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RESUMO

O estresse oxidativo e as inflamacfes estdo associados a muitas doengas como
diabetes, céancer, doencas cardiovasculares e neurodegenerativas, incluindo a
aterosclerose, causando preocupacdo em todo o mundo. Como alternativa, as
plantas podem desempenhar um papel chave no combate a essas desordens devido
suas propriedades farmacolégicas que sdo relacionadas a uma ampla gama de
compostos com atividade antioxidante, entre eles, os compostos polifendlicos.
Nesse contexto as pimentas podem ser uma alternativa para a obtencdo desses
compostos. Porém, a concentracdo desses metabdlitos secundarios é baixa e
afetada por diversos fatores abidticos. Como alternativa para contornar esse
problema foram utilizadas metodologias relacionadas com as culturas in vitro de
células e de tecidos vegetais. O presente trabalho teve como objetivo padronizar a
obtencdo de explantes (Capitulo 1) a serem utilizados em uma cultura de calos
otimizada através de uma abordagem sistémica (Capitulo 2). No capitulo 1, por meio
de um delineamento experimental fatorial completoadois niveis (2*) determinou-se
numericamente o efeito de quatro fatores [O tipo de solucéo para condicionamento
osmatico (agua e solucdo aquosa de KNO3 a 1%), meio germinativo (dgar e &gar +
acido giberélico a 1,88 mg.L™), tempo (15 e 30 dias) e dois gendtipos (Pitanga e
Cambuci)] nas taxas de surgimento de cotilédones e na germinacdo. As respostas
dos genotipos a solucdo de condicionamento osmoético e ao meio de germinacao
foram diferentes. A melhor combinagéo de tratamentos para germinagédo in vitro e
desenvolvimento de plantulas para Pitanga e Cambuci foram 4gua + agar e agua +
agar-acido giberélico (GAj3), respectivamente. No capitulo 2, objetivando-se otimizar
a etapa de cultura de calos da pimenta Cambuci para maior producao de biomassa e
metabdlitos secundarios foram avaliados a origem do explante, o hormdnio de
crescimento e a concentragdo do mesmo através de um delineamento fatorial
multiniveis. Os valores obtidos nas condicdes otimizadas foram: massa de calo
(225,03 mg), atividade antioxidante (35,95%), fendis totais (11,48mg de GAE / g DE)
e flavondides (15,92 mg de RU / g DE).

Palavras-chave: Germinagdo in vitro. Cultivo de calos. Producdo de metabdlitos
secundarios através de bioprocessos. Capsicum baccatum var. pendulum.
Modelagem estatistica.
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ABSTRACT

The oxidative stress and inflammations are associated with many diseases such as
diabetes, cancer, cardiovascular and neurodegenerative diseases including
atherosclerosis causing concern worldwide. As an alternative, the plants can play a
key role due to their pharmacological properties against these disorders; these
attributes are most of the times associated with the presence of polyphenolic
compounds. In this context, peppers can be an alternative to obtain these
compounds. However, the presence of secondary metabolites is low and affected by
several abiotic factors. As an alternative to circumvent this problem, methodologies
related to in vitro cultures of plant cells and tissues were applied. The objective of the
present work was to standardize the extraction of explants (Chapter 1) to be used in
a callus culture optimized through a systemic approach (Chapter 2). In Chapter 1,
through a two-level full factorial experimental design (2*) was numerically determined
the effect of four factors [The solution type for osmotic conditioning (water and 1%
KNO3 aqueous solution), germination medium (agar and agar + gibberellic acid at
1.88 mg.L™, GA3), post-sowing time (15 and 30 days) and two genotypes (Pitanga
and Cambuci)] in cotyledon emergence and germination rates. The genotypes
responses to the osmotic conditioning solution and to the germination medium were
different. The optimal combination of treatments for in vitro germination and
development of seedlings for Pitanga and Cambuci was water + agar and water +
agar-GAgs, respectively. In Chapter 2, aiming to optimize systemically the Cambuci
pepper callus culture stage for higher biomass and secondary metabolites
productionwere evaluated explant’s origin, plant growth regulator type and their
concentrations through a multilevel factorial design. The values obtained in the
optimized conditions were: callus mass (225.03 mg), antioxidant activity (35.95%),
total phenols (11.48mg of GAE/g DE) and flavonoids (15.92 mg of RU/g DE).

Keywords: In vitro germination. Callus culture. Secondary metabolites production
through bioprocesses. Capsicum baccatum var. pendulum. Statistical modeling.
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INTRODUCAO GERAL

Capsicum baccatum

As pimentas e pimentdes do género Capsicum pertencem a familia
Solanaceae sao originarias da América Central e América do Sul, tendo centenas de
variedades com frutos que variam em tamanho, formato, cor e sabor. Dentro desse
contexto cinco espécies se destacam: Capsicum baccatum, Capsicum annuum,
Capsicum chinense, Capsicum frutescens e Capsicum pubescens (ZIMMER et al.,
2012). Apresentam expressiva importancia econémica e social para o agronegocio
mundial, associada a seu alto aproveitamento na culinaria para temperos. Possuem
altos valores vitaminicos e sdo fonte de antioxidantes naturais. Entre os principais
componentes quimicos das pimentas destacam-se o0s caretondides, o &acido
ascorbico, os tocoferois, a vitamina A e o0s capsaicindides (Figura 1), além de
minerais como molibdénio, manganés e potassio, cujas concentracdes podem variar

com o grau de maturacao e o genétipo (KOTHARI et al., 2010; PINTO et al., 2013).

Homodiidrocapsaicina
H4CO.
N o]
Diidrocapsaicina H,CO /U\/\/\)\
HO N
e} Naordiidrocapsaicina
HO
H4CO N
N
H
HO

omocapsaicina

0
HsCO _F
N 0
Capsaicina
HO HsCO .
0

Figura 1 — Estruturas quimicas de alguns capsaicinodides naturais. Fonte: adaptado
de DAVIS et al., (2007).
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A culinaria brasileira faz amplo consumo das diferentes variedades de
Capsicum, entre elas, a Capsicum baccatum var. pendulum (Figura 2).
Recentemente tem sido demonstrada atividade anti-inflamatoria e antioxidante
dessas pimentas devido aos seus compostos bioativos, entre eles, os compostos

fenolicos (BERTAO et al., 2016; ZIMMER et al., 2012).

z @ ] =
Figura 2 — Capsicum baccatum L. var pendulum (A). Fruto maduro de Capsicum
baccatum L. var pendulum (B)

Estresse oxidativo

O estado pro-oxidante (estresse oxidativo) tem sido relacionado a diversas
doencas inflamatorias, cardiovasculares e diferentes formas de cancer
(MATKOWSKI, 2008; NIKI, 2010). Isso ocorre quando ha um desequilibrio entre a
producdo de radicais livres e sua neutralizacdo pelos sistemas antioxidantes, sendo
extremamente nocivo aos componentes celulares e individuos como um todo
(BARREIROS et al., 2006). Os radicais livres podem ser definidos como qualquer

espécie, de existéncia independente, que contém um ou mais elétrons
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desemparelhados, fato que os torna instaveis e altamente reativos (HALLIWELL e
CROSS, 1994). Podem ser gerados tanto por fontes enddégenas como exogenas. As
fontes enddgenas estdo relacionadas com reacdes metabodlicas como a oxidacéo
nas mitocondrias durante a respiracdo celular, a fagocitose durante o processo
inflamatorio e a atividade de enzimas como oxidases, lipoxigenases e peroxidases.
As fontes exdgenas séo a poluicdo do ar, a utilizacdo de medicamentos, pesticidas,
tabagismo, dieta alimentar e radiacdo ultravioleta. Em condi¢des normais existe um
equilibrio entre a producdo de radicais livres e sua neutralizacdo pelos sistemas
antioxidantes. Porém, quando esse equilibrio é afetado pela producdo excessiva de
radicais ou pela deficiéncia dos sistemas gera-se o estresse oxidativo (BARREIROS
et al., 2006; MARTELLI e NUNES, 2014).

