygous lines) and subjected to SDS-PAGE (35 pg each). Western blot analysis was
performed using the anti-Cec A (A) or anti-oleosin (B) antibodies. Immunological reactions were
revealed using an anti-rabbit 1gG secondary antibody linked to horseradish peroxidase. WT,
untransformed seed; EV, seeds from transgenic event transformed with the empty pCAMBIA 1300
vector. 0.16 pg of the synthetic cecropin A peptide was used as a positive control. (¢) a 23 kDa
protein band was recognized by both the anti-Cec A and anti-18 kDa oleosin antibodies.
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4.3.4.2 Detection of AMP peptides in protein bodies of seeds

Traditionally, the obtention of protein bodies from rice seed endosperm has
been performed by sucrose density gradient centrifugation (SDG) (Tanaka et
al., 1980; Yamagata et al., 1982). Specifically, the endosperm homogenates
are layered on top of 52% to 62% (w/w) linear SDG formed on a bed of 65%
(w/w) of sucrose. After ultracentrifugation, PB are collected at about 56%-
59% (w/w) sucrose. However, this technique is laborious and time-
consuming. Clearly, this methodology was not convenient for the screening
of the large number of independent transformation events generated in this
work (= 125 independent transgenic lines).

In an attempt to simplify the methodology and to speed up the process of
screening of seeds from rice transformants with reduced cost, a simplified
method for preparation of partially purified protein bodies was set up. For
this, seeds from the CecAder-lines (fifteen T1 seeds from each GluB-4::Cec A
(R10), GluB-1::Cec A KDEL (MC3) and GluB-1::Cec A (A5) lines) were
randomly selected and their endosperms excised were manually excised.
Endosperm tissues were then homogenized in buffer (0.6 M Sucrose, 10 mM
Na,HPO,, pH 7.5) and centrifuged at low speed to remove most of the starch
present in the samples. After a second centrifugation step (speed increased
from 200 to 2000 rpm), the enriched protein body fraction was recovered
from the supernatant. When necessary, an additional centrifugation step
was performed. During protocol optimization, all steps were monitored by
phase-contrast optical microscopy, to ensure starch removing and proper PB
enrichment (Fig. 4.18). By using this protocol, partially purified protein
bodies can be prepared in about 15 min.

Once the enriched PB fractions were obtained, the proteins from PBs were
analysed on a Tris-Tricine SDS-PAGE gel, blotted onto PVDF membrane and
probed with antibodies raised against either the BP178 (or BP192) peptide
or the cecropin A peptides. Results are presented in Fig. 4.19.
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The BP178 peptide was detected in all the lines harbouring the
pCGIb::BP178 KDEL (R11) construct, but not in seeds carrying either the
pCGluB1::BP178 KDEL (A11) or the pCGluB4::BP178 KDEL (A14) construct
(Fig. 4.19 A), but the size of the peptide product was higher than the
expected one (see comments below). Further analysis demonstrated that
BP178 accumulates, but at very low levels in Tl seeds from
pCGluB4::BP178 KDEL and pCGluB1::BP178 KDEL (Al14 and Al1l,
respectively) (Section 4.4, Results). Finally, Cec A accumulated in the PBs of
all pCGluB-4::Cec A (R10) and pCGluB1::Cec A_KDEL (MC3) events (T1 seeds)
(Fig. 4.19 B). As expected, no immunological reaction occurred in protein
extracts from control seeds (WT, EV plants) (Fig. 4.19 A, B).

A large variation in accumulation levels was observed among different lines
generated in a given transformation event, although using the same
promoter to drive transgene expression. Variations observedin lines
harbouring the same construct, could be attributed to: (1) different
transgene copy number; (2) different integration site of the transgene into
rice genome; (3) silencing mechanisms; or (4) physiological conditions in the
various plants. Also, when the protein profiles of the transgenic and WT
seeds samples were compared by SDS-PAGE, no major differences in the
accumulation of native storage proteins (glutelins, prolamins) were observed
(data not shown).

Based on their mobility on Tricine-SDS PAGE, the molecular weights of
AMPders were estimated to be larger than the molecular weight of the
synthetic peptide (samples subjected to Tris-Tricine SDS-PAGE in parallel in
which the peptide was mixed with protein extracts from wild type seeds).
This discrepancy may be explained by improper processing of the signal
peptide, post-translational modifications in the peptide sequence, or to the
presence of self-assembled peptide multimers.

The size of the synthetic Cec A (monomer) is 4.0 kDa. However, protein
bands of approximately 4 kDa and 8 kDa were observed when synthetic Cec
A was analysed by Western-blot. When large amounts of the synthetic
BP178 are subjected to immunoblot analysis, we noticed that at least three
immunoreactive bands are detected (see Fig. 4.36, Section 4.4, Results) that
could be associated to peptide multimerization. To this point, it should be
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mentioned that dimer formation was reported to occur in protein extracts
from leaves of rice plants constitutively expressing the Cec A gene (Coca et
al., 2006). Similarly, when a large amount of Cec A peptide is subjected to
Western blot, a pattern of immunological reactions occur which can be
correlated with multimers formation (Coca et al., 2006). The “abnormal”
electrophoretic mobility of the in planta synthesized AMPs in the Tris-Tricine
SDS-PAGE system will be further discussed in the following section (Section
4.4, Results).

Overall, the method here developed for subcellular fractionation in
combination with Western-blot analysis confirmed accumulation of
BP178 KDEL, BP192_ KDEL, BP188 KDEL, Cec A_KDEL and Cec A in transgenic
rice seeds, and in the expected subcellular compartments, protein bodies or

oil bodies depending on the strategy.

The next step was to confirm that the recombinant peptides accumulated in
seed tissues and not in vegetative tissues of the transgenic rice. For this
purpose, protein extracts were prepared from leaves and roots of 10 day-old
transgenic and non transgenic rice plants, as well as from mature seeds.
Protein samples were subjected to Tris-Tricine SDS-PAGE gel electrophoresis,
followed by Western-blot analysis. As controls, transgenic rice lines
expressing Cec A or Cec A KDEL transgenes under the control of the
constitutive maize ubiquitin-1 (Ubi) promoter were assayed (Coca et al.,
2006).

As expected, the Cec A and Cec A_KDEL peptides were detected in all the
tissues, vegetative and seed tissues, of the pCUbi::Cec A::Nos-T and
pCUDbi::Cec A _KDEL::Nos-T transgenic plants (Fig. 4.20). By contrast, no
accumulation of Cec A occurred in leaves or roots from plants that express
the AMP gene under the control of a seed specific promoter. As expected,
when protein extracts from empty vector and WT rice tissues were analysed,
the Cec A peptide was not detected in any of the tested tissues (Fig. 4.20).

It is worthwhile to emphasise that the localization site of the CecAder
peptides in the rice seed was not influenced by the presence or absence of
the KDEL retention signal. This observation suggests that the signal peptide
sequence of the seed storage protein (either GluB-1 or GluB-4) contains the
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targeting signals that allow compartmentalization of the recombinant
peptides into seed protein bodies. Similar results to those presented for the
Cec A lines were obtained when BP178-lines were analysed (data not

shown).

These results confirmed that AMPs accumulate in seeds, but not in leaves
and roots, of the transgenic lines produced in this work, further supporting
the already described seed-specific activity of the GluB-1 and GluB-4
promoters. In addition, the in planta produced AMP peptides were found to
accumulate in a stable manner in the rice seeds as they could be detected in
the transgenic seeds even after long periods of storage (at least up to 2-3
years), even when stored at room temperature.

A Root B Leaf C Seed

|- S )

Fig. 4.20 Western blot analysis of protein extracts from rice plants expressing the Cec A or Cec

A_KDEL gene under the control of either a seed-specific rice promoter or the constitutive ubiquitin
(Ubi) promoter. Total protein extracts (60 pg) from mature seeds, leaves or roots were separated
by Tris-Tricine SDS-PAGE and transferred onto PVDF membrane. Membranes were incubated with
the anti-Cec A antibody followed by anti-rabbit 1gG (Fc) secondary antibody linked to alkaline
phosphatase. WT, non transformed event; EV, rice plants with the empty pCAMBIA 1300 vector,
used as a negative control. Plants expressing the pCGluB-1::Cec A_KDEL gene (MC3 1.4); plants
expressing the pCGluB-4::Cec A gene (R10 9.2). Events carrying the pCUbi::Cec A_KDEL or
pCUbi::Cec A_KDEL genes, were examined (R33 and R26, respectively). 0.5 pg of Cec A was used as
a positive control of western blot analysis.

4.3.5 Resistance to pathogen infection in rice seeds

Additional evidences that the in planta produced AMP peptides were
properly synthesized and biologically active came from the evaluation of
disease resistance of the transgenic rice plants. A germination test was
developed to assess the susceptibility of transgenic rice seedlings to
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infection by bacterial (Dickeya sp. 1552.10.1) and fungal (Fusarium
verticillioides) pathogens. Dickeya sp. is a phytopathogenic bacteria that
causes soft rot disease, being the causal agent of the dark brown sheath rot
of rice (Li et al., 2012). Fusarium verticillioides (anamorph stage of Gibberella
fujikuroi, mating population A) is the causal agent of the bakanae disease of
rice and infects seed and root tissues (Wulff et al., 2010). By using this
experimental approach, we determined the incidence and severity of
infection as well as differences in susceptibility within and between
transgenic events and control plants. The results obtained through infection
bioassays together with those obtained on transgene copy number (Section
4.3.3, Results) and AMPder peptide detection (Section 4.3.4, Results) were
the basis for selection of the transgenic events to be next used for massive
seed production and purification of AMPs from rice seeds (Section 4.3.6,
Results).

As a preliminary set-up of the infection assay, five plant pathogenic bacterial
strains were tested using the rice cv. Senia (non-transgenic seeds). This study
allowed us to choose the most suitable strain to perform bioassays on
transgenic seeds. For this purpose Senia wild-type seeds were surface
sterilized and inoculated with increasing doses of the pathogenic strains
here assayed (Dickeya sp. 1552.10.1, Dickeya sp. 1428 1a, P. carotovorum
578.3, P. carotovorum 3902.3 and P. carotovorum 558-6-b). As control, Senia
seeds were inoculated with double distilled H,0. Under our experimental
conditions, seven days after inoculation, the Pectobacterium carotovorum
578.3, 3902.3 and 558-6-b strains-infected seeds germinated normally.
These seedlings presented the same morphology as the control seedlings
(water-inoculated). By contrast, the Senia seeds infected with the Dickeya
sp. strains showed a clear decrease on seed germination capability, and in
most cases the infected seeds were unable to germinate. Fig. 4.21 shows
representative results of infection bioassays of Senia seeds with each of the
five pathogenic bacterial strains assayed.
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Fig. 4.21 Susceptibility of Senia seeds to infection by plant pathogenic bacterial strains. Seeds of
non-transformed (WT) plants were surface-sterilized and vacuum infiltrated with the bacterial

suspension at the indicated concentrations. Bacterial pathogens (and strains) were Dickeya sp.
1552.10.1; Dickeya sp. 1428 1a; P. carotovorum 578.3; P. carotovorum 3902.3; P. carotovorum
558-6-b. Pictures show the appearance of the infected seedlings 7 days after infiltration with the

bacterial suspension.

The Dickeya sp. 1552.10.1 was selected to perform infection bioassays on
rice seeds from the different transgenic lines: pCOle18::0le18 PRS Cec A
(R9), pCGluB-1::BP178 KDEL (Al11, S11), pCGluB-1::BP188 KDEL (A12, R7),
pCGluB-1::BP192 KDEL (MC2), pCGluB-1::Cec A_KDEL (MC3), pCGluB-1::Cec
A (A5), pCGluB-4::BP188 KDEL (R8), pCGluB-4::Cec A (R10), pCGluB-
4::BP192 KDEL (A7), pCGlb-1::BP192 KDEL (S6) and pCGlb-1::BP178 KDEL
(R11). Representative results are presented in Fig. 4.22.
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Even though differences in susceptibility occurred among different lines
from the same transformation event, the Dickeya-infected transgenic seeds
showed in many cases, no disease or reduced disease symptoms compared
to control seeds (WT and empty vector). In our experimental conditions,
transgenic lines expressing pCGluB-4::BP188 KDEL, pCOle18::0le18 PRS_Cec
A, pCGluB-4::Cec A, pCGluB-1::BP192 KDEL, pCGluB-1::Cec A_KDEL, pCGluB-
1::Cec A, pCGIb-1::BP178 KDEL, pCGluB-4::BP178 KDEL and pCGluB-4::Cec
A _KDEL, showed a clear and consistent phenotype of resistance to infection
by the bacterial pathogen Dickeya sp. 1552.10.1, compared to control plants
(WT, empty vector) (Fig. 4.22).