Os radicais livres envolvidos neste processo de estresse oxidativo podem
estar relacionados com duas vias de oxidacdo: as espécies reativas de oxigénio
(ERO) e a de nitrogénio (ERN). As ERO (Figura 3) estéo divididas em dois grupos,
os radicalares: superoxido (O;'), hidroperoxila (HO',), hidroxila (OH"), oxigénio
singlete (*O,); e os ndo radicalares: &cido hipocloroso e peréxido de hidrogénio
(H20,). Entre as ERN encontram-se o radical 6xido nitrico (NO"), nitritos (NOy"),
nitratos (NO3"), 6xido nitroso (N2O3), acido nitroso (HNO;) e peroxinitrito (ONOQO)
gue podem desencadear reacdes de oxidacdo nos acidos graxos da membrana
lipoprotéica, denominada de peroxidacéo lipidica, afetando a integridade estrutural e
funcional da membrana celular e alterando sua fluidez e permeabilidade (MARTELLI
e NUNES, 2014; TEIXEIRA, 2013).

Além disso, os produtos da oxidacéo dos lipidios da membrana podem causar

alteracbes em certas funcbes celulares, modificacbes nas proteinas celulares,
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resultando em sua fragmentacdo, agregacdo e, em certos casos, ativacdo ou
inativacdo de certas enzimas devido a reacao dos radicais livres com aminoacidos
constituintes da cadeia polipeptidica (BARREIROS et al., 2006;SOARES, 2002,

TEIXEIRA, 2013).

=3 e’ e =3
0, D Oy > H,0, > OH* > H,0

Figura 3 — Formacao de algumas das espécies reativas de oxigénio (ERO) durante o
transporte de elétrons na mitocéndria. O superdxido (O;), peroxido de hidrogénio
(H20,) e radicais hidroxil (OH) sdo formados como resultado da sucessiva
transferéncia de elétrons isolados. A citocromo C oxidase transfere um total de
quatro elétrons com extrema eficiéncia, mesmo assim, de 1-2% dos elétrons séo
constantemente perdidos dentro da célula como ERO potencialmente toxicos. Fonte:
HIRATA et al., (2004).

Diante desses estudos que relacionam diversas doengcas com 0 estresse
oxidativo torna-se importante o combate desses radicais livres pela absorcao e
reacdo de compostos com caracteristicas sequestradoras de radicais livres, sendo
estes representados por substancias com capacidade antioxidante. As substancias
antioxidantes podem ser definidas como aquelas, que mesmo em baixas
concentragdes, sdo capazes de atrasar ou inibir as taxas de oxidagcado (BARBOSA et
al., 2010; SHAMI e MOREIRA, 2004). Tais substancias tém a capacidade de inibir os
processos oxidativos pelo bloqueio do inicio da oxidacdo, por meio da remoc¢éo de
espécies reativas, ou ainda interrompendo a cadeia de reacdo, doando elétrons ou
hidrogénio, convertendo as espécies radicalares em moléculas termodinamicamente
estaveis.

Alguns antioxidantes sao encontrados no organismo, conhecidos como
antioxidantes enddgenos, e podem ser divididos em enziméticos (superéxido

dismutase, catalase e, glutationa peroxidase) e ndo enzimaticos (glutationa,
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bilirubina e &cido lipdico) (ANGELO e JORGE, 2007; BARBOSA et al., 2010; SILVA
et al., 2010). Aléem do sistema antioxidante endégeno o organismo utiliza ainda
substancias antioxidantes obtidas da dieta, como acido ascoérbico, a-tocoferol, B-
caroteno e compostos fenolicos, entre eles, os flavonoides (Figuras 4 e 5) que
servem como um importante complemento no sistema de defesa humano contra os

radicais livres (PEREIRA et al., 2009; STRINGHETA et al., 2006).

T
“O“«,-V’““ O A A
S | I B O—H D 0—H
\[ \], O -H' l\/‘ Y J\ T i
e o0 (B
2
0,0 H S J/ T"“j/
O N xow\r, HH;:;' 0 “\“‘Q\,f"u‘“ ____,-’H\_Hf'
Quercetina Lx |I | T
~ o =TSN
O (l} ”f T /
e 0. .O--H
H "‘\“-’ )

Figura 5 — Quercetina parcialmente ionizada em C-4’. A doagéo do H radicalar para
o radical livre ocorre principalmente nas posicbes C-4’ (A) e C-7 (B). Ambos os
radicais livres formados podem ter seu elétron deslocalizado pela estrutura, com
maior estabilidade para os radicais A, C e D, devido a estabilizacdo resultante das
ligagbesde hidrogénio. Fonte: Adaptado de BARREIROS et al., (2006).



18

A partir disso observa-se a importancia de estudos recentes que tém
demonstrado capacidade antioxidante, anti-inflamatéria e fotoprotetora de certas
plantas e alimentos que formam as bases de sistemas tradicionais de medicina
milenares (PETRUSSA et al., 2013; RAMKISSOON et al., 2013; RANILLA et. al.,

2010).

Metabolitos secundarios e sua obtencao por cultura de calos e em suspensao

de células de plantas

Metabolitos secundarios das plantas sdo compostos pouco abundantes, com
uma frequéncia inferior a 1% da massa seca, de baixa massa molecular, que
desempenham um importante papel na adaptacao das plantas aos seus ambientes,
porém ndo afetam diretamente seu desenvolvimento e crescimento (FUMAGALI et
al., 2008; WILSON e ROBERTS, 2012). Devido a sua grande atividade biologica
esses metabdlitos tém sido aplicados na medicina tradicional ha muitos anos.
Podem atuar como antibioticos, antifingicos, antivirais e antioxidantes e sdo também
comumente utilizados como inseticidas, corantes, saborizantes, cosméticos ou
fragrancias (AOYAGI, 2011; FUMAGALI et al., 2008).

Em geral a sintese dos metabdlitos secundarios nas plantas é afetada por
diversas condi¢cdes ambientais como sazonalidade, indice pluviométrico, altitude e
temperatura que alteram os niveis de metabdlitos, dificultando a obtencdo dos
mesmos de modo reproduzivel (GOBBO-NETO e LOPES, 2007).

Para contornar esse problema a cultura de células de plantas em suspensao

tem sido utilizada na producgéo de diferentes metabdlitos secundarios. Pode-se citar



19

a producdo de digoxina, morfina, paclitaxel, artemisina entre outros; sendo alguns
destes produzidos em escala comercial como, por exemplo, o paclitaxel (taxol, droga
anticancer). Desta maneira a utilizacdo de células de plantas pode constituir uma
alternativa economicamente viavel para obter metabdlitos secundarios de relativa
alta complexidade quimica e alto valor agregado (NAILL et al., 2012; DORAN, 2010).

O cultivo de células vegetais pode ser realizado a partir de qualquer
fragmento da planta (explante), que sdo desinfectados utilizando um tratamento
guimico exdgeno, para depois coloca-los em meio de cultura solido formulado com
os horménios de crescimento e nutrientes necessarios para cada espécie. Com uma
correta formulacdo da composicdo dos meios, apés 2 a 6 semanas, 0s explante
proliferam em calos, massa de células indiferenciadas (figura 6), que podem ser
submetidos a um processo de triagem para o produto ou os produtos de interesse.
Finalmente, séo isolados, fragmentados e transferidos a um meio liquido para gerar
uma cultura de células em suspensao (CARVALHO e VIDAL, 2003; MUSTAFA et al.,

2011).

\

Figura 6 — Calos originados de cotilédones de C. baccatum var. pendulum
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Parametros de operacéo criticos associados as etapas de cultura de calos e

cultivos em suspensao de células vegetais

Entre os parametros operacionais mais importantes a serem otimizados na
etapa de cultivo de calos visando alta produtividade de biomassa e metabolitos de
interesse, encontram-se 0 explante (principalmente tecidos meristematicos: ex.
gemas, folhas jovens) e a concentracdo de horménio no meio de cultura. Também
deve ser definido um protocolo de desinfeccdo dos explantes, tendo como variaveis
fundamentais a selecdo do desinfetante, a concentragdo do mesmo e o tempo de
imersdo do explante na solucédo desinfetante (FUMAGALI et al., 2008; MUSTAFA et
al., 2011; GODOY-HERNANDEZ e VAZQUEZ-FLOTA, 2006).

Por outro lado, quando é pretendida a otimizacdo da cultura de células
vegetais em suspensdo, outros parametros de operacdo como luminosidade,
temperatura, velocidade de agitacdo, concentracdo de oxigénio dissolvido,
composicdo do meio de cultura, devem ser considerados. Quando as culturas em
suspensao sao realizadas em frascos erlenmeyers, recomenda-se trabalhar com um
volume de suspenséo celular equivalente entre 20 e 40 % do volume do frasco,
velocidade de agitacdo entre 90-125 rpm e a uma temperatura proxima a
temperatura ambiente (24-25 °C). Entretanto, entre 0s componentes gque necessitam
ter suas concentracdes estédo as fontes de carbono, macroelementos (Mg, Ca, P, S,
N, K), microelementos (Fe, Cu, Mn, Co, Mo, B, I, Ni, CI, Al), vitaminas e hormdnios
de crescimento (auxinas ou citocininas) em concentracdes na faixa de 107 a 107
mol.L™. O pH do meio de cultura é normalmente ajustado entre 5,75 e 5,85 antes da

esterilizacdo do meio. De maneira geral a aeracao € outro fator critico na cultura de
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células vegetais em suspensdo, mas 0 mesmo sO € rigorosamente controlado
qguando a cultura é realizada em biorreatores. Geralmente as concentracdes criticas
de oxigénio dissolvido para este tipo de células encontram-se entre 15-20% de
saturacdo. Entretanto, este parametro deve ser otimizado para cada sistema em
particular (KIERAN et al.,, 1997; MUSTAFA et al.,, 2011; WILSON e ROBERTS,
2012).

Nesse contexto 0 presente estudo teve como objetivo a obtencdo de
explantes adequados germinados in vitro como alternativa aos tradicionais métodos
de desinfeccéo para o desenvolvimento e otimizac&o de cultura de calos de pimenta
Cambuci — Capsicum baccatum L. var. pendulum buscando uma relagcéo entre maior
rendimento de biomassa, maior atividade antioxidante e maior teor de flavondides e
compostos fendlicos.

Para a confeccdo dos capitulos a seguir foram utilizadas as normas dos
peridodicos American International Journal of Biology (Capitulo 1) e Biotechnology

Progress (Capitulo 2).
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1.1 Abstract

The Capsicum genus comprises hundreds of varieties with fruits that differ widely in
shape, size, color and flavor. The Brazilian cuisine consumes Capsicum baccatum L. (pepper)
extensively and few reports about chemical composition and biological properties about this
pepper were published. The present study determined four factors numeric effects on
germination in vitro of this specie, among them, the solution type for osmotic conditioning
(water and 1% KNOj3 aqueous solution), germination medium (agar and agar + gibberellic
acid at 1.88 mgL™), post-sowing time (15 and 30 days) and two genotypes (Pitanga and
Cambuci) on two germination parameters (germination and cotyledon emerging rates), as first
step for establishing a cell suspension culture to produce secondary metabolites. The
methodology was a two-level full factorial experimental design (2*). The results allowed
polynomial equations definition which describes the germination phenomena as a function of
the four factors under study. The genotype responses to osmotic conditioning and germination
medium were different. The optimal combination of treatments for in vitro germination and
development of seedlings for Pitanga and Cambuci was water + agar and water + agar-GAs,

respectively.

Keywords: Peppers, experimental design, gibberellic acid, potassium nitrate, plant cell

culture.
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1.2 Introduction

The Capsicum genus (Solanaceae) includes hundreds of varieties with fruits that differ
widely in shape, size, color and flavor. Native from Central and South America, the Capsicum
peppers have an important economic value (Manzur et al., 2013; Zimmer et al., 2012) being
used as spice and condiment in cooking around the world. Have a high nutritive value besides
being a rich source of vitamins C (ascorbic acid), A (B-carotene and provitamin A), B2
(riboflavin), B3 (niacin), E, K and B6, along with minerals like molybdenum, manganese and
potassium (Kothari et al., 2010). Brazilian cuisine consumes different varieties of Capsicum
baccatum L. extensively and few reports about chemical composition and biological
properties on this pepper have been published. Recently, antioxidant and anti-inflammatory
activities associated to its phenolic compounds and flavonoids have been demonstrated
(Zimmer et al., 2012; Bertdo et al., 2016). Nevertheless, in many cases the natural availability
of these compounds is low and the plant extraction methods require using some part or the
entire plant. These practices are not sustainable, even more, when the plant is rare or
endangered. The in vitro culture techniques can solve these drawbacks (Matkowski, 2008).

The plant cell and tissue culture is an essential tool for basic and applied academic
studies as well as in industrial applications including several cultivation methodologies under
sterile conditions such as seed germination, micropropagation, callus and cell suspension
culture (Wilson and Roberts, 2012). In vitro propagation methods allow the selective, rapid
and effective production of secondary metabolites avoiding seasonal, soil, geographical
constrains as well as pests and diseases (Costa et al., 2013).

Micropropagation is one of the most important areas where in vitro culture has played a
commercially remarkable role. In vitro propagation technologies when well-developed and/or

adapted are critical for genetic resources and genetic improvement of the species conservation
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programs. A large number of important plants from horticultural, floricultural and silvicultural
have been successfully propagated. Among the most important in vitro technique
applications, is the micropropagation of medicinal plants, species threatened and plants
producing spices, flavoring and coloring substance (Matkowski, 2008; Purohit, 2013).

Recent research on Capsicum cell culture also showed the great potential of in vitro
cultivation techniques for understanding the cellular and molecular processes involved in the
expression and production of metabolites of commercial interest (Kehie et al., 2015).

In vitro seed germination is a decisive step for the success of numerous in vitro culture
procedures and often allows a higher germinability than in nurseries, greenhouses or field,
probably because in vitro conditions are more suitable for germination processes and early
seedling development. In vitro seed germination protocols are frequently used to produce
sterile seedlings, which are source of shoot tips and stalk as explants for micropropagation
(Kothari et al., 2010).

Some factors should be considered in order to optimize in vitro seed germination
process and the subsequent seedling development, among these, plant growth regulator types
and concentrations, culture medium nutrient composition, photoperiod, post-sowing time
(Roy and Banerjee, 2001).