Surprisingly, disease symptoms became much more pronounced in
transgenic events expressing BP178 KDEL or BP188_KDEL under the control
of the GluB-1 promoter (Fig. 4.22, panel B). Infected seedlings from these
transformation events, exhibited shorter shoots and brownish roots. Finally,
rice seeds harbouring the BP192 KDEL gene under the control of GIb-1
promoter as well as with lines expressing either the BP178 KDEL or
BP188 KDEL under the control of GluB-1 promoter were found to be the
most sensitive lines, these seeds being in most cases unable to germinate in
the presence of the bacterial phytopathogen.

An index was used to estimate Dickeya sp. effects on germinating WT and
transgenic seeds using a semi-quantitative scale (Table 4.18).

Table 4.18 Scale used to asses resistance to bacterial infection

Scale Germination Description of seedling growth

0 - -

0.5 + The seedling length was less than 25% of control seedling
1.0 + The seedling length was less than 50% of control seedling

and presented an altered root or shoot development

1.5 + The seedling length was less than 75% of control seedling
and presented an altered root or shoot development

2.0 + The seedling presented the same morphology as the
control seedling
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GluB-4::BP188_KDEL (R8)

Ole18::0le18_PRS_Cec A (R9)

81 102 112 121 32 71 82 152 162
RSy ey T

GluB-1::BP178 KDEL GluB-1::BP192_KDEL GluB-1::Cec A GluB-1::Cec A
(A11,511) GluB-1::BP188_KDEL (A12, R7) (Mc2) KDEL (MC3) (A5)
1.2

Glb-1::BP192_KDEL
(s6) Glb-1::BP178_KDEL (R11)
8.3

Fig. 4.22 Disease symptoms caused by Dickeya sp. 1552.10.1 infection on germinating wild-type
and transgenic rice seeds (T1 generation). Representative results are presented for the following
lines: (A) pCGluB-4::BP188_KDEL (R10), (B) pCOle18::0le18_PRS_Cec A (R9), (C) pCGluB-4::Cec A
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(R10), pCGluB-4::BP192 _KDEL (A7), (D) pCGluB1::BP178 KDEL (A11, S11), pCGluB-1::BP188_ KDEL
(A12, R7), pCGluB-1::BP192_KDEL (MC2), pCGluB-1::Cec A_KDEL (MC3), pCGluB-1::Cec A (A5)and
(E) pCGIb-1::BP192 KDEL (S6) and pCGlb-1::BP178 KDEL (R11). Seeds were inoculated with a
bacterial suspension at 10’ cfu/mL, vacuum infiltrated and allowed to germinate. Pictures were
taken 7 days after inoculation. Senia and Ariete, non-transformed seeds; EV, transformed event
carrying the pCAMBIA 1300 vector. At least two independent experiments using 12 seeds for each
line, were performed.

Disease severity was determined as in the previous bioassay and the relative
resistance was calculated. Control seeds incubated with water served to
check seed germination capability. The relative germination index
(transgenic events vs. to controls) is presented in Fig. 4.23 and row data on
Dickeya-inoculated seeds are presented in Annex 8.2.

Generally, the expression of BP134der and CecAder transgenes in rice seeds
under the control of seed specific promoters resulted in a high level of
protection to infection by the bacterial phytopathogen Dickeya sp.
1552.10.1.
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Fig. 4.23 Germination capability of Dickeya-infected T1 rice seeds expressing AMPder. Seeds were inoculated
with a bacterial suspension (Dickeya sp. 1552.10.1, 10’ cfu/mL), vacuum infiltrated and allowed to continue
germination. Means of relative germination index were determined as relative values of transgenic events in
relation to WT (Senia or Ariete) and empty vector (EV, R1ll 7 line) controls. Germination index was estimated
at 7 days after inoculation. A value of 0 indicate no germination while values > 1 indicate the number of times
in which the transgenic germination index was higher than that of controls (Senia or Ariete, non-transformed
seeds); EV, seeds transformed with the empty pCAMBIA 1300 vector.
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Similar experiments were carried out using T3 seed (homozygous plants). As
an example, Fig. 4.24 represents the susceptibility of representative lines,
from different transformation events, to the infection by the bacterial
pathogen Dickeya sp. 1552.10.1.

o o
chv ?ﬁﬁ% $
. AN
A GluB-1::BP178_KDEL $&-‘\Vx\°°’\ w‘«"g’\v"}
GluB-1::BP192_KDEL (R4, S8, MC2) (A11,511) o ¥

EV 515 52.1 534 586 136 232 622 64.2 9.2.1 9.

Ole18::0le18 PRS_Cec A (R9) Glb-1::BP178_KDEL (R11)  Glb-1::BP192_KDEL (S6)
3.24 8.1.4

GluB-4::BP192_KDEL GluB-4::Cec A
(A7) (R10) GluB-4::BP178_KDEL
(A14)

Fig. 4.24 Disease symptoms caused by Dickeya sp. 1552.10.1 infection on germinating wild-type
and transgenic T3 rice seeds. (A) pCGluB-1::BP192_KDEL (R4, MC2 and S8), pCGluB-1::BP178_ KDEL
(A11, S11), pCGluB-1:Cec A_KDEL (MC3) and pCGluB-1::BP188 KDEL (A12). (B)
pCOle18::0le18 PRS_Cec A (R9), pCGlb-1::BP178 KDEL (R11) and pCGlb-1::BP192_KDEL (S6). (C)
pCGluB-4::BP192 _KDEL (A7), pCGluB-4::Cec A (R10), pCGluB-4::BP178 KDEL (A14). Seeds were
inoculated with a bacterial suspension at 10’ cfu/mL, vacuum infiltrated and allowed to
germinate. Pictures were taken 7 days after inoculation. Senia and Ariete, non-transformed seeds;
EV, seeds carrying the pCAMBIA 1300 empty vector. At least two independent experiments
containing 12 seeds for each line were performed.
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When comparing the results obtained with T1 and T3 seeds, the T3 lines
expressing the AMPder transgene in homozygosis frequently showed higher
level of protection to infection by Dickeya sp. 1552.10.1 relative to that in
the corresponding T1 hemizygous transformants (Fig. 4.25. Row data on
germinating capability of Dickeya-inoculated T1 vs T3 seeds are presented in
Annex 8.3). This fact could be associated to the transgene dosage and/or
transgene expression levels in transgenic plants (homozygous vs.
hemizygous). However, results obtained in our infection assays (T3 seeds)
did not revealed a clear relationship between phenotype
(resistance/susceptibility) and transgene copy number or level of transgene
expression. The possibility that the observed phenotype of
resistance/susceptibility of the transgenic plants is associated not only to
transgene expression levels, but also to pleiotropic effects of transgenesis
that are not related to the antimicrobial activity of the AMP should be
considered (Bhat and Srinivasan, 2002). Further studies are needed to clarify
this aspect.
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Fig. 4.25 Germination capability of Dickeya-infected T1 and T3 rice seeds expressing an AMP gene.
Seeds were inoculated with a bacterial suspension at a concentration of 10’ cfu/mL, vacuum
infiltrated and allowed to germinate. Means of relative germination index were determined as a
relative values of transgenic events in relation to WT (Senia or Ariete) and EV controls. The
germination index was estimated at 7 days after inoculation. A value of 0 indicates no germination
while values of >1 indicate the number of times that transgenic germination index is higher than
that of controls. WT and Ariete, non-transformed seeds; EV, transformed event carrying the
empty pCAMBIA 1300 vector.
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Next, we examined susceptibility of the transgenic rice seeds to infection by
the fungal pathogen Fusarium verticillioides. Fusarium infection bioassays
were carried out by M. Coca (CRAG Centre, Barcelona, Spain) within the
framework of the European Trilateral Plant KBBE project SEPSAPE (Safe and
Efficient Plant Systems for Antimicrobial PEptide production).

Essentially, this study revealed a better germination capability of the fungal-
infected transgenic seeds harbouring a Cec A gene (with or without the KDEL
extension) under the control of a glutelin promoter (GluB-1, GluB-4),
compared to fungal-infected control seeds (WT, empty vector). Seeds
harbouring the oleosin Cec A fusion gene showed no differences in
susceptibility to fungal infection. As for the rice seeds harbouring a
BP134der, all the transgenic events expressing BP192 exhibited susceptibility
to F. verticillioides infection and at similar levels than F. verticillioides-
infected control seeds. By contrast, rice seeds expressing BP188 KDEL
(BP134_Cec A hybrid peptide) or BP178 KDEL (BP134_magainin hybrid)
showed enhanced resistance to F. verticillioides infection. Here, it should be
mentioned that, among other requisites, BPders were previously selected
based on their antibacterial activity (Section 4.1, Results) and their
antifungal activity was not assayed by in vitro infection assays.

Overall, the observed accumulation of the AMPders in rice seeds together
with the results obtained in disease resistance (protection to pathogen
infection) indicated that the in planta produced AMPders were biologically

active.

4.3.6 Selection of transgenic rice lines

The criteria for selection of the parental lines to be next used for the
obtention of homozygous transgenic lines included: (1) verification of
transgene insertion and copy number, that is lines harbouring single copy
insertion of transgenes; eventually more than one, e.g. two or three
insertions; (2) resistance to infection by Dickeya sp. and F. verticillioides; and
(3) high level of AMP accumulation in the corresponding subcellular
compartment of rice seeds. Based on these criteria, at least 6 lines for each
transformation event were selected to obtain the corresponding
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homozygous lines and subsequent seed amplification at CIDSAV and CRAG.
The selected lines are listed in Table 4.19.

Table 4.19 Molecular and phenotypic characterization of selected transgenic lines

Transgene copy

Seed infection

number bioassay
AMP
Construct Code AMPder  hptll detection Dickeya Fusarium
pCGluB-1::BP178 KDEL S111.1 n.d n.d + S R
Al111.1 1 1 - S R
pCGluB-1::BP188 KDEL Al125.1 n.d n.d n.c. R S
A125.2 1 1 n.c. R S
A128.1 n.d n.d n.c. R S
A128.2 1 1 n.c. R S
pCGluB-1::BP192_KDEL R45.1 >1 1 n.c. R S
R4 5.2 1 0 n.c. R S
R45.3 1 1 n.c. R S
R4 5.4 >1 0 n.c. R S
R4 5.8 n.d n.d n.c. R S
S8 1.3 >1 1 n.c. R S
S82.3 >1 1 n.c. R S
MC25.1 n.d n.d n.c. R S
MC25.2 >1 >1 n.c. R S
MC25.3 n.d n.d n.c. R S
MC2 6.2 1 1 n.c. R S
MC2 6.3 n.d n.d n.c. R S
MC2 6.4 1 1 n.c. R S
MC2 6.5 n.d n.d n.c. R S
MC2 9.2 1 1 n.c. R S
pCGluB-1::Cec A_KDEL S32.2 n.d n.d + R R
MC3/A3 n.d n.d + R R
MC3 1.3 n.d n.d + R R
MC3 2.3 n.d n.d + R R
MC3 2.5 n.d n.d + R R
MC3 2.6 n.d n.d + R R
pCGluB-1::Cec A A51.2 >1 >1 + R R
A53.2 >1 >1 + R
A55.1 n.d n.d + R
pCGluB-4::BP178 KDEL A1411.1 n.d n.d - R
Al1412.1 1 1 - R
Al14 13.2 n.d n.d - R
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Table 4.19 (continued)

Transgene copy

Seed infection

number bioassay
AMP
Construct Code AMPder  hptll detection Dickeya Fusarium
pCGluB-4::BP188_KDEL R8 2.7 1 1 n.c. R R
R8 2.13 >1 1 n.c. R R
R8 2.15 1 1 n.c. R R
R8 3.1 1 n.c. R R
R8 2.27 >1 >1 n.c. R R
pCGluB-4::BP192_KDEL A74.2 >1 >1 n.c. R S
A75.2 >1 >1 n.c. S
A7 6.2 >1 >1 n.c. R
pCGluB-4::Cec A_KDEL S21.1 n.d n.d +
S22.2 n.d n.d +
S24.8 n.d n.d + R R
pCGluB-4::Cec A R109.1 >1 >1 + R R
R1011.1 1 1 + R R
R1012.1 >1 >1 + R R
R10 12.2 >1 >1 + R R
R1012.3 >1 >1 + R R
R10 14.3 1 1 + R R
R1017.3 1 + R R
R10 19.3 >1 >1 + R R
Al2.1 n.d n.d + R R
Al13.1 nd nd + R R
Al13.2 n.d n.d + R R
A15.2 n.d n.d + R R
pCGlb-1::BP178_KDEL R112.1 >1 1 + R n.d
R114.1 >1 1 + R n.d
R117.2 1 + R n.d
R118.1 >1 + R n.d
R119.1 1 + R n.d
R11 10 >1 >1 + R n.d
R1120.3 >1 >1 + R nd
R11 20.6 >1 >1 + R n.d
R11 20.7 1 1 + R n.d
pCGlb-1::BP192_KDEL S61.2 n.d n.d - R
S61.3 n.d n.d - S
S61.4 n.d n.d - S
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Table 4.19 (continued)

Transgene copy Seed infection
number bioassay
AMP
Construct Code AMPder  hptll detection Dickeya  Fusarium
pCOlel18::0le18 PRS CecA R93.2 1 1 + R S
R97.2 >1 >1 + R S
R9 8.1 1 1 + R S
R9 8.5 >1 >1 + R S
R9 10.1 1 1 + R S
R9 11.2 1 1 + R S
R9 12.1 1 1 + R S
R9 16.2 1 1 + R S
Al62.1 n.d n.d + n.d S
Al163.2 n.d n.d + n.d S
Al64.1 n.d nd + n.d S
A166.2 n.d nd + nd S
A169.2 n.d nd + nd S

Rice genotype used for rice transformation: Ariete (A, MC); Senia (R, S). n.d; not determined; R and
S, resistance and sensibility to infection by Dickeya or Fusarium. Western blot analysis: +, positive
reaction with AMPder antibodies; -, absence of positive reaction with AMPder antibodies; n.c., not
clear immunoreactive band.

4.3.7 Production of homozygous transgenic rice lines

As described previously, the T-DNA inserted into plant genome contains the
hptll selectable marker gene that confers resistance to hygromycin.
Accordingly, homozygous lines were selected for their ability to germinate in
the presence of hygromycin. Because segregation ratios depend on the
number of inserts integrated into the TO rice genome, the frequency of
hygromycin-resistant plants among the seed progeny allowed us to estimate
the presumptive number of transgene insertions. Mendelian ratio of 3:1 for
the transgene (presence:absence) was expected for a single integration locus
while ratios of 15:1 and 63:1 were expected in those TO events presenting
two or three copies of the insert integrated into independent loci,
respectively (Christou et al., 1989; Srivatava et al., 1996; Chen et al., 1998;
Sallaud et al., 2003; Zhang et al., 2006, Tizaoui and Kchouk, 2012).

To obtain homozygous seeds and analyse the hptll inheritance, 24 randomly
chosen T1 seeds of the selected TO transgenic lines were germinated in the
presence of hygromycin. Based on theoretical considerations, a 3:1 ratio is
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expected for segregation of TO events harbouring a single copy of the
transgene (as determined bygPCR assays). To examine whether
experimental segregation values were consistent with the theoretical values
corresponding to a 3:1 Mendelian segregation, the xz test was performed
(Table 4.20 and 4.21).

Table 4.20 Representative data of segregation analysis for the hygromycin selectable
marker in the T1 progeny. The segregation frequencies correspond to a total of 24

seeds.
T1 seed Estimated hptll copy Segregation  Probability
code number by qPCR of Hyg" X2 <0.05 (ratio 3:1%)
pCAMBIA1300 EV 1 19 0.637 (n.s)
pCGluB-1::BP192 KDEL MC2 5.2 >1 0 0.000 (s)
MC2 6.2 1 20 0.346 (n.s)
MC2 6.4 1 19 0.637 (n.s)
MC29.2 1 17 0.637 (n.s)
$81.3 1 16 0.346 (n.s)
$82.3 1 20 0.346 (n.s)
R4 5.1 1 18 1.000 (ns)
R4 5.2 0 17 0.637 (n.s)
R4 5.3 1 18 1.000 (n.s)
R45.4 0 22 0.059 (n.s*)
R4 5.8 n.d 17 0.637 (n.s)
pCGluB-1::Cec A_KDEL MC3 1.2 n.d 0 0.000 (s)
MC3 1.4 n.d 0 0.000 (s)
MC32.3 n.d 22 0.059 (n.s*)
MC3 2.5 n.d 17 0.637 (n.s)
MC3 2.6 n.d 17 0.637 (n.s)
pCGlb-1::BP192 KDEL $61.2 n.d 20 0.346 (n.s)
$61.3 n.d 24 0.000 (s)
S61.4 n.d 20 0.346 (n.s)
pCOle18::0le18 PRS Cec A R93.2 1 21 0.157 (n.s)
R97.2 >1 21 0.157 (n.s)
R9 8.1 1 19 0.637 (n.s)
R9 8.5 >1 17 0.637 (n.s)
R9 10.1 1 18 1.000 (n.s)
R9 11.2 1 15 0.157 (n.s)
R9 12.1 1 18 1.000 (n.s)
R9 16.2 1 19 0.637 (n.s)
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T1 seed Estimated hptll copy Segregation  Probability
code number by qPCR of Hyg" X? <0.05 (ratio 3:1%)
pCGluB-4::Cec A_KDEL R109.1 >1 0 0.000 (s)
R1011.1 1 18 1.000 (n.s)
R1012.1 >1 0.000 (s)
R1012.2 >1 0.000 (s)
R1012.3 >1 19 0.637 (n.s)
R1014.3 1 20 0.346 (n.s)
R1017.3 1 18 1.000 (n.s)
R1019.3 >1 17 0.637 (n.s)
pCGlb-1::BP178 KDEL R112.1 1 20 0.346 (n.s)
R114 1 20 0.346 (n.s)
R117.2 1 19 0.637 (n.s)
R118.1 >1 23 0.018 (s)
R119 1 19 0.637 (n.s)
R1110 >1 0.000 (s)
R1120.3 >1 0.000 (s)
R11 20.6 >1 0.000 (s)
R1120.7 1 19 0.637 (n.s)

Hyg® , hygromycin-resistant phenotype; (a), theoretical segregation ratio for a single independently
integrated insert; n.s, statistically not significant; s, statistically significant; n.s*, Although xz test was
not significant for a 3:1 Mendelian segregation, significant differences were assumed since probability
value was very closed to 0.05. EV, empty vector line.

Table 4.21 Relationship between the copy number of the selectable

marker gene (hptll) in TO regenerants and segregation analysis in T1 seed

progeny (24 seeds were assayed)

qPCR hptli hptll segregation in T1 seeds (3:1)
xz test
Number of copies Frequency n.s s
<1 2 1 1
1 22 22 0
>1 12 4 8
Total 36 27 9

n.s, not statistically significant; s, statistically significant

The chi-square analysis of hptll segregation patterns was non-significant in

27 out of the 36 tested lines, indicating no differences between the expected

and observed frequencies for a segregation ratio of 3:1 for hptl/ transgene in

T1 seeds. In fact, 100% of the TO tested plants containing a single copy hptll

transgene (as determined by gPCR)

presented a hptll segregation
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corresponding to 3:1 Mendelian ratio, suggesting that the results obtained
by gPCR were in concordance to those obtained by segregation analysis.
However, in the multiple copies group, two segregation patterns were
observed. Specifically, 33% of total group presented a segregation pattern of
3:1, indicating that hptll inserts were integrated into the same locus (either
in tandem or split) since they were segregated as a single insert. By contrast,
66% of events contained multiple copies of the hptll transgene presented a
deviation regarding to typical Mendelian segregation for a single dominant
gene. So, multiple copies were inserted into independent loci of the rice
genome. If more than one hptll gene has been integrated into the rice
genome, then truncated hptll gene might be among them. Also,
experimental errors during transgene copy number estimation should not be
discarded.

A correlation analysis was performed in order to establish if there was a
significant dependency between results obtained by qPCR and segregation
analysis. As it shown in shown in Table 4.22, a significant correlation was
observed (p<0.05).

Table 4.22 Comparison between assessment of hptll copy
number in TO plants by qPCR and segregation analysis

Segregation® qPCR
<1 1 >1
<1 1 0 0
1 1 22 4
>1 0 0 8

(a) A segregation ratio of 3:1 was expected when a single transgene
(1 copy) or tandem transgene (>1 copy) was integrated into the
same locus of the rice genome

Homozygous T2 seeds obtained by self-pollinization of T1 plants were
selected based on hptll gene expression, and, as expected, the T2 progeny of
the single copy group was composed of segregants that expressed the
selectable gene in 100% of the progeny and segregants that showed the 3:1
Mendelian ratio. Thus, homozygous lines for the hpt/l transgene were
identified in the T2 lines (Fig. 4.26).

202



Results

Then, T3 seeds were obtained by self-pollinating of T2 homozygous plants
and the expression of hptll was confirmed in 100% of the progeny (Fig. 4.27).

_ g
Fig. 4.26 Progeny segregation analysis. (A) Segregation analysis of the self-pollinated T2 progeny

of transgenic rice plants bearing single copy for the hptll and Ole18 PRS_Cec A transgenes (R9,
line 12.1). 24 seeds of each 13 segregants of T2 transgenic progeny were pregerminated and
grown in the presence of hygromycin (50 mg/mL). The wild-type seeds were grown under the
same conditions than the transgenic seeds. Seeds were grown at 28 °C for seven to ten days using
a 12 h/12 h (day/night) photoperiod under a photon flux of 110-150 pmol. m? s Depending on
the segregation pattern, two groups of segregants could be distinguished. One group expressed
hptll in 100% of the progeny, while the other group showed a segregation of 3:1. Wild-type seeds
were unable to germinate. (B) Nine T2 seedlings being part of one of the group expressing the
hptlil transgene in 100% of the progeny were planted in substrate to obtain T3 homozygous lines
for the gene marker hptll and for the transgene.

203



Results

Fig. 4.27 Confirmation of hptll expression in 100% of the homozygous T3 progeny of
pCGIb::BP192 KDEL lines (S6, line 1.2.3). (A) T2 transgenic plants growing in the greenhouse to
obtain the T3 progeny (self-pollination). Wild-type and transgenic (S6 1.2.3 T3) seeds germinated
in the presence of hygromycin (50 mg/mL) (B and C, respectively). After incubation at 28 °C for
seven to ten days, at a 12 h/12 h (day/night) photoperiod and a photon flux of 110-150 umol. m?.
s, 100% of germination was observed for transgenic T3 line. Wild-type seeds were unable to
germinate.

As expected, Mendelian segregation of 3:1 was not observed in those events
presenting more than 1 copy for the transgene inserted into independent
loci. Moreover, T1 plants were not obtained from most of the multiple copy
lines such as the lines harbouring the GluB-1::Cec A_KDEL gene (MC3 1.2 and
MC3 1.4), the GluB-4::Cec A gene (R10 9.1, R10 12.1 and R10 12.2) or the
Glb-1::BP178 KDEL gene (R11 10, R11 20.3 and R11 20). Finally, T1 plants
were obtained from the multiple copy insertion line R9 7.2, but, T2
homozygous plants for this line were not identified in the course of this

work.

In summary, at least three homozygous lines from each transformation
event corresponding to fourteen different constructs were obtained. In most
cases, these lines carried a single copy of both the selectable marker and the
AMPder transgene. Table 4.23 shows details of the transgenic lines that
were selected for subsequent analyses.
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Table 4.23 Homozygous lines finally selected for subsequent analysis

Construct Cultivar Code Selected lines
pC1300 Senia EV 6,7
pCGluB-1::BP178 KDEL Senia S11 1.1

Ariete All 13,1.7,1.9
pCGluB-1::BP188 KDEL Ariete Al12 5.1,5.2,8.1,8.2
pCGluB-1::BP192 KDEL Senia R4 5.1,5.2,5.3,5.8

S8 13,23

Ariete MC2 5.1,5.3,6.2,6.3,6.4,6.5,8.1,9.2
pCGluB-1::Cec A_KDEL Senia S3 2.2

Ariete MC3 1.3,2.3,2.5,2.6
pCGluB-1::Cec A Ariete A5 1.2,3.2,5.1
pCGluB-4::BP178 KDEL Ariete Al4 11.1,12.1,13.2
pCGluB-4::BP188 KDEL Senia R8 2.7,2.13,2.15,3.1,2.27
pCGluB-4::BP192_KDEL Ariete A7 4.2,5.2,6.2
pCGluB-4::Cec A_KDEL Senia S2 1.1,2.2,4.8
pCGluB-4::Cec A Senia R10 11.1,12.3,14.3,17.3

Ariete Al 2.1,3.1,3.2,5.2
pCGlb-1::BP178 KDEL Senia R11 2.1,4.1,7.2,8.1,9.1
pCGlb-1::BP192 KDEL Senia S6 1.2,13,1.4
pCOle18::0le18 PRS_Cec A Senia R9 3.2,8.1,8.5,11.2,12.1, 16.2

Ariete Al6 2.1,3.2,4.1,6.2,9.2
pCOle18::0le18 Ariete MCX u.d.