Other important factors to take into account in the in vitro methodology are the pre-
germination treatments with the major purpose of promoting seed priming and increase the
physiological potential of seeds, uniformizing its vigor. Several chemical strategies are
available for in vitro seed germination in Capsicum and others different plant species (Bello-
Bello et al., 2010; Bora et al., 2014) and the influence of genotypes have been demonstrated

(Shahzad and Sahai, 2014).
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To determine the critical combination of factors that permit the improvement of in vitro
germination in Capsicum seeds is an important strategy to develop multivariate protocols.
Thus, this study aimed to evaluate the main effects of four factors potentially involved in the
enhancement of in vitro seed germination in two genotypes of C. baccatum, the solution type
for osmotic conditioning, germination medium, post-sowing time and genotypes, as well as
the interactions between them on germination and cotyledon emerging rates, as a first step for
establishing a cell suspension culture to produce secondary metabolites with commercial
value in this species, besides demonstrate the potential of "two-level” full factorial

experimental design for systemic establishing of the in vitro seed germination protocols.

2. Materials and Methods

2.1 Plant Material

The experiments were carried out in the Laboratério de Biotecnologia Vegetal,
Departamento de Biotecnologia, UNESP — FCL, Assis-Brasil. Seeds of two Capsicum
baccatum L. (pepper) genotypes were used, Pitanga (GN1) and Cambuci (GN2), obtained in
street markets from Assis, Sdo Paulo State (-22°39°42°’S, -50°24°44°"W). (.Seeds collected in
matured fruits for both genotypes). Seeds were separated in two plots (200 seeds each) and

used for assessing in vitro germination.

2.2 Seeds Pretreatment and Disinfestation
Seeds of both genotypes were submitted to pretreatment with 1% KNO3; agqueous
solution (w/v) or distilled water (control group) for 10 minutes in order to evaluate its

influence on osmotic conditioning (pre soaking) and after were washed under running water
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and transferred to sterile environment. Pretreated seeds were surface disinfested in a laminar
flow hood by soaking in 70% (v/v) ethanol for 2 minutes, rinsed with sterile distilled water,
immersed in 1% (w/v) sodium hypochlorite (commercial solution) for 20 minutes and rinsed
three times with sterile distilled water. After disinfestation, the seeds were kept submerged in

sterilized distilled water until inoculation.

2.3 Sowing and Culture Medium

Disinfested seeds were aseptically inoculated in two different culture medium, M1,
containing distilled water, 0.6% agar and 1.88 mg L™ gibberellic acid (GA3) ethanolic solution
(the best concentration in previous experiments), and M2 (control), constituted of distilled
water and 0.6% agar. For each culture medium were used 10 flasks of 500 mL containing 50
mL of medium (10 seeds /flasks), previously autoclaved at 121°C, 1 atm for 15 minutes. Of
the seeds pretreated with KNO3 aqueous solution, 50 seeds were inoculated in M1 and 50
seeds in M2 and the same procedure was follow to the seeds pretreated with distilled water

(control). All cultures were incubated at 25+2°C and 16 hours photoperiod.

2.4 Determination of Germination and Cotyledon Emerging Rates

Seeds were considered germinated when the radicle was 1 mm or greater. Germination
rate was observed at 15 and 30 days and was calculated as the ratio between the number of
seeds with radicle protrusion and the total number of seeds in each flask. The corresponding

equation(1) used for germination rate was:

(1) Yé]i = ngi/n
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Where:

Y,,: Germination rate in each flask (i=1, 2, 3, 4, 5); N, : number of seeds with radicle

protrusion in each flask; n: total number of seeds in each flask (n=10).
Cotyledon emerging rate was also observed at 15 and 30 days, and it was determined as
the ratio between the number of plants with cotyledon emerging and the total number of seeds

in each flask. The mathematical expression (2) for calculate cotyledon emerging rate was:

(2) Yci = Ncpi/n

Where:
Y. cotyledon emerging rate in each flask (i=1, 2, 3, 4, 5); N, : number of plants with

cotyledon emerging in each flask; n: total number of seeds in each flask (n=10).

2.5 Experimental Design

In order to define the main effects of each factor, osmotic conditioning (pre soaking
treatment, gibberellic acid presence in germination culture medium, post-sowing time (15 and
30 days) and Capsicum baccatum L. genotypes (GN1 and GN2), as well as the interactions
between factors on parameters germination and cotyledon emerging rates, a two-level full
factorial design (2* experimental runs, five repetitions) was performed (Table 1). The level of
significance (o)) for statistical decisions was 0.05. Experimental planning and data analysis

were carried out in Design-Expert 6.0 Software (Stat-Ease, Inc.; Minneapolis, MN, USA).
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Table 1. Factors as well as their classification and levels considered in full two-level factorial
(2*) design to describe germination and cotyledon emerging rates associated to pepper seeds

considered in the present study.

Range
Factor Type

Low High
Genotype (A) Categorical GN1 GN2
Osmotic conditioning solution (B) 1% KNO3

Categorical Water
wiv

Germination culture medium (C) Categorical Agar Agar + GA;
Post-sowing time (days) (D) Numerical 15 30

3. Results

Primary results related to a two-level full factorial design (2* = 16) and five repetitions of
each experimental combination are presented in Table 2. The combination of distilled water
(osmotic conditioning solution) + agar (germination culture medium) was the most efficient
procedure for germination rate in genotype Pitanga (GN1) and this finding was independent
of the total time of germination, reaching the maximum level of 74% efficiency. For genotype
Cambuci (GN2), the best combination was distilled water + agar-GA; for initial germination
(15 days) and after this period (30 days) it was irrelevant to the seedling development, with
values ranging between 76 and 86% germination efficiency. For the seedlings development,
the 1% KNO; (w/v) + agar-GAz combination showed greater efficiency in cotyledon
emergence for GN1 to 30 days, reaching a maximum of 56% efficiency. For GN2 the highest
cotyledon emergence efficiency was confirmed in GAj presence regardless the association

with pretreatment.



34

Table 2. Primary data corresponding to a two-level full factorial design (2* = 16) performed

with five repetitions of each experimental combination. Germination parameters are

represented as mean + standard deviation (n=5).

Osmotic Germination Time
Genotype
Run conditioning culture medium  Days Yo Yc
(A)
solution (B) ©) (D)
1 15 0.56+0.21 0.04+0.09
Agar
2 30 0.74+0.11 0.18+0.08
H,0
3 15 0.18+0.13 0.00+0.00
Agar-GAs
4 30 0.34+0.05 0.10+0.07
GN1
5 15 0.45+0.35 0.05+0.06
Agar
6 30 0.53+0.38 0.20+0.18
KNO3 1% (w/v)
7 15 0.48+0.22 0.16+0.11
Agar-GAs
8 30 0.72+0.24 0.56%0.17
9 15 0.66+0.11 0.30+0.28
Agar
10 30 0.76+0.05 0.32+0.31
H,0
11 15 0.75+0.10 0.45+0.13
Agar-GAs
12 30 0.83+0.05 0.58+0.13
GN2
13 15 0.58+0.08 0.20+0.19
Agar
14 30 0.84+0.11 0.22+0.18
KNO;3; 1% (w/v)
15 15 0.70+0.14 0.36%0.09
Agar-GAs
16 30 0.86+0.05 0.48+0.04
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3.1 Germination Emerging

According to raw experimental data and confirmed by suitable statistical analysis, GN2
showed faster germination compared to GN1 (Table 3, Equation 3 and Figure l1a). The
significant and positive term A (genotype) validate this finding (Table 3, Equation 3).
Table 3. Analysis of variance for selected factorial models, which describe the cotyledon

emerging rates and any detail related to in vitro germination emerging.