EV, empty vector line; u.d., under development
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4.4 Characterization and yield estimation of the recombinant
peptides produced in seeds of transgenic rice plants

In the present study, seeds of the selected transgenic plants were used as a
system for the development of a plant based-production of synthetic
antimicrobial peptides. The results presented in the previous sections
indicated that the rice expression systems developed in this work allow
proper expression of the AMP genes under study in rice seeds. Furthermore,
the transgenic rice seeds accumulated the peptides at distinct subcellular
compartments, namely protein bodies or oil bodies. Additionally, the
transgenic seeds showed enhanced resistance to infection by bacterial
(Dickeya sp. 1552.10.1) and fungal pathogens (Fusarium verticillioides),
suggesting that the in planta produced AMPs are biologically active.

However, when transgenic plants are used as a production platform,
biomass and downstream processing steps to recovery the recombinant
peptides are key factors. Thus, the challenge is to achieve high valuable
products in a cost-effective manner while avoiding the need of time-
consuming methods. Because losses of at least 80% of recombinant product
are currently reported during purification steps (Kusnadi et al., 1997; Protein
purification Handbook, Amersham Biosciences), the number of processing
steps should be considered. Moreover, the final product has to be purified in
a suitable condition for further applications as plant pesticide, pharma or
food preservative. Taking into account the aforementioned considerations,
in this work different types of chromatographic techniques were evaluated

as purification methods for AMPs accumulating in rice seeds.

4.4.1 Analysis of the AMPders accumulating in the rice seed endosperm

Based on the selection criteria previously described (Section 4.3, Results) up
to six homozygous lines derived from each transformation event were
selected for further characterization. They were:
(1) plants accumulating an AMP in the rice seed endosperm (GluB-1::Cec
A _KDEL, GluB-4::Cec A _KDEL, GluB-1::Cec A, GluB-4::Cec A, GluB-
1::BP178 KDEL, GluB-4::BP178 KDEL,  GIlb-1::BP178 KDEL,  GluB-
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1::BP188 KDEL, GluB-4::BP188 KDEL, GluB-1::BP192 KDEL, GluB-
4::BP192 KDEL, Glb-1::BP192 KDEL transgenic lines),

(2) plants accumulating an oleosin_ AMP fusion protein in the rice oil body
(Ole18::0le18 PRS_Cec A transgenic lines).

4.4.1.1 LC-MS/MS identification of the recombinant AMPder peptides
accumulating in the rice seed endosperm

In addition to immunodetection of AMPs in rice seed tissues, in this work a
more detailed characterization of the AMPders produced in the rice seed
endosperm was carried out by using LC-MS/MS proteomic analyses. Briefly,
protein extracts from PB-enriched fractions from AMPder-lines, EV control
as well as increasing amounts of AMPder synthetic peptides, were loaded
onto 16.5% Tris-Tricine SDS-PAGE gels. Gel slices were excised (from the dye
front to ~13 kDa), digested with trypsin, and subsequently analysed by mass
spectrometry. These analyses allowed the detection of tryptic-derived
peptides from BP178 KDEL, BP192 KDEL, Cec A_KDEL and Cec A (Table
4.24) that were unequivocally identified in all the AMPder-enriched PB
fractions, but not in EV control. Specifically, these peptides were identified in
those bands corresponding to ~4 and ~8 kDa polypeptides. Cec A was also
detected in a gel slice at the estimated 35-45 kDa size, suggesting that Cec A
might interact with some of the storage rice proteins. By contrast, no
BP188 KDEL peptide was detected in either synthetic BP188 KDEL samples,
or BP188 KDEL-PB fraction.

LC-MS/MS data also confirmed that the ~8 kDa immunodetected
polypeptide (Figs. 4.19 and 4.20) corresponded to the expected
recombinant peptides in seeds of the transgenic plants, namely GluB-
1::BP192 KDEL (MC2, S8, R4), GluB-1::Cec A _KDEL (MC3, S3), GluB-
1::BP178 KDEL (A11), GluB-1::Cec A (A5), GluB-4::BP192_KDEL (A7), GluB-
4::Cec A_KDEL (S2), GluB-4::Cec A (R10, Al), Glb-1::BP178 KDEL (R11) and
Glb-1::BP192 KDEL (S6) rice plants.
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Table 4.24 Tryptic-peptide sequence tags for AMPder identification by mass

spectrometry
Precursor [M+H]"
Peptide Amino acid sequence Sequence tag [M+H]* (Da) Rice lines®
BP192_KDEL KKLFKKILKYLAGPAKKLFKKILKY YLKDEL 390.71+0.02 R4, S6, S8,
LKDEL A7, MC2
BP178_KDEL KKLFKKILKYLAGPAGIGKFLHSA YLAGPAGIGK 473.77 £0.02 Al11,R11
KKDEL

Cec A_KDEL KWKLFKKIEKVGQNIRDGIIKAG AGPAVAVVGQATQIAK 740.92+0.02 S2,S3, MC3
PAVAVVGQATQIAKKDEL

CecA KWKLFKKIEKVGQNIRDGIIKAG AGPAVAVVGQATQIAK 740.92+0.02 A1,R10, A5,
PAVAVVGQATQIAK

(a) Transgenic rice lines in which the specific sequence tag was detected. Seeds from the following

transgenic events were analyzed: GluB-1::BP192_KDEL (MC2, S8, R4), GluB-1::Cec A_KDEL (MC3, S3),

GluB-1::BP178 KDEL (A11), GluB-1::Cec A (A5), GluB-4::BP192_KDEL (A7), GluB-4::Cec A_KDEL (S2),

GluB-4::Cec A (R10, A1), Glb-1::BP178 KDEL (R11) and GIb-1::BP192_KDEL (S6)).

The tryptic peptides from the GluB-1, GluB-4 and Glb signal peptides (Table
4.25) were not detected in the PB samples, suggesting a correct processing of
the N-terminal signal peptide during translocation into the ER system. Thus, the
higher molecular weight (compared to standard peptides) observed for the in
planta produced AMPs in the Tris-Tricine SDS-PAGE can not be explained by the
presence of the signal peptide due to a failure of N-terminal processing site of

the recombinant peptides.

Table 4.25 Tryptic-peptide sequence tags
containing the N-terminal signal sequence of
each recombinant peptide

Signal peptide

Code Sequence tag
SPa-Glb-BP178 VVFFAAALMAAMVAISGAK
SPGLUB-1-Cec A FSIYFCVLLLCHGSMAK
SPGLUB-1-Cec A_KDEL  FSIYFCVLLLCHGSMAK
SPGLUB-4-Cec A LSIYFCVLLLCHGSMAK

SPGLUB-4-Cec A_KDEL  LSIYFCVLLLCHGSMAK
In bold indicate the first amino acid from AMPder
peptide

In this way, LC-MS/MS confirmed the identity and correct N-terminal
processing in the recombinant AMPder peptides accumulating in the PBs of
the transgenic rice seeds.
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LC-MS/MS identification of the recombinant AMPder peptides was carried
out by E. lzquierdo and M. Rossignol (Mass Spectrometry Proteomics
Platform-MSPP, Laboratoire de Protéomique Fonctionnelle, INRA,
Montpellier, France) within the framework of the European Trilateral Plant
KBBE project SEPSAPE (Safe and Efficient Plant Systems for Antimicrobial
PEptide production.

4.4.1.2 Stability of the cecropin A peptide in germinating rice seeds

We investigated the stability of the Cec A peptide accumulating in the rice
seeds during germination. Seeds of GluB-4::Cec A (R10) rice plants were
germinated for 4 and 7 days. Before preparation of total protein extracts,
the germinating seeds were dissected into embryo (including coleoptile) and
endosperm (Fig. 4.28 A). For comparison, protein extracts from endosperm
tissues of mature seeds were also analysed (embryo of mature seeds was
not analysed due to the difficulty to be excised from the mature seeds free
from endosperm contamination).

The Cec A peptide in R10 seeds was detected in the endosperm of 4- and 7-
day germinated seeds, suggesting that this peptide is stable in the
endosperm tissue, at least during the first stages of seed germination (Fig.
4.28 B). No cecropin-related degradation products were observed in protein
extracts from germinating seeds. The estimated Cec A vyield is shown in
Table 4.26.
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Fig. 4.28 Stability of the CecA peptide accumulating in the endosperm of germinating rice seeds
(GluB-4::Cec A, R10, lines 9.2). The embryos (EB) and endosperm (EN) tissues were manually
dissected from germinating rice seeds (4 and 7 days of germination). Total protein extracts were
then obtained from embryos and endosperms as well as from mature seeds (0-days). Protein
extracts (60 ug) were separated by Tris-tricine SDS-PAGE and transferred onto PVDF membrane.
Membranes were incubated with the anti-Cec A antibody followed by anti-rabbit IgG (Fc)
secondary antibody linked to alkaline phosphatase. EV, lines transformed with the empty
pCAMBIA 1300 vector, used as a negative control. Cec A synthetic peptide was used as a positive
control. Arrows, indicate Cec A-related bands in rice extracts. Numbers in the left side indicate the
size of the molecular markers (kDa).

Table 4.26 Yield of the Cec A peptide accumulated in GluB-4::Cec A
rice seeds (R10) during germination

Yield

Time of germination (days) Line ng/grain pmols/mg
0 9.2 45 0.6

12.1 65 0.8
4 9.2 110 1.4

12.1 113 1.4
7 9.2 121 1.5

12.1 104 1.3

The higher level of accumulation that is observed in the endosperm of
germinating GluB-4::Cec A seeds relative to mature seeds can be explained
by the difficulty in extracting the Cec A peptide from dry seeds (as compared
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to germinating seeds). In addition to this, the relative contribution of storage
proteins in total protein extracts (e.g. glutelins, globulins) is expected to
decrease during germination (during seed germination, seed storage
proteins are mobilized to provide nutrients for seedling growth). Therefore,
there is the possibility that these changes in overall protein composition of
germinating seeds might favour Cec A recovery from the rice seeds.

4.4.1.3 Extraction and purification of the recombinant peptides from rice
seed endosperm (analytical scale)

As described in Section 4.3 (Results), partial purification of recombinant
peptides can be easily achieved by subcellular fractionation and protein
body isolation. The purity obtained from the PB fraction isolated in this way
was sufficient for protein analyses, such as Western-blot and LC-MS/MS
analysis. However, in order to further characterize the recombinant product
and to evaluate whether the in planta produced recombinant peptide can be
produced at important levels for subsequent applications, (transgenic rice
seeds as a biofactory), a procedure for the obtention of purified products is
required.

Based on previous findings (Section 4.3.4, Results), removing starch from
seed proteins was the first limitation to recover high yields of the in planta
synthesised peptides. Once most of the starch in the sample was removed
and the PB fraction was obtained, the next challenge we had to overcome
was the poor solubility of the protein extract after protein body disruption
(Section 3.16.2.1, Methods). Due to the physicochemical nature of the
recombinant peptides, both structural integrity and biological activity of the
recombinant products should not to be affected by the solvent used for
extraction. However, the presence of the cationic recombinant peptides
together with the acidic nature of storage proteins (physicochemical
properties are described in the Introduction, Table 1.5) present in protein
extracts from PBs has proven to interfere in peptide purification. In fact,
purification of AMPs free of host proteins has been a major difficulty in the
present study and a great effort was made to set up methods suitable for
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the solubilization and purification of the recombinant peptides. In order to
develop an efficient method for peptide purification, the physicochemical
properties of AMPs (BP134der and Cec A peptides) were carefully examined.
Here, it should be mentioned that the AMPs produced in rice seeds were
initially ~ designed considering  the net charge and the
hydrophobicity/amphipathicity required to maintain the antimicrobial
activity of the leader peptide BP134 (Section 4.2, Results). Thereby, the
resulting peptides carried strongly cationic net charge and their amphipathic
character was evident when representing the ideal a-helix of these peptides
by means of and Edmunson wheel plot (Badosa et al., 2007).

The physicochemical properties of AMPder, such as hydrophobicity,
hydrophilicity, total net charge, isoelectric point and estimated solubility, are
compiled in Table 4.27. In this study, the online bioinformatic tools provided
by Innovagen (http://www.innovagen.es/), GenScript

(http://www.genscript.com/) and APD: the Antimicrobial Peptide Database
(http://aps.unmc.edu/AP/main.html, Wang and Wang, 2004) were used.
Additional support was provided by LIPPSO (University of Girona, Girona,

Spain). Minor differences in peptide properties were observed when
bioinformatic analysis of peptide sequences was carried out using different
peptide property calculators.