In vitro germination parameter under consideration

Source Germination rate Cotyledon rate

Probability values

Model <0.0001* <0.0001*
A < 0.0001* < 0.0001*
B 0.3039 0.4082
C 0.4422 0.0001*
D <0.0001* 0.0003*
AB 0.2606 0.0009*
AC 0.0086* 0.1236
AD 0.7806 0.0708
BC 0.0014* 0.0327*
BD 0.4231 0.2566
CD 0.9869 0.1809
ABC 0.0011* 0.0416*
ABD 0.4231 0.2426
ACD 0.4231 0.9449
BCD 0.7806 0.3705
ABCD 0.4422 0.3525
Lack of fit 0.3448 0.1762
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*This symbol represents significant tests (model goodness of fit and lack of fit) or model
terms. A, B, C and D represent variables: genotype, osmotic conditioning solution,

germination culture medium and time, respectively.

However, the influence of germination culture medium was different for both genotypes
under study. The supplementation of agar basal medium with gibberellic acid (GA3) was only
effective for GN2 and the corresponding seeds demonstrated superior germination rate
(Figure 1a). A contrary effect for GN1 was observed. The post-sowing time (D) showed
positive significant effect, for this reason, 30 days are necessary in order to increase

germination rate in vitro for both genotypes (Table 3, Equation 3).

(3)Y; = 0.620+ 0.130- A+ 0.082-D + 0.050-A-C + 0.065-B-C —0.067-A-B-C
Where:
Y;: Yield of any detail related to germination emerging; A: Genotype; B: Osmotic

conditioning solution; C: Germination culture medium; D: post-sowing time (days).

The water utilization as solution able to start and support seed germination (germination
stimulating factor) demonstrated real positive effect only for GN1 (Figure 1b and 1c). For
GNZ2, the impact of distilled water or 1% KNO3 w/v, as solutions capable to start and support
seed germination, was the same on germination rate (Figure 1c).

Fig. 1 Interaction graphs for in vitro germination rate. A: genotype-culture medium
associated to yield of any detail related to germination emerging. B: osmotic conditioning

solution (OCS)-culture medium associated to yield of any detail related to germination
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emerging for GN1. C: osmotic conditioning solution (OCS)-culture medium associated to

yield of any detail related to germination emerging for GN2.
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For GN1, the positive influence of distilled water in the induction of in vitro

germination was associated to the germination culture medium, when utilized the basal

medium composed only of agar, the best germination rate was observed. Contrary effect was

confirmed for 1% KNO;3; solution, its best performance was in association to agar

supplemented with GA3 (Figure 1 b). This finding is also demonstrated for the significant

interactions influence of (B-C) and (A-B-C) in statistical model for germination rate

(Table 3, Equation 3).
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3.2 Cotyledon Emerging

Statistical modeling was also performed to describe cotyledon emerging (Equation 4,
Table 3). From equation 4, it’s possible to conclude that genotype (A), germination culture
medium (C) and post-sowing time (D) as well as binary interactions between (A-B) and
(B-C) had significant influence on in vitro cotyledon emerging rate. As observed in
germination, cotyledon emerging rate was higher at 30 days of the post-sowing time than to 15
days. The in vitro germination conditions were not enough to reduce the time to cotyledon
emerging. The influence of osmotic conditioning solution (B) was confirmed in combination of

genotype (A) and germination culture medium (C).

(4) Yo =0.260 + 0.100- A + 0.072-C + 0.068-D — 0.061-A-B+0.041-B-C —

0.038-A4-B-C

The choice of osmotic conditioning solution (distilled water or 1% KNO3; w/v) was
indifferent for cotyledon emerging rate in GN1 when water + agar was utilized as germination
culture medium. On the other hand, this in vitro germination parameter was improved by
distilled water compared to 1% KNO3 w/v (higher than two-fold) for seeds corresponding to
GN2 in the same culture medium (Figure 2a). Contrary findings were confirmed in culture
medium supplemented with GA3 (Figure 2b). In this case, the GN2 cotyledon emerging rate
was not influenced by osmotic conditioning solution and GN1 showed higher cotyledon
emerging rate when 1% KNO3; w/v was used as osmotic conditioning solution (higher than
two-fold, using distilled water as a reference).

Fig. 2 Interaction graphs for in vitro cotyledon emerging rate. A: genotype-osmotic

conditioning solution (OCS) associated to yield of cotyledon emerging for agar as
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germination culture medium. B: genotype-osmotic conditioning solution (OCS) associated to

yield of cotyledon emerging for agar-GAs as germination culture medium.
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4. Discussion

The natural process of seed germination reflects a physiological sequence of events that
is strongly influenced by external and internal factors, such as environmental conditions,
dormancy, germination inhibitors or inducers. Such factors may act alone or integrated in
order to transform the germination process in a biological event that determines the retake of
metabolic activity and embryo plant growth with consequent emergence and development,
radicle, hypocotyl and cotyledons (Bewley et al., 2013).

The parameters that determine the germination process and seedling development to
establish the in vitro culture conditions, should follow the natural process sequence.
Therefore, it is necessary to seek a balance between physiological seed quality, utilized
genotype, the culture medium composition and the in vitro development itself. This study
aimed to evaluate in an integrative approach the germinability of two Capsicum baccatum

genotypes under variations in seed priming and composition of the culture medium.
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Our results show that genotypes Pitanga (GN1) and Cambuci (GN2) from Capsicum
baccatum had quiescent seeds in suitable stage of physiological maturation and vigor and that
germinated in a relative short period (averaging 22 days, data not shown), producing healthy
seedlings able to be use for explants extraction necessary for initiation of the in vitro callus
culture. Such inference is based on Baskin and Baskin (2004) who stated a quiescent seed is
capable of germinating in its fullest practicable extent for the physical environment factors,
considering the imposed limits by their genotype.

In general, the germination period can be long and variable between different pepper
species and the process could be irregular. The optimum germination temperature is about
30°C and no specific light condition seems necessary for germination. However, several
pretreatments can be used to enhance seed germination and seedlings emergence as e.g.
potassium nitrate (KNO3), gibberellic acid (GA3) and sodium hypochlorite(Bosland and
Votava, 2012; Cano-Véazquez et al., 2015; Cortez-Baheza et al., 2011).

Ex vitro pre-germination treatments has been used on different plant seeds species in
order to increase the seeds germination, reducing the time between sowing and seedling
emergence and enhance the seed tolerance to adverse environmental conditions. In this
context, the priming is a promising treatment and it involves soaking seeds in natural or
synthetic solutions under controlled conditions (temperature, light and time) followed or not
by drying the seeds to the initial conditions of moisture content. The seed hydration to a
certain level, allows the initial germination stages of the process to happen, however, without
radicle protrusion. This process tends to result in homogeneous and quicker germination
(lbrahim, 2016; Manonmani et al., 2014; Paparella et al., 2015; Singh et al., 2015).

In Capsicum annuum, Kikuti et al. (2005) showed that conditioning with KNOj3 is

effective to improve seed performance and the increase of exposure time to the priming
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solutions favors the process of ex vitro germination of sweet pepper. Batista et al. (2015)
demonstrated that priming for the ex vitro germination of Capsicum frutescens is active in the
emergence speed and the KNOj3 usage increases the seedlings dry weight, however the seeds
quality is related to the germination treatments results.

Under the in vitro evaluated conditions, the genotype Pitanga (GN1) germinated better
once priming with distilled water while genotype Cambuci (GN2) showed no difference in
response to the pre-treatment with distilled water and KNO3;. For GN1 the KNOj3 did not
influence the germination, water was enough to start the seeds germination. In contrast, GN2
showed indifferent behavior to priming treatments. Such behavior reflects the fact that each
genotype has its own needs to start the germination process, determined by the conditions of
seed formation and genetic composition, reflecting therefore divergence in the germination
response (Popinigis, 1985).

As to cotyledons emergence, the genotype, the germination culture medium and post-
sowing time as well as their interactions were more effective at 30 days post-sowing time,
though such conditions were not sufficient to reduce this time. For GN1 the use of distilled
water or 1% KNO3z w/v was indifferent for cotyledon emerging rate when agar was utilized as
the germination culture medium, indicating that this genotype is more vigorous and their
genetic composition allows its development without the direct action of inductors or
development stimulators.

For the germination behavior in the culture medium, was observed that the gibberellic
acid (GAgz) presence influenced differentially seed germination and seedling growth. For GN2
(Pitanga) the culture medium containing gibberellic acid was effective in seed germination,
but such treatment had no influence for GN1 (Cambuci). According to Vipranarayana et al.

(2012), GA;3 also works effectively on in vitro seed germination of Pterocarpus santalinus
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(Fabaceae - medicinal plant), probably breaks the dormancy and stimulates seed germination
via synthesis of a-amylase and other hydrolyses.

According to Kucera et al. (2005) the dormancy process and germination are complex
and controlled by various plants hormones encoded by a large number of genes affected by
both developmental and environmental factors. The hormonal interactions determine the
trigger mechanisms or control these events. In this context, gibberellic acid (GA3) plays a
fundamental role in the release of dormancy, increasing the embryo growth potential and
overcoming the mechanical restraint conferred by the seed-covering layers, by weakening of
the tissues surrounding the radicle. Gibberellic acid promotes germination being required for
embryo cell elongation, for overcoming coat restrictions to germination of non-dormant and
dormant seeds, and for inducing endosperm weakening (Gupta and Chakrabarty, 2013).

In the present study we choose the combination of hydropriming (in water) and
halopriming (in solution of inorganic salts, i.e. KNO3) as indicated in studies on the ex vitro
seed germination of several species including Capsicum and that have shown variable
germination patterns and seedling emergence (Aloui et al., 2014; Batista et al., 2015; Cortez-
Baheza et al., 2011; Maiti et al., 2013; Smith and Cobb, 1991). Among the most diverse
treatments suggested in the literature (water, NaCl, CaCl,, KCI, PEG, KNOs, GA3, €.g.) those
involving potassium nitrate (KNO3) and gibberellic acid (GA3) have shown promising results
(Bosland and Votava, 2012), because such compounds assist in expression of the
physiological seeds potential (Nascimento, 2005).

Regeneration in vitro studies in Capsicum have mostly evaluated the behavior in
commercial genotypes of Capsicum annuum, Capsicum chinense and Capsicum frutescens.
These studies have resulted in different protocols and observed a significant diversity of

morphogenetic responses dependent on genotype, the explant type and the culture medium
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conditions (Akram et al., 2011; Bora et al., 2014; Gogoi et al., 2014; Grozeva et al., 2009;
Manzur et al., 2013; Orlinska and Nowaczyk, 2015; Raj et al., 2015; Valadez-Bustos et al.,
2009; Verma et al., 2013).

Among the various types of explants for the initial establishment of in vitro cultures, the
seeds have advantages such as rapid growth, rapid availability of material for subsequent
cultivation stages. However, regard the in vitro germination involving Capsicum species,
different protocols available have directed attention to the seeds surface sterilizing procedures
and the composition of the culture medium for germination. Most common sterilizing
processes are the application of 0.1% HgCIl and 70% ethanol, followed by inoculation in
Murashige and Skoog basal culture medium. Hormones are mostly used after seedling is
developed also in MS basal culture medium, not intending to reduce growth time, but to
induce multiple shoot bud, callus formation, plant regeneration, flower induction, fruit
development and rooting. Considerations for seed viability in germination rate or even seeds
pretreatment, which can trigger or enhance germination, were not still reported (Manzur et al.,
2013;Verma et al., 2013; Bora et al., 2014; Orlinska and Nowaczyk, 2015).

In this study we investigated the germination phenomena using a system’s approach, as
a function of the four essential parameters onin vitro cultivation (genotype, seed pretreatment,
germination medium and time) and was confirmed that the best responses for the two
Capsicum baccatum L. genotypes under consideration were different in germination rate
terms, water + agar for Pitanga (GN1), and water + agar-GA3z for Cambuci (GN2). On the
other hand, the seedling development was stimulated by the combination of 1% KNO3 + agar-
GA; for genotype Pitanga (GN1), whereas the same optimal combination for rate of

germination events was observed for Cambuci (GN2). In general, for both genotypes, the
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post-sowing time was not reduced using the osmotic conditioning solutions and germination
culture media assessed.

The use of inducing agents or enhancers such as water, KNO3 and/or GA3 can be very
effective to raise the germination process and enhance embryo development in different
Capsicum baccatum genotypes. However, these parameters should be considered in an
integrated manner so that it is possible to enhance or maximize the germination rate and lead
to obtaining aseptic healthy seedling that can be employed as the explant source for in vitro
culture protocols.

We concluded that for genotypes Pitanga (GN1) and Cambuci (GN2) both Capsicum
baccatum L. the optimal treatments combinations were water (osmotic conditioning solution)
+ agar (germination culture medium) and water + agar-GAs, respectively; and that the two-
level full factorial experimental design (2%) was effective to show differential responses for
genotypes front of four main factors involved at in vitro germination phenomenon. It was
established the most suitable conditions for the early bioprocess stage for producing

secondary metabolites from in vitro culture of this specie, using a system’s approach.



45

5. References

AKRAM 0O, GAAFAR M, SAFWAT G, DIAB A. 2011. Comparative study among the
germination and propagation of different Capsicum annuum cultivars using tissue culture
techniques. Nat Sci 9: 183-190.

ALOUI H, SOUGUIR M, HANNACHI C. 2014. Determination of an optimal priming
duration and concentration protocol for pepper seeds (Capsicum annuum L.). Acta Agric Slov
103: 213-221.

BASKIN JM AND BASKIN CC. 2004. A classification system for seed dormancy. Seed Sci
Res 14: 1-16.

BATISTA TB, BINOTTI FFS DA, CARDOSO ED, BARDIVIESSO EM, COSTA E. 2015.
Aspectos fisiologicos e qualidade de mudas da pimenteira em resposta ao vigor e
condicionamento das sementes. Bragantia 74: 367-373.

BELLO-BELLO, JJ, CANTO-FLICK, A, BALAM-UC, E, GOMEZ-UC, E, ROBERT, ML,
IGLESIAS-ANDREU, LG, SANTANA-BUZZY, N. 2010. Improvement of in vitro
proliferation and elongation of Habanero pepper shoots (Capsicum chinense Jacq.) by
temporary immersion. Hort Science, 45: 1093-1098.

BERTAO, MR, MORAES, MC, PALMIERI, DA, SILVA, LP, SILVA, RMG. 2016.
Cytotoxicity, genotoxicity and antioxidant activity of extracts from Capsicum spp. Res J Med
Plant, 3: 1-11.

BEWLEY JD, BRADFORD KJ, HILHORST HWM, NONOGAKI H. 2013. Seeds. New
York: Springer New York. 392 P.

BORA G, GOGOI HK, HANDIQUE PJ. 2014. Effect of silver nitrate and gibberellic acid on

in vitro regeneration, flower induction and fruit development in naga chilli. Asia-Pacific J of



46

Mol Biol and Biotech 22: 137-144.

BOSLAND PW AND VOTAVA EJ. 2012. Peppers: vegetable and spice - Capsicums.
Wallingford: CABI, 230 p.