Table 4.27 Theoretical physicochemical properties of the AMPders accumulating in rice
seeds according to databases

Peptide properties

Charged residues

Hydrophobic
Total net uncharged
Peptide Aa #acidic # basic charge Hydrophilic (%) residues (%) pI° Attribute
BP178 29 2 9 7+ 38 45 10.84 Basic
BP188 28 2 7 5+ 32 50 10.72  Basic
BP192 30 2 11 9+ 43 47 10.92 Basic
Cec A_KDEL 41 4 9 5+ 32 46 10.80 Basic
Cec A 37 2 8 6+ 27 49 11.18 Basic

BPders contained the KDEL retention signal in their amino acid sequence.
(a) Isoelectric point

Clearly, improper solubilisation of recombinant peptides can potentially
result in a loss of the peptide during processing. Accordingly, a search for the
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identification of an appropriate solvent yielding a biologically active AMP
was carried out. Taking into account the peptide properties, the first step
was to determine the solvent in which AMPder peptides, theoretically, are
better solubilized. Theoretical considerations detailed in Table 4.28 were

assessed.

Table 4.28 Recommended guidelines for peptide solubilization according to databases

Peptide characteristics

Peptide solubilization

Less than 5 residues

Hydrophilic ( >25% charged
residues and <25% uncharged
hydrophobic residues)

Hydrophobic (50-75% uncharged
hydrophobic residues)

Very hydrophobic (>75%
uncharged hydrophobic residues)

Aqueous solution (except when all residues are hydrophobic).

Aqueous solution when charged residues are equally distributed
throughout the sequence.

Insoluble or partially insoluble in aqueous solution.

Before aqueous solubilisation, pre-dissolved in minimal amount of
stronger solvents such as acetonitrile, isopropyl alcohol, acetic
acid, 4-8 M urea or DMSO.

Initial solubilisation in a small volume of very strong acids such as
TFA or formic acid before applying the aqueous solution.

Often, final solution may require high content of organic solvents
or denaturing agents.

>75% of S, T,E, D, K, R, H, N, Qor  As these peptides have the tendency to aggregate and they have to

Y residues be treated as hydrophobic peptides. Variations in pH values might
be considered.
Wang, Z. and Wang, G. (2004) APD: the Antimicrobial Peptide Database +, Innovagen

(http://www.innovagen.es/), GenScript (http://www.genscript.com/)

As a proof of concept, peptide solubility was initially tested using known
amount of synthetic peptides. Peptides under study are strongly basic and
contain >25% of positive charged residues and >25% of uncharged
hydrophobic residues. Thus, based on the physicochemical properties
described in Table 4.27, the AMPder could be included within the second or
third group of peptides compiled in Table 4.28. Accordingly, the synthetic
lyophilized peptides were completely solubilized in double distilled H,0.

The next step consisted in the development of an efficient chromatographic
system for AMP purification. Due to the strong cationic properties of the
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AMPs, initial attempts to set-up the purification method focused on ion-
exchange chromatography (followed by HPLC to check the purity of the
recovered peptide). For this purpose, strong cation exchange
chromatography (HyperSepSCX Strong Cation Exchanger SPE Columns) of
synthetic peptides was performed following the Amersham Bioscience
Protein Purification Handbook. Although a small portion of synthetic peptide
was recovered (60-80% of elution buffer, 20 mM Na,HPO, + 1 M NaCl, pH
6.8), neither the recovery yield nor the high salt content was good enough to
carry on with the next step.

The next approach used for synthetic peptide purification was based on the
isoelectric point of these peptides. Once the peptide was retained into the
column sorbent, the strategy for peptide elution consisted in decreasing the
positive net charge of the retained peptides by increasing the pH of the
buffer. Unfortunately, no peptide was detected in any of the recovered
fractions. Thereby, the synthetic peptides either remained tightly bound to
the sorbent or aggregated, thus, becoming too large to enter into the
column sorbent.

Knowing the difficulty to elute strong cationic peptides from a strong cation
exchange sorbent, the next strategy was based on the following principles:
(1) the use of Weak Cation Exchange-Reversed Phase chromatography (this
methodology is suitable only for ionic species), (2) solubilisation of the
synthetic peptides in saline buffer at pH 6.0 (to increase both the solubility
and the positive charge of peptides, thus providing stronger interaction with
the negative charges of the column sorbent), and (3) recovering of retained
peptides by elution with organic solvents (better choice as they can be
removed by lyophilisation). Nanodrop was used to confirm that peptides
were completely solubilized in the selected solvent.

After several trials to evaluate the aforementioned factors, the synthetic
peptides were found to better solubilised in aqueous 25 mM ammonium
acetate, pH 6.0 buffer. Furthermore, 50% acetic acid was selected to elute
the synthetic peptides from the chromatography sorbent. After optimizing
the loading, washing and elution steps, the synthetic peptides were
successfully purified using a Weak Cation Exchange-Reverse Phase system
(Section 3.20.1, Methods), adjusting it to strong cationic peptide properties.
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Next, the recovered peptides were analysed and semiquantified by HPLC
chromatography. The yield of peptide recovery after purification was ~60%
relative to the initial amount of peptide. No further peptide was eluted
when the cation exchange resin was washed with 100% of acetic acid, formic
acid, acetonitrile or NaCl 2 M.

Once the procedure for peptide purification was established, the transgenic
rice seeds were used as the starting material for peptide purification. Total
protein extracts from protein body fractions were obtained by precipitation
using acetone+TCA+DTT. Surprisingly, while CecAder was able to precipitate
together with seed storage proteins, the BP178 KDEL was found to soluble
in these conditions. Taking advantage of BP178 KDEL solubility in
acetone+TCA+DTT, the precipitated seed storage proteins were easily
removed from the protein extracts by centrifugation, and the acetone
fraction was lyophilized (Fig. 4.29). In this way, a single purification step was
required to obtain a high quality BP178 peptide from PB enriched fraction.
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Fig. 4.29 Purification of BP178_KDEL peptide from protein bodies by acetone solubilization.
Protein body fraction was obtained from pCGIb::BP178 KDEL (R11, line 4.1.4) homozygous plants.
(A) Procedure followed for purification of BP178 peptide. Protein body fraction (50 pg) was
centrifuged to recover the pelleted PB (PB). Supernatant was also analysed (1) to confirm the
absence of BP178 peptide in this fraction. Precipitation mixture consisting of acetone+TCA+DTT
was added to pelleted PB, followed by one-step centrifugation. Acetone supernatant (2)
contained the purified BP178 peptide, while seed storage proteins were recovered in the pellet
fraction (3). (B) Tris-Tricine SDS-PAGE and Western blot analysis of protein body fractions
recovered during the process of purification of BP178 shown in A. PVDF membrane was incubated
with the anti-BP178 antibody followed by anti-rabbit IgG (Fc) secondary antibody linked to
alkaline phosphatase. Arrow indicates the BP178-related band in the rice sample.

In the present study, efforts were also made to obtain a partially purified Cec
A peptide from protein body fractions of transgenic seeds. To remove the
acetone remaining in the protein precipitate, CecAder-fraction extract was
lyophilized and washed by dissolving it in double distilled H,0, followed by

another freeze-drying step.

Knowing that the synthetic Cec A peptides solubilize in 25 mM ammonium
acetate, pH 6.0 and that Cec A peptides were found to be successfully
recovered from cation exchange chromatography (50% of acetic acid as an
elution solvent), the procedure for purification of Cec Ader from rice seeds

was as follows. Initially, the protein mixture (seed storage proteins and
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CecAder products) was resuspended in 25 mM ammonium acetate, pH 6.0.
Unfortunately, although synthetic peptides were completely soluble in the
aqueous buffer, the protein extracts obtained from protein bodies were
insoluble. Based on the theoretical considerations to solubilise protein
aggregates, the use of acetonitrile, isopropyl alcohol, acetic acid, 8 M urea,
SDS and Triton X-100 (among others) was the next choice. To this point, it
should be taken into account that these agents must then be removed if the
obtention of biologically active recombinant peptides is pursued (e.g. if
antimicrobial activity of the recombinant product). Generally, these agents
are removed by chromatography methods but these methods are not
suitable for our recombinant peptides due to their sticky nature (strongly
cationic and amphyphatic). Equally, denaturing agents are not
recommended.

Several saline buffers and organic solvents were tested for their ability to
solubilize rice seed protein aggregates to be suitable for subsequent liquid
chromatography purification. When the protein extract was solubilized using
acetic acid, the AMP peptide precipitated together with storage proteins
(probably by interacting with glutelins) and no CecAder peptide remained in
the supernatant fraction. Similar results were obtained when using
acetonitrile or saline buffers at different pH ranges. Finally, considering that
the protein extract was highly insoluble, the lyophilized product was initially
resuspended in a small volume of TFA before applying double distilled H,0O
(0.1% TFA final solution). Although complete solubilization of the protein
mixture was not achieved, the protein sample was found to be suitable for
subsequent liquid chromatography purification.

The different steps followed for the obtention of Cec A from rice protein
bodies are summarized in Fig. 4.30 A. The CecAder was partially purified
from seed protein extract by using the Weak Cation Exchange-Reverse Phase
column following the protocol designed for synthetic AMPders. Fractions
recovered were lyophilized, washed (by dissolving it in double distilled H,0)
and freeze-dried. After resuspending this material in TT1X buffer, all
fractions were checked by Western blot analysis (Fig. 4.30 B). Previous
results have shown the complete elution of synthetic AMPder in the acetic
acid fraction, so, CecAder was expected to be eluted in the same fraction.
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Surprisingly, CecAder from transgenic seeds eluted in the wash fraction
consisting of 100% methanol. Thus, Cec A produced in transgenic seeds
showed an unexpected high solubility in methanol, compared to that of the
corresponding synthetic peptide, indicating differential properties from

those of the synthetic peptide.
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The observed high solubility of the Cec A product in methanol suggests
changes in peptide polarity, based on the functional groups of the amino
acids contained in the peptide sequence. Moreover, as described in Section
4.3 (Results), the CecAder eluted with methanol had an apparent molecular
weight close to 8 kDa. Interestingly, when 50% of acetic acid was used after
methanol elution, an immunoreactive polypeptide of ~37 kDa was detected
with the anti-Cec A antibody (Fig. 4.30 B, fraction 3). This result was in
agreement with that obtained by LC/LC Mass spectrometry, where Cec A
was identified in a gel slice band at 35-45 kDa (Section 4.4.1.1, Results).
Then, the hypothesis that Cec A was interacting with a host protein gained
more strength. If so, the denaturing electrophoretic conditions did not
dissociate the possible protein-peptide interaction. It is also noteworthy that
both, glutelins and AMPder were soluble in acetic acid. There is then the
possibility that Cec A and glutelins might interact. However, further studies
are needed to clarify this aspect.

To study in more detail the observed affinity changes, the washing step with
methanol was eliminated from the purification protocol (Fig. 4.31 A).
Interestingly, CecAder was eluted in the 50% acetic acid fraction (Fraction 1)
and no peptide was eluted in subsequent washes. In addition, three Cec A-
related bands were immunodetected with apparent weights of 12, 8 and 4
kDa (the expected monomer molecular weight is ~4 kDa) (Fig. 4.31 B,
fraction 1). Moreover, when 50 % of acetic acid was used as elution solvent,
a ~20 kDa polypeptide detected with the anti-Cec A antibody (Fig. 4.31 B,
fraction 1). Once again, these results support the hypothesis that Cec A
might interact with acid-soluble host proteins.
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Fig. 4.31 Modified method for purification of Cec A peptide from seeds of GluB-4::Cec A rice
plants. Protein body extracts (50 pg) were dissolved in 0.1% TFA:H,0 and separated on a Weak
Cation Exchange-Reverse Phase column. Each recovered fraction was analysed by western blot
using anti-Cec A antibodies. (A) Modified protocol designed to elute Cec A peptide from GluB-
4::Cec A (R10, line 9.2) enriched-protein body fraction. B) PB protein extracts from seeds
transformed with pCGluB-4::Cec A (R10, line 9.2) eluted with 50% acetic (Fraction 2). Three Cec A-
related bands were estimated at ~4, 8 and 12 kDa size in fraction 2. Synthetic Cec A (15 pg)
appears to strongly interact with the negative charges of the resin. 1 ug of synthetic Cec A used as
a positive control. Arrows indicate Cec A-related bands. Numbers in the left side indicate the
molecular weight of the protein markers (kDa).

The observation that no synthetic peptide was recovered from the column
when eluting with either methanol or 50% acetic (up to 15 pg of Cec A was
loaded onto the column), supports that the synthetic Cec A strongly
interacts with the negative charges of the sorbent (Cec A was found to be
soluble in 0.1% TFA solvent, the mobile phase) (Figs. 4.30 and 4.31, Lanes
CecA).

During the course of this work, the possibility of posttranslational
modifications in the rice-produced Cec A was also considered. Thus, the
apparent high molecular mass of AMPs (as revealed by SDS-PAGE) might be
associated to glycosylation of the in planta- produced peptide (and not to n-
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mers formation). Clearly, the attachment of carbohydrates to the
recombinant AMP might interfere not only with its solubility and stability but
also with its antimicrobial activity.

It is well known that the glycosylation of proteins has a great impact both on
their physicochemical properties and on their biological function.
Carbohydrates attached to proteins can be classified into two main
categories: N-glycans (linked to the amide group of asparagine residues),
and O-glycans (linked to the hydroxyl group of serine, threonine,
hydroxylysine or hydroxyproline (Hyp) residues) in the polypeptide chain.
With the exception of O-GlcNAcylation, protein N- and O-glycosylations
typically occur in the secretory pathway. Thus, protein N-glycosylation starts
in the endoplasmic reticulum, with the cotranslational or post-translational
transfer of preformed lipid-linked oligosaccharide onto the nascent
polypeptide. In contrast, O-glycans are synthesized by a stepwise transfer of
monosaccharides on the folded protein in the ER and the Golgi apparatus
(Gomord et al., 2010). Evidence in the literature supports O-glycosylation of
rice seed prolamines (Kilcoyne et al., 2009) and glutelins (Kishimoto et al.,
1999). Protein glycation (non-enzymatic reaction of proteins with glucose
and other reducing sugars, predominantly at lysine residues according to the
NetGlycate 1.0 Server) might also lead to structural and functional
modifications of plant proteins. Accordingly, the possibility of glycosylation
and glycation posttranslational modifications of AMPders was explored.

The O-glycosylation and glycation potential sites of AMPs were predicted by
using the YinOYang 1.2 Server and the NetGlycate 1.0 Server, respectively.
The AMPder amino acid sequences (BPs and Cec A) contain threonine and
proline residues that are potential O-glycosylation sites as well as several
potential glycation sites (lysine). No potential N-linked sites (Asn-X-Ser/Thr)
were identified in the synthetic AMPder amino acid sequence. For this, a
protein Mix Deglycosylation System (combination of enzymes for
deglycosylation of both, N and O-deglycosylated residues) was used. The
results obtained in this study were, however, not conclusive. Thus, in our
hands, changes on BP178 KDEL, Cec A or Cec A KDEL electrophoretic
mobility were not observed after endoglycosidase H or Peptide-N-
Glycosidase F (PNGase F) treatment compared to the untreated controls.
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Another glycoprotein detection system based on the biotin-labelling of a
carbohydrate, followed by its immunodetection (streptavidin-horseradish
peroxidase) was also used in the present work, and again unclear results
were obtained. Although not completely proven, these observations indicate
that N-linked glycosylation, most probably, does not occur in the seed-
produced AMP peptides, although there is still the possibility that the
enzymes used in this study were not able to deglycosylate glycans linked to
the AMPders. Based on the above results, no evidences on posttranslational
modifications (glycosylation, glycation) of the in planta produced peptide
was obtained in this work. Then, further studies are needed to elucidate if
the higher molecular weight mass of AMPs in Tris-Tricine SDS-PAGE gels
reflects peptide multimerization (e.g. dimerization), abnormal behaviour of
the plant-made AMPder in this electrophoretic system, or post-
transcriptional modifications of the recombinant peptide products.

Finally, once the procedure for isolation of AMPders from endosperm tissues
was established at the analytical level, the next step was to evaluate the
feasibility of using this method at a preparative scale and to assess whether
the recovered AMPs are biologically active. Towards this end, seeds from
transgenic plants harbouring the GI/b-1::BP178 KDEL construct (R11,
homozygous line 7.2) and seeds from empty vector control plants (EV, line
R1ll 7) were selected and used for seed amplification (T4 homozygous
seeds).

For this purpose, 120 T3 seeds from each line were grown in the greenhouse
until maturity. PB fractions were obtained from 1.500 seeds. Protein extracts
were then prepared from protein bodies for each transgenic event (Glb-
1::BP178 KDEL and control plants (~245 mg of proteins were obtained in
each case) (Fig. 4.32).
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Fig. 4.32 Preparation of protein extracts from PB (pCGIb::BP178_KDEL::Nos-T, R11) and EV control
lines at preparative scale. (A) Procedure followed for the preparation of protein extracts from
protein bodies of transgenic rice seeds. (B) Preparation of protein extracts from PB from
transgenic rice seeds following the procedure shown in A. (a-c) 1.500 seeds were embedded in
water and were homogenized in grinding buffer (0.6 M Sucrose, 10 mM Na,HPO,, pH 7.5). (d) The
homogenate was centrifuged (e-f). The pellet consisted of most starch granules and the
supernatant was enriched with protein bodies (f). The supernatant was centrifuged, obtaining a
pellet composed of enriched protein body fraction. (g) After precipitation (acetone+TCA+DTT), the
protein extract was resuspended in double distilled water and lyophilized. Lyophilized product
represents the starting material for further applications.

This material represents the departing biotechnologically produced material
for subsequent evaluation of the AMP product. Current work at the CIDSAV
for macropurification of endosperm-seed derived AMP peptides is based on
the use of an AKTA purifier system and evaluation of the antibacterial
activity of AMP products against phytopathogens.
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4.4.2 Analysis of the oleosin_Cec A fusion protein accumulating in the
rice seed embryo

As previously mentioned, an oleosin_Cec A fusion gene was expressed in rice
under the control of the 18 kDa oleosin promoter. The fusion protein was
correctly synthesized and accumulated in oil bodies of the seed embryo. The
identity of the Cec A peptide, being part of the fusion protein, was
demonstrated (western blot analysis using an anti-Cec A antibody). A more
detailed characterization of the oleosin_Cec A fusion protein and a protocol
for large scale production of Cec A accumulating in rice oil bodies are
presented in this section.

4.4.2.1 LC-MS/MS identification of the Cec A peptide produced in rice as an
oleosin_Cec A fusion protein

The identity and correctness of the oleosin_Cec A fusion protein was
analysed by mass spectrometry. Briefly, samples of pCOle18::0le18 PRS Cec
A (R9) lines, EV control (as well as increasing amounts of Cec A synthetic
peptide) were digested with trypsin and subsequently analysed by LC-
MS/MS. The peptide sequence AGPAVAVVGQATQIAK (monoisotopic mass
740.92), this sequence being part of the Cec A polypeptide,
KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK) was unequivocally
identified in all the protein samples from Olel8 Cec A seeds tested as well

as in Cec A synthetic controls, but not in protein samples from empty vector
control seeds. Thus, Western-blot analysis in combination with LC-MS/MS
confirmed the identity and the correct synthesis of the Cec A peptide
produced using fusion technology.

LC-MS/MS identification of the recombinant AMPder peptides was carried
out by Esther lzquierdo (Mass Spectrometry Proteomics Platform-MSPP,
Laboratoire de Protéomique Fonctionnelle, INRA, Montpellier, France)
within the framework of the European Trilateral Plant KBBE project SEPSAPE
(Safe and Efficient Plant Systems for Antimicrobial PEptide production.
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4.4.2.2 Purification of Cec A from the oleosin_Cec A fusion protein

In order to optimize the proteolytic digestion of the oleosin_Cec A fusion
protein, a synthetic peptide (named as BP251) was prepared (LIPPSO,
Universitat of Girona, Spain). The BP251 amino acid sequence included the
processing site for the TEV protease
(KKLFKKILKYLPTTENLYFQSAVAVVGQATQIAK). Three different commercial
preparations of TEV protease were used in these studies. Although the
proteolytic cleavage efficiency greatly varied, the best results were obtained
by using the ProTEV plus purchased from Promega.

Next, oil body proteins from transgenic and non transgenic seeds were
treated with the TEV protease. A polypeptide of ~4 kDa was
immunodetected in TEV-digested protein samples from transgenic lines,
suggesting that Cec A was released from the fusion protein (data not
shown). As it was observed with the standard peptide BP251, results were
variable in terms of the efficiency of the proteolytic digestion. Moreover,
there were cases in which the Cec A was cleaved from the fusion protein (as
determined by Western blot analysis using the anti-oleosin antibody), but
free Cec A was not always immunodetected. In this case, digestion mixtures
were centrifuged and Cec A was detected in the infranatant fraction (as
revealed by LC-MS/MS analysis of these samples). This observation supports
cleavage of the Cec A peptide from the fusion protein.

In a further step to optimize conditions for the proteolytic cleavage of the
oleosin_Cec A protein, the fusion protein was purified by SDS-PAGE and then
incubated with the TEV protease (Fig. 4.33). Results obtained using the
purified fusion protein were essentially the same than those obtained using
the total proteins from oil bodies for TEV protease digestion.
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The next step focused on purification of the Cec A peptide after TEV
digestion. It should be here noticed that TEV digestion of the oleosin_Cec A
fusion protein releases the Cec A polypeptide in which an extra serine
residue is attached to its N-terminal sequence (S-Cec A). The S-Cec A peptide
was purified using the Weak Cation Exchange-Reversed phase system,
previously used for the purification of the Cec Ader produced in the rice seed
endosperm (Section 4.4.1.3, Results). Two starting materials were used for
the oleosin_Cec A fusion: (1) OB fraction and (2) OB protein extracts
(Sections 3.16.1.2 and 3.16.2.2, Methods), and from both
Ole18::0le18 PRS_Cec A transgenic seeds and control seeds (empty vector).
Every sample was diluted in 0.1% TFA before loading into the column. All
recovered fractions were lyophilized, washed by adding double distilled
water and again freeze-dried. Lyophilized samples were resuspended in TT1X
loading buffer and subjected to Western blot analysis using anti-Cec A
antibodies (Fig. 4.34 B, C). The oleosin_Cec A fusion protein eluted in the
acetic fractions (Fig. 4.34 B, fractions F3 (50% acetic) and F5 (100% acetic)).
After TEV digestion, the S-Cec A product was exclusively recovered in the
fraction eluted with 100% of acetic acid (Fig. 4.34 C, fraction F5). In fact, S-
Cec A was eluted together with the fraction of undigested fusion protein,
indicating either the partial proteolysis of the fusion protein or interaction of
the S-Cec A with the oleosin_Cec A fusion protein.
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4.4.2.3 Purification of the S-Cec A at a preparative scale and bioactivity
against bacterial pathogens

Plants expressing the oleosin_Cec A fusion gene (pCOle18::0le18 PRS Cec A,
R9, line 12.1), as well as empty vector control plants, were grown in the
greenhouse until maturity (120 T3 plants each). The procedure followed for
purification of the oleosin_Cec A produced in rice OBs is illustrated in Fig.
4.35. Briefly, oil bodies were purified transgenic seeds (1.500 seeds) as
described in Sections 3.16.1.2 and 2.16.2.2 (Methods). Proteins from the oil
body fraction were then obtained (~245 mg of proteins for each transgenic
event).
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Cleavage of oil body proteins with the TEV protease was carried out (10 U
TEV/20 pg of oil body protein extract, in ProTEV buffer, 2 h at 30 °C) and
confirmed by Western-Blot analyses.

To estimate the amount of the recombinant peptide present in the protein
extracts from oil bodies, increasing concentrations of synthetic Cec A (from

0.097 uM to 1.56 uM) were prepared to obtain the calibration curve.

Next, products from the proteolytic digestion (as well as synthetic Cec A
peptide) were tested for antibacterial activity. The antimicrobial activity of
the synthetic Cec A peptide (at known concentrations) was compared to that
of the released S-Cec A, under similar assay conditions. A contact exposure
test was performed with the plant-pathogenic bacteria Dickeya sp. by
incubating the bacterial suspension (104 cfu/100 pL of total volume) with 69
or 138 pg of OB proteins obtained from either pCOle::0Ole_PRS_CecA seeds
(R9) or empty vector seeds (EV). Bacterial survival was determined at 2 h
after exposure to the Cec A products. Bactericidal activity of the digested oil
body protein extracts was determined after lyophilisation as well as with
extracts in which the lyophilisation step was omitted (oil body proteins were
prepared as shown in Fig. 4.35, and after proteolytic digestion, the samples
were subjected or not to a lyophilisation step). As it is shown in Fig. 4.36,
TEV cleavage of the recombinant fusion protein yielded a S-Cec A peptide
that was biologically active. This observation suggests that the S-Cec A
released from the oleosin_Cec A fusion protein is properly folded and adopts
an active conformation that allows the peptide to interact with the bacterial
membrane. The serine residue attached at the NH,-terminal amino acid
sequence of the recombinant Cec A would not interfere with Cec A
antimicrobial activity. Similarly, when the serine residue was attached to the
NH,-terminal amino acid sequence of BP134der, no significant effect on
bactericidal activity was observed (Table 4.2, Section 4.1, Results, peptides
BP193, BP195, BP205, BP206, BP207, BP208, BP211, BP212, BP209, BP210).