CANO-VAZQUEZ A, LOPEZ-PERALTA MC, ZAVALETA-MANCERA HA, CRUZ-
HUERTA N, RAMIREZ-RAMIREZ |, GARDEA-BEJAR A, GONZALEZ-HERNANDEZ
VA. 2015. Variacién en grados de latencia en semillas entre colectas de chile piquin
(Capsicum annuum var. glabriusculum). Bot Sci 93: 175.

CORTEZ-BAHEZA E, RIVERA-REYES JG, ANDRIO-ENRIQUEZ E, GUEVARA-
GONZALEZ RG, GUEVARA-OLVERA L, CERVANTES-ORTIZ F, MENDOZA-ELOS
M. 2011. Osmoacondicionamiento de la semilla de chile ancho y su efecto en el vigor.
Ecosistemas y Recur Agropecu 27: 345-349.

COSTA P, GONCALVES S, VALENTAO P, ANDRADE PB, ROMANO A. 2013.
Accumulation of phenolic compounds in in vitro cultures and wild plants of Lavandula viridis
L’Hér and their antioxidant and anti-cholinesterase potential. Food Chem Toxicol 57: 69-74.
GOGOI S, ACHARIEE S, DEVI J. 2014. In vitro plantlet regeneration of Capsicum chinense
Jacq. Cv. “Bhut Jalakia”: hottest chili of Northeastern India. Vitr Cell Dev Biol - Plant 50:
235-241.

GROZEVA S, RODEVA V, KINTZIOS S. 2009. Successful regeneration of sweet pepper in
an airlift bioreactor : effect of medium phase and genotype. Open Hortic J 2: 70—75.

GUPTA R AND CHAKRABARTY SK. 2013. Gibberellic acid in plant. plant signal behav 8:
e25504.

IBRAHIM EA. 2016. Seed priming to alleviate salinity stress in germinating seeds. J Plant
Physiol 192: 38-46.

KEHIE M, KUMARIA S, TANDON P, RAMCHIARY N. 2015. Biotechnological advances



47

on in vitro capsaicinoids biosynthesis in Capsicum: a review. Phytochem Rev 14: 189-201.
KIKUTI ALP, KIKUTI H, MINAMI K. 2005. Physiological conditioning in sweet pepper
seeds. Rev Ciéncia Agronémica 36: 243-248.

KOTHARI SL, JOSHI A, KACHHWAHA S, OCHOA-ALEJO N. 2010. Chilli peppers - a
review on tissue culture and transgenesis. Biotechnol Adv 28: 35-48.

KUCERA B, COHN MA, LEUBNER-METZGER G. 2005. Plant hormone interactions
during seed dormancy release and germination. Seed Sci Res 15: 281-307.

MAITI R, RAJKUMAR D, JAGAN M, PRAMANIK K, VIDYASAGAR P. 2013. Effect of
seed priming on seedling vigour and yield of tomato and chilli. Int J Bio-Resource Stress
Manag 4: 119-125.

MANONMANI V, JUNAITHAL MA, JAYANTHI M. 2014. Halo priming of seeds. Res J
Seed Sci 7: 1-13.

MANZUR JP, PENELLA C, RODRIGUEZ-BURRUEZO A. 2013. Effect of the genotype,
developmental stage and medium composition on the in vitro culture efficiency of immature
zygotic embryos from genus Capsicum. Sci Hortic (Amsterdam) 161: 181-187.

MATKOWSKI A. 2008. Plant in vitro culture for the production of antioxidants - a review.
Biotechnol Adv 26:548-560.

NASCIMENTO WM. 2005. Condicionamento Osmotico de sementes de hortalicas visando a
germinacdo em condicOes de temperaturas baixas. Hortic Bras 23: 211-214.

NONOGAKI H. 2014. Seed Dormancy and germination-emerging mechanisms and new
hypotheses. Front Plant Sci 233: 1-14.

ORLINSKA M AND NOWACZYK P. 2015. In vitro plant regeneration of 4 Capsicum spp.
genotypes using different explant types. Turkish J Biol 39: 60-68.

PAPARELLA S, ARAUJO SS, ROSSI G, WIJAYASINGHE M, CARBONERA D,



48

BALESTRAZZI A. 2015. Seed priming: state of the art and new perspectives. Plant Cell Rep
34: 1281-1293.

POPINIGIS F. 1985. Fisiologia De Sementes. Brasilia: Agriplan, 289 p.

PUROHIT SD. 2013. Introduction to plant cell, tissue and organ culture. Delhi: PHI Learning
Private Limited, 324 p.

RAJ R, GLINT V, BABU K. 2015. In vitro plant regeneration in Capsicum chinense jacq.
(Naga Chili). J Appl Biol Biotechnol 3:030-033.

RANIL RHG, NIRAN HML, PLAZAS M, FONSEKA RM, FONSEKA HH, VILANOVA S,
ANDUIJAR I, GRAMAZIO P, FITA A, PROHENS J. 2015. Improving seed germination of
the eggplant rootstock Solanum torvum by testing multiple factors using an orthogonal array
design. Scientia Horticulturae 193: 174-181.

ROY J AND BANERJEE N. 2001. Cultural requirements for in vitro seed germination,
protocorm growth and seedling development of Geodorum densiflorum (Lam.) Schltr. Indian
J Exp Biol 39: 1041-1047.

SHAHZAD A AND SAHAI A. 2014. Genotype-dependent responses during in vitro seed
germination and establishment of Balanitesa egyptiaca (L.) Del. — An Endangered
Agroforestry Species. Forest Sci Technol 10: 130-135.

SHU K, LIU X, XIE Q, HE Z. 2016. Two faces of one seed: hormonal regulation of
dormancy and germination. Mol Plant 9: 34-45.

SINGH H, JASSAL RK, KANG JS, SANDHU SS, KANG H, GREWAL K. 2015. Seed
priming techniques in field crops - a review. Agric Rev 36: 251-264.

SMITH PT AND COBB BG. 1991. Accelerated germination of pepper seed by priming with
salt solutions and water. Hort science 26: 417-419.

VALADEZ-BUSTOS MG, AGUADO-SANTACRUZ GA, CARRILLO-CASTANEDA G,



49

AGUILAR-RINCON VH, ESPITIA-RANGEL E, MONTES-HERNANDEZ S, ROBLEDO-
PAZ A. 2009. In vitro propagation and agronomic performance of regenerated chili pepper
(Capsicum spp.) plants from commercially important genotypes. Vitr Cell Dev Biol - Plant
45: 650-658.

VERMA S, DHIMAN K, SRIVASTAVA DK. 2013. Efficient in vitro regeneration from
cotyledon explants in bell pepper (Capsicum annuum L. cv. California Wonder). 4: 391-396.
VIPRANARAYANA S, PRASAD TNVKV, DAMODHARAM T. 2012. In vitro seed
germination and induction of enhanced shoot multiplication in Pterocarpus santalinus Linn.
F: an endemic medicinal plant of Seshachalam Hills, Tirumala. Int J Pure Appl Sci Technol 9:
118-126.

WILSON SA e ROBERTS SC. 2012. Recent advances towards development and
commercialization of plant cell culture processes for the synthesis of biomolecules. Plant
Biotechnol J 10: 249-268.

ZIMMER AR, LEONARDI B, MIRON D, SCHAPOVAL E, OLIVEIRA JR DE,
GOSMANN G. 2012. Antioxidant and anti-inflammatory properties of Capsicum baccatum:

from traditional use to scientific approach. J Ethnopharmacol 139:228-233.