To note, when the bacterial suspension was incubated with either OB
protein extract controls or EV digested-OB, bacterial colonies increased in
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size, indicating that compound(s) in the protein preparation might stimulate
bacterial growth.

As shown in Fig. 4.36 A, after exposure to 1 uM synthetic Cec A for 2 h,
Dickeya sp. did not survive. The concentration of the S-Cec A produced in
planta was estimated according to standard curves obtained in antibacterial
activity assays of TEV-digested oil body proteins, with and without
lyophilisation (Fig. 4.36 B and C, respectively). When using non lyophilised
protein extracts, no survivals were detected (Fig. 4.36 C, arrows), suggesting
that the assay mixture contained a concentration of S-Cec A of at least 1 uM
(total volume, 100 uL). Taking into account the volumes and dilutions made
during preparation of protein samples (twenty-five uL of OB protein extract
in a microtiter plate with 75 L of the bacterial suspension, Section 3.22.1,
Methods), the concentration of the S-Cec A present in antibacterial activity
assay using oil body proteins (69 pg of oil body proteins in 25 plL) was
estimated to be around 4 uM in the total volume solution.

A slightly lower bactericidal activity of the S-Cec A was detected in
lyophilized TEV-digested material relative to that of the corresponding non
lyophilized protein samples (Fig. 4.36 B and C) (this samples, however, had a
gelled appearance).

In summary, the S-Cec A peptide produced and accumulated in oil bodies of
Ole18::0le18 PRS Cec A rice seeds showed a clear bactericidal activity
against Dickeya sp. No activity was observed in non digested proteins from
the same oil body preparations, supporting that S-Cec A peptide displayed
bactericidal activity only when released from the oleosin fusion protein.
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Fig. 4.36 In vitro bactericidal and bacteriostatic activities of the Cec A peptide produced in the oil bodies
of Ole18::0le18 PRS_Cec A (R9, line 12.1) rice seeds. Bactericidal activity of the synthetic Cec A (A) and
the in planta produced peptide (B-C) was evaluated against Dickeya sp. (A) Bacterial survival was
determined in the absence (Control) or in the presence of increasing concentrations of synthetic Cec A.
(B and C) Bactericidal activity of the digested oil body protein extract upon lyophilisation (B) or without
the lyophilisation step(C). Cell viability was measured after 2 h exposure period. (D) Effect of the S-Cec A

peptide on the growth of Dickeya sp. Bacterial suspensions were incubated for 24 h. Asterisks indicate
the limit of detection.
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Additional experiments were conducted to further investigate the
antimicrobial activity of the in planta produced S-Cec A peptide by assessing
in vitro growth inhibition of Dickeya sp. (Fig. 4.36 D). Contrary to the
bactericidal activity test (contact assay), in growth inhibition test, target cells
are continuously exposed to the antimicrobial peptide. For this purpose
bacterial suspensions were incubated with TEV-digested oil body protein
extracts from pCOle::0le_PRS Cec A (R9, line 12.1) for 24 h. OB protein
extracts from R9 12.1 clearly inhibited bacterial growth (more than 90%
inhibition compared to control (Fig. 4.36 D). Noteworthy, bacterial growth
was detected when oil body protein controls (non-digested samples) were
used (Fig. 4.36 D, EV and R9). This fact could be associated to a stimulatory
effect on Dickeya growth, which results in an increased absorbance value
compared to that of control extracts. This would be in agreement with the
observed higher size of colonies that was observed when performing the
contact exposure test (see above). While the presence of TEV protease
mixture in the bactericidal assay did not affect the bacterial survival in TEV
digested-OB form EV samples, digestion mixture appears to somehow
stimulate the bacterial growth.

4.4.3 Yield of recombinant AMPs produced in the rice seeds

The accumulation of BP134 derivatives and Cec A peptides in transgenic seeds
was estimated in T3 homozygous seeds. Results obtained for the
Glb::BP178 KDEL (R11) plants are shown in Fig. 4.37. The amount of the
recombinant peptides was determined by western blot analysis of protein
extracts followed by quantification of immunoreactive polypeptides using the
Quantity Tools (Image Lab™ Software, Version 4.1, Bio-Rad). The intensity of
those immunoreactive bands was compared to that of serial dilutions of Cec A
or BP134 derivatives at known concentrations. Since synthetic Cec A and
BP134der show generally n-mer bands in Western-blot analysis, the amount of
the standard peptide was calculated taking into account the sum of all individual
immunodetected bands. This analysis was carried out with seeds accumulating
an AMP in either protein or oil bodies. Representative results obtained on the
analysis of seeds from Ole18::0le18 PRS Cec A (R9), GluB-4::Cec A (R10), GluB-
1::Cec A_KDEL (MC3) and GIb-1::BP178 KDEL (R11) are presented in Table 4.29.
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Fig. 4.37 BP178 peptide accumulates in rice seed protein bodies of Glb-1::BP178 KDEL (R11)
transgenic seeds (T3 seeds). Protein body extracts (50 ug) were separated by Tris-Tricine SDS-
PAGE gel and transferred onto PVDF membrane. Membranes were incubated with the anti-BP178
antibody followed by anti-rabbit IgG (Fc) secondary antibody linked to alkaline phosphatase. EV,
rice plants with the empty pCAMBIA 1300 vector, used as a negative control. 0.3, 0.15 and 0.05 pg
of BP178 synthetic peptide used as a positive control and to compare their band intensity to that

of transgenic lines.
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Table 4.29 Estimated yields of recombinant peptides accumulating in transgenic rice

seeds
Yield
pmols/
Peptide Mw Localization Promoter Strategy Event Line ng/grain mg of seed
CecA 4004.8 Embryo Ole18 Oleosin fusion R9 3.2 863 10.8
8.1 479 6.0
8.5 286 3.6
11.2 317 4.0
12.1 194 2.4
16.2 253 3.2
Mean 3981197 5.0+2.5
CecA 4004.8 Endosperm  GluB-4 - R10 1.1 64 0.8
1.2 35 0.4
9.1 103 1.3
9.2 81 1.0
11.1 37 0.5
12.1 60 0.7
12.2 92 1.2
14.3 56 0.7
Mean 6617 0.8+0.2
Cec 4490.4 Endosperm  GluB-1 KDEL ER signal MC3 14 129 1.4
A_KDEL
2.3 73 0.8
2.6 25 0.3
Mean 7559 0.8+0.65
BP178 3243.0 Endosperm  Glb-1 KDEL ER signal R11 2.1 85 1.3
4.1 117 1.8
7.2 108 1.7
8.3 71 1.1
9.1 76 1.2
20.6 94 1.5

Mean 92t14 1.440.2

Peptide yields were calculated by comparing the signal intensity of standard (synthetic peptides) and
the in planta-produced peptides in western blot analysis of rice protein extracts obtained from either
PBs or OBs. The confidence interval for a = 0.05 is indicated.

The highest amount of the BP178_KDEL (3.24 kDa polypeptide), Cec A (4.00
kDa polypeptide) and Cec A_KDEL (4.49 kDa polypeptide) was found in rice
seeds of the transgenic lines Ole18::0le18 PRS Cec A (R9), GluB-4::Cec A
(R10), GluB-1::Cec A_KDEL (MC3) and Glb-1::BP178 _KDEL (R11). These lines
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accumulated the corresponding AMP peptide at the following levels: 10.8
pmols/mg of seed, for the Ole18::0le18 PRS Cec A lines (R9), 1.3 pmols/mg
of seed, for the GluB-4::Cec A lines (R10), 1.4 pmols/mg of seed for the
GluB1::Cec A_KDEL lines (MC3), and 1.8 pmols/mg of seed for the Glb-
1::BP178 KDEL lines (R11).

Summarising the results presented in Chapter 4, AMPs were found to be
properly synthesized and accumulated in a stable manner in protein bodies
of the rice seed endosperm of transgenic rice plants. The identity of the
AMPs accumulated in the endosperm was demonstrated by Western blot
analysis and the correct processing was confirmed by LC-MS/MS analysis.
The Cec A peptide accumulating into protein bodies of the starchy
endosperm was partially purified by chromatographic separation methods. A
highly purified BP178 peptide was obtained by using a single purification
step. The attachment of the KDEL retention signal to the Cec A peptide does
not influence its accumulation in the rice seeds.

As for the oleosin_PRS_Cec A transgenic plants, the fusion protein was found
to accumulate in the oil bodies of the rice embryo. Both, the fusion protein
and the S-Cec A (obtained by TEV digestion of the oleosin_Cec A fusion
protein) were partially purified by chromatographic separation methods.
Most importantly, the S-Cec A peptide displayed In vitro bacteriostatic and
bactericidal activity against Dickeya sp. 1552.10.1.

Among the different strategies assayed in this work for production of Cec A
in rice seeds, the highest levels of AMP accumulation was achieved by
expressing the Cec A gene as a translational fusion to the 18 kDa oleosin

gene.
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Discussion

The future of the control of plant diseases is linked to the emergence of new
compounds that must meet the strict regulations about toxicity,
environmental impact and biodegradability of pesticides in many countries.
Antimicrobial peptides represent a promising alternative to conventional
antibiotics for plant disease protection against bacterial and fungal diseases,
while reducing the emergence of resistance in target pathogens.
Biotechnological applications of AMPs also include their use as therapeutic
agents to treat fungal and antibiotic-resistant bacterial infections in animals
and humans; as biopreservatives in cosmetics, materials and food; and
substitutes of antibiotics in animal feed.

Naturally existing antimicrobial peptides can be optimized by synthesis and
combinatorial chemistry approaches to increase their antimicrobial activity
and stability, and to reduce the possible toxic effect against non-targeted
organisms. However, the chemical synthesis of antimicrobial peptides entails
high production costs.

In the present study, we evaluated the feasibility of using rice as biofactory
for the production of biologically active AMPs, by designing strategies for
AMP accumulation in seed tissues, and in particular subcellular
compartments. Towards this end, we generated transgenic rice plants
accumulating de novo designed antimicrobial peptides in seeds. The strategy
followed involved the use of various seed-specific promoters and codon-
optimized AMP DNA sequences, as well as, the preparation of chimeric
genes in which the nucleotide sequence coding for specific targeting and
stabilization amino acid sequences were fused to the antimicrobial peptide.
Different procedures for extraction and purification of the recombinant
AMPs from seed materials have been explored, and the identity and
bioactivity of the in planta produced AMPs determined.
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5.1 Synthetic BP100 derivatives for plant expression

The heterologous expression of AMP genes requires overcoming several
challenges to allow its expressability in plants. Accordingly, in this work,
synthetic peptides have been designed and synthesized by introducing
modifications directed 1) to increase the peptide size (elongation, n-
merization), and 2) to include sequences for stabilization (AGPA),
internalization and/or retention into the endoplasmatic reticulum of the
plant cell (N-terminal signal peptide, C-terminal KDEL extension). All these
approaches aimed to achieve high expression levels of the AMPs under study
while avoiding the risk of peptide degradation by host proteases and/or loss

of antimicrobial activity.

To identify optimum peptide candidates for plant expression, the
aforementioned modifications have been made on the leader peptide BP134
(H-KKLFKKILKYL-OH). The development of BP134 derivatives started with the
application of a combinatorial approach on the sequence of the Pep 3
(WKLFKKILKVL- NH2) peptide, a cecropin A_melittin hybrid exhibiting both
antibacterial and antifungal activity (Cavallarin et al., 1998; Ferré et al.,
2006). Based on the amino acid sequence of this peptide, a library of linear
undecapeptides displaying increased antimicrobial activity against the plant
pathogenic  bacteria  (Xanthomonas axonopodis pv. vesicatoria,
Pseudomonas syringae pv. syringae and Erwinia amylovora), with minimized
cytotoxicity and moderate protease susceptibility compared to Pep 3, was
generated (Ferré et al., 2006). Among them, the BP76 peptide (KKLFKKILKFL-
NH2) was chosen as the best lead compound and used as a template for the
design and synthesis of a peptide library comprising 125 linear
undecapeptides  (the  CECMEL11 library) exhibiting  improved
physicochemical properties compared to the parental BP76 peptide (Badosa
et al., 2007). Among the CECMEL11 peptide library, BP100 was the best
performing compound (amidated form, KKLFKKILKYL-NH2), and was further
modified for its production in plant systems, thus, resulting in the BP134
peptide (H-KKLFKKILKYL-OH).
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Modifications on the BP134 sequence were made on the basis of the specific
requirements for their expression in rice plants, while maintaining the ideal
o-helical wheel of the original BP134 peptide (accordingly to the
hydrophobicity/amphipathicity required to maintain or increase the
antimicrobial activity). In this way a peptide library was constructed with the
de novo designed BP134 derivatives which comprised 52 peptides (Badosa et
al., 2013).

When analysing the antimicrobial activity of peptides in the library of BP134
derivatives, we observed that changes or additions on peptide sequences
can have an important effect on their activity and toxicity (Badosa et al.,
2013). These results are in agreement with those previously reported in the
CECMEL11 library members (Badosa et al.,, 2007). Thus, the BP178_KDEL,
BP188 KDEL and BP192 KDEL peptides showed improved antibacterial
activity profiles, decreased cytoxicity and increased length. These three
peptides contain the ER retention signal and the AGPA stabilization
sequence (BP178 and BP192) and were the AMPs chosen to be produced

heterologously in transgenic plants.

The selected peptides exhibit a strong cationic net charge (pl in the range of
10.72 to 11.18) and their amphipathic character was evident when the ideal
a-helix was represented by means of an Edmunson wheel plot. Most
important, these peptides display strong antibacterial and bactericidal effect
against the economically important plant-pathogens Xanthomonas
axonopodis pv. vesicatoria, Pseudomonas syringae pv. syringae, Erwinia
amylovora and Dickeya sp., while having reduced hemolytic and phytotoxic
activities (Badosa et al., 2013). Indeed, the antibacterial activity displayed by
the selected peptides BP178 KDEL, BP188 KDEL, BP192 KDEL, was
comparable to that of antibiotics routinely used for bacterial disease control.
These peptides presented MIC values in the range of 0.6 to 10 uM, with
hemolytic and phytotoxic activities only significant at concentrations 50-100
times higher than the corresponding MIC values.
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In addition, the Cec A and Cec A_KDEL peptides were chosen as references
because previous reports indicated that the Cec A peptide displays potent
antimicrobial activity against economically important plant pathogens
(Cavallarin et al., 1998). Furthermore, the constitutive expression of the
cecropin A gene was successfully accomplished in rice plants, conferring a
resistance phenotype to infection by fungal pathogens (Coca et al., 2006). To
note, targeting of the Cec A to the apoplastic space (without KDEL retention
signal) resulted in non fertile plants (Coca et al., 2006). Along with this, when
the cecropin A hybrid undecapeptide (namely Pep 3) without ER retention
signal was intended to be produced in rice plants, the peptide was found to
be toxic towards plant cells (San Segundo, unpublished results). The
problems encountered in the above mentioned strategies may be due to the
expression under the control of a constitutive promoter (ubiquitin-1
promoter). The strategies for tissue-specific expression of Cec A in our study
allowed us to determine whether the unintended negative effects that were
previously observed in rice plants constitutively expressing Cec A were
abolished in transgenic rice accumulating Cec A in seed tissues.

5.2 Transgenic rice plants producing antimicrobial peptides in
seeds

Plant systems offer several advantages for the large-scale production of
AMPs in comparison to other systems such as microbial or mammalian cell
cultures. Recombinant proteins expressed in plants are produced at lower
production costs, with low risk of contamination by human or animal
pathogens, the proteins are correctly folded, easy of scaling up or down and
using relatively simple purification technology (Hood et al., 2002). Moreover,
the use of seeds for the production of recombinant proteins, instead of
other plant tissues, has been shown to have several advantages (Delaney,
2002).

Seeds represent an attractive system for production of important amounts
of recombinant proteins because of their ability to naturally store large
amounts of proteins in the endoplasmatic reticulum and Golgi-derived cell
compartments, the so called protein bodies (PB) types | and Il, respectively.
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In addition, recombinant products accumulated in seeds may remain stable
for long periods of time at room temperature without loss of activity
(Sharma and Sharma, 2009). Additionally, the oil bodies in the embryo and
aleurone tissues offer another strategy to target the foreign protein in this

organelle.

The intracellular deposition site of the foreign proteins greatly determines
the production levels, which in turn are related to the own physical
properties of the foreign protein. Moreover, when the recombinant protein
bears the KDEL signal, its interaction with other ER resident proteins, or the
assembly state of the protein itself, might be critical in determining its

accumulation level (Stoger et al., 2005; Wang et al., 2013).

The accumulation of recombinant proteins in PBs might protect the protein
from the action of cytosolic proteases and facilitates their purification by a
simple sucrose density centrifugation, thus, increasing the efficiency of the
production system. In addition, peptides can be accumulated in such
organelles without subjecting the ER to an excessive level of stress (Vitale
and Cerotti, 2004).

Previous studies in our group failed in the obtention of stable transgenic rice
plants expressing certain BP134der genes under the control of constitutive
promoters (including ER targeting), suggesting toxicity of these AMPs to the
host plant (Nadal et al., 2012; Company et al.,, 2013). In other cases, the
BP134der genes were constitutively expressed in rice, but their expression
resulted in abnormal growth and development of the transgenic rice plants
(Company et al.,, 2013). Accordingly, aspects related to the possible
cytotoxicity to the host cells were considered in the present work. Results
here presented illustrate the usefulness of the rice seed system for the
production of AMPs, with no adverse effects on growth and development of

the plants.

Particularly, four seed-specific promoters which are known to be active in
seed tissues, either in the endosperm (glutelin B-1, glutelin B-4, and 26 kDa
a-globulin), or in the embryo (18 kDa oleosin) were assayed. The glutelin B-1,
glutelin B-4, and 26 kDa a-globulin promoters were isolated from Oryza
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sativa ssp. japonica cv. Senia genomic DNA. In addition, the signal peptide
sequence of the corresponding storage protein (glutelin B-1, glutelin B-4,
and 26 kDa a-globulin) was used to direct internalization of the AMP into the
ER. Whenever necessary, the KDEL signal was added to the C-terminal end of
the peptide for its retention in the ER. As an additional advantage, in some
cases the addition of the C-terminal KDEL tetrapeptide has been shown to
increase the accumulation of fusion proteins while decreasing their toxicity
to the plant cell (Ko et al.,, 2002; Yasuda et al., 2006). As for the 18 kDa
oleosin (Ole18) promoter, it was isolated from Oryza sativa ssp. indica cv.
IR36 and used to drive AMP gene expression in the rice embryo (the activity
of this promoter in the aleurone layer has not been explored in the present
work). Finally, the 18 kDa oleosin_AMP fusion gene was expressed under the

control of the Ole18 promoter.

Before their use for rice transformation, we verified the nucleotide
sequences of the isolated endosperm-specific promoters (including the N-
terminal signal peptide sequences) which were compared to those
annotated in the GenBank database (GenBank accession numbers,
AY427569 (GluB-1), AY427571 (GluB-4) and AY427575 (GIb-1)). This analysis
revealed major nucleotide changes in the sequence of the 18 kDa oleosin
promoter in comparison to that reported in the database (AY427563).
Presumably, these changes in the 18 kDa oleosin promoter can be associated
to different rice subspecies and cultivars used (indica rice, present work;
japonica rice in the AY427563 accession). A number of cis-regulatory
elements involved in seed and endosperm specific gene expression were
also identified. A GCN4 motif involved in endosperm expression was
identified in the promoter assayed in our work from the indica rice variety
that is not present in the japonica rice variety (AY427563).

Stable transgenic rice plants (O. sativa ssp. japonica cv. Senia and O. sativa
ssp. japonica cv. Ariete) were generated by Agrobacterium-mediated
transformation. Plant transformation vectors contained the cassette for
expression of a synthetic AMP gene (fused to the N-terminal signal peptide
sequence of the seed storage protein) under the control of a seed-specific
promoter and the Nos terminator sequence. Transformations were made for
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up to 14 different gene constructs which yielded stable transgenic rice plants
(Table 5.1). The transformation efficiencies (TO plants /number of starting
calli) varied among the various transformation events, ranging from 20 to
103% depending on the transgene. Globally the seed-based strategy for
transgenic expression of the AMP genes in rice does not significantly alter
normal growth and development of the transgenic rice plants, including

vegetative growth, flowering behaviour and yield.
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Some transgenic plants, such as the pCGluB-4::BP188 KDEL (R8),
pCOle::0le18 PRS Cec A (R9), and pCGluB-4::Cec A (R10) lines, showed
higher biomass (root and shoot systems) and increased seed yield than the
control plants (WT and EV plants). On the contrary, although the pGluB-
1::BP188 KDEL (R7) lines were fertile, they exhibited reduced growth and
abnormal phenotype. As this phenotype was observed in all independent
lines bearing the same construct, the possibility of an insertional adverse
effect caused by transgene integration into the genome can be excluded.
Thereby, phenotypical differences observed between pGluB-1::BP188 KDEL
(R7) and pCGluB-4::BP188 KDEL (R8) plants might be associated to the
promoter used to drive BP188 KDEL gene expression (GluB-1 promoter in R7
lines, GluB-4 promoter in R8 lines). Additional studies are, however, needed
to explain the unintended effects caused by expression of the BP188 KDEL
gene under the control of the endosperm-specific G/luB-1 promoter on rice
development.

Integration of the transgene into the rice genome and its integrity were
confirmed by conventional PCR, whereas the transgene copy number was
estimated by gPCR. Confirmation that the AMP transgenes, namely the
BP178 KDEL, BP188 KDEL, BP192 KDEL, Cec A and Cec A_KDEL, were
properly expressed in developing seeds (17-21 days after flowering, DAF)
was performed by RT-PCR. In other studies, however, transcripts for
transgenes encoding small peptides (<50 aa) (Matoba et al., 2001; Yasuda et
al., 2005; Takagi et al., 2008, 2010) could not be detected (also when
introduced into rice plants). For instance, the 30 amino-acid long glucagon-
like peptide-1 (mGLP-1, 3.8 kDa) was introduced in rice under the control of
the glutelin B-1 promoter, but neither the transgene transcripts nor the
transgene product could be detected in mature seeds (Yasuda et al., 2005).
Moreover, Yasuda and co-workers (2006) reported that the trimer of mGLP-
1 (mGLP-1x3, 11.4 kDa) had the minimal size among different multimers to
be expressed in transgenic rice. From the results here presented, it appears
that the antimicrobial peptides under study whose size ranges from 28 to 41
amino acids (from 3.14 to 4.49 kDa) can be successfully expressed in
transgenic rice using seed-specific rice promoters to drive their expression.
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In addition, the Cec A gene was successfully expressed into the embryo as a
translational fusion to the 18 kDa oleosin gene.

The detection and isolation of the small and strongly cationic AMPder
peptides was a challenging task in the present work. Several problems were
encountered which were mainly related to the physicochemical properties
of the AMPs (e.g. small size, strong cationic/basic and amphipathic
character). Problems for detection of such short and basic peptides by
Western blot analysis are commonly found in the literature in different plant
species, such as potato (Osusky et al., 2004), and rice (Coca et al., 2006,
Company et al., 2013). The development of fast and efficient subcellular
fractionation procedures, in combination with chromatographic methods
allowed us to demonstrate that the synthetic AMPs were efficiently
produced and accumulated in seeds of most transgenic events. Thus,
Western blot analysis of protein extracts obtained from protein bodies and
oil bodies from AMP-expressing rice plants demonstrated that the AMP of
interest accumulated in the expected seed organelle (either protein bodies
or oil bodies). The AMPders designed to be accumulated in protein bodies
were exclusively detected in the endosperm tissue of the transgenic seed,
but not in embryo, leaf or root tissues. Their site of accumulation was not
influenced by the presence or absence of the KDEL retention signal. These
results suggest that the signal peptide fused to the AMP peptide plays an
important role in targeting AMPs to the PBs of rice seeds and contain the
molecular determinants required for this process. As for the C-terminal KDEL
sequence, this tetrapeptide is not always sufficient to retain transgenically
produced proteins in the ER lumen of plants (Jones and Herman, 1993;
Okamoto et al., 1994; Pueyo et al., 1995).

Several reports illustrate the utility of using an endosperm specific promoter
to drive expression of a gene of interest in transgenic rice. For instance, the
ferr