50

CAPITULO 2 — Systemic approach for callus culture stage optimization — Using Capsicum

baccatum L.var. pendulum as example

Tiago Fidemann®, Gabriela Aparecida de Araujo Pereira’, Lia Bossard Nascimento®, Milena
Cristina Moraes', Ménica Rosa Bertdo®, Regildo Marcio Gongalves da Silva?, Eutimio
Gustavo Fernandez Nufiez®”

!Laboratério de Biotecnologia Vegetal, Departamento de Biotecnologia, Universidade
Estadual Paulista — UNESP, Campus-Assis, Avenida Dom Antonio, 2100, 19806-900, Assis,
SP, Brazil

?Laboratério de Fitoterapicos e Produtos Naturais (FITOLAB), Departamento de
Biotecnologia, Universidade Estadual Paulista — UNESP, Campus-Assis, Avenida Dom
Antonio, 2100, 19806-900, Assis, SP, Brazil

Centro de Ciéncias Naturais e Humanas (CCNH), Universidade Federal do ABC,

Avenida dos Estados, 5001, 09210-580, Santo André, SP, Brazil

“Corresponding author:Eutimio Gustavo Fernandez Nufiez, E-mail:

eutimiocu@yahoo.com



51

Abstract

The oxidative stress and inflammations are associated with many diseases such as
diabetes, cancer, cardiovascular and neurodegenerative diseases including atherosclerosis
causing concern worldwide. As an alternative, the plants can play a key roledue to their
pharmacological properties against these disorders; these attributes are most of the times
associated with the presence of polyphenolic compounds. In this context, peppers can be a
suitable alternative to obtain these compounds due their antioxidant properties. However, the
presence of secondary metabolites (SM) and their phytochemical concentrations are affected
by several abiotic factors. These problems can be solved with in vitro alternative techniques
like plant cell and tissue culture methodologies. Aiming to optimize systemically the callus
culture stage from Capsicum baccatum to produce SMs, this work evaluated explant’s origin
(root, hypocotyl and cotyledon), plant growth regulator (PGR) type (2,4-
dichlorophenoxyacetic acid (2,4-D), benzylaminopurine (BAP) and a combination of 2,4-
D/BAP at five-to-one ratio) and concentration (0.023, 1.138, 2.253, 5.000 and 10.000 mgL™).
The main responses evaluated and their values for the optimized conditions were callus mass
(225.03 mg), antioxidant activity (35.95%), total phenols (11.48mg of GAE/g DE) and
flavonoids (15.92 mg of RU/g DE) production. These values were found with root explant
using BAP at 1.138 mgL™. Thus, the multilevel factorial design was useful to find the better
combination to achieve simultaneously highest values in callus mass, antioxidant activity and
secondary metabolites, as well as to understand the relationships among factors and response
variables in callus culture stage.

Keywords: antioxidant activity; bioprocess optimization; callus culture; plant cell culture,

polyphenolic compounds.
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Introduction

The oxidative stress and inflammations are associated with many diseases such as
diabetes, cancer, cardiovascular and neurodegenerative diseases including atherosclerosis
causing concern worldwide.*Thus, the search for alternatives, to minimize or control these
health disorders, has become necessary for improving life quality in modern societies. In that
sense, the plants have played a key role due to their pharmacological properties against these
disorders. These attributes are most of the times associated with the presence of polyphenolic
compounds, among them, phenolic acids and flavonoids are highlighted.?

Specifically, flavonoids are a group of molecules that have a common three ring
chemical structure (C6-C3-C6) generated bythe secondary metabolism in certain plant
species. They performa wide range of functions such as UV-light protection, defense against
phytopathogens and antioxidant activity.

Peppers,as are well-known, have a wide variety of phytochemicals with antioxidant
properties and can be a suitable alternative to obtain these chemical structures. Among the
peppers, the Capsicum genus, which is native to the tropical zones of Central and South
America, stands out. It comprises an enormous variety of species with several fruit’s shapes,
sizes and flavors, having significant economic and cultural values. Capsicum baccatum is one
of five main domesticated pepper species, in which also include Capsicum annuum, Capsicum
chinense, Capsicum frutescens, and Capsicum pubescens.**

As a rule, the presence of secondary metabolites (SM) and their phytochemical
concentrations are affected by several abiotic factors such as drought, temperature, altitude,
salinity, metal ions, light, UV radiation and seasonality.”®Another drawback, in obtaining
them directly from plants, is related to the low natural disposition of these compounds.

However, these problems can be solved with in vitro alternative techniques like plant cell and
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tissue culture methodologies to increase or avoid the intrinsic variability on SMs
concentration. These in vitro tools have found extensive applications, both in academic and
industrial environments. Many classes of SMs are synthesized, accumulated and sometimes
exuded using some culture systems such as callus culture and cell suspension culture.”®

In vitro plant cell cultures have several advantages for producing SMs compared with
chemical synthesis or cultivated plant, such as controlled conditions for bioactive metabolite
production (avoiding or lowering abiotic factors variance) and uniform quality and continuous
supply of products using high production cell lines. Specifically, in the callus culture is taken
pieces of tissue cut from surface-sterilized plants called explants. They are placed on
appropriate solid growth medium and callus tissue will appear on the 14-60 days period. This
is the initial stage inbioprocess that use in vitro plant cell approaches at large-scale.However,
in vitro plant cell cultures, is still under development and have some limitations including low
yields, genomic instability and scale-up difficulties.® **

The aim of this paper was to optimize systemically the callus culture stage as initial
step for developing a plant cell bioprocess to produce SMs with applications in food or
pharmaceutical industries. The factors considered in the systemic approach werethe plant part
(explant’s origin) as well as PGR type and concentration in culture medium for callus
propagation. The goals in callus culture optimization were to increase yield of callus mass,
polyphenolic secondary metabolites and antioxidant capacity in extracts from Capsicum
baccatum L.var. pendulum cells.

Material and Methods

Plant material

The explants were obtained from Capsicum baccatum L. var. pendulum (Cambuci)

seedlings in vitro germinated (thereby avoiding disinfestation procedures). The seeds were
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obtained in street markets from Assis, Sdo Paulo State (-22°39°42°°S,-50°24°44°°W) (Seeds
collected in matured fruits for both genotypes). The experiments were conducted at

Laboratorio de Biotecnologia Vegetal, UNESP — FCL, Assis/SP-Brasil.

Optimization of callus culture

The explants (in average 7 mg) were obtained from seedling (Pretreated seeds with 1%
KNO; aqueous solution (w/v) for 10 minutes and in vitro germinated in culture medium
containing distilled water, 0.6% agar and 1.88 mg L™ gibberellic acid) with cotyledons
appearance. The plant sections used to obtain callus were roots, hypocotyls and cotyledons.
With the aid of sterilized tweezers and scissors, explants were cut and inoculated in Petri
dishes (15x100 mm) containing 35 mL Murashige and Skoog culture medium (MS) (pH 5.75)
solidified with Phytagel (Sigma Chemical Co., St. Louis, MO) 4gL™ and supplemented with
3% sucrose and different PGRs with concentration according to the experimental design. The
culture media were previously autoclaved at 121°C, 1 atm during 20 minutes.

The three chosen variables and corresponding levels for understanding and setting the
Capsicum baccatum L. var. pendulum callus culture cells were explant’s origin (root,
hypocotyl and cotyledon), PGR (2,4-dichlorophenoxyacetic acid (2,4-D), benzylaminopurine
(BAP) and a combination of 2,4-D/BAP at five-to-one ratio and concentration (0.023, 1.138,
2.253, 5.000 and 10.000 mgL™). A multilevel factorial design was performed in order to
optimize and model statistically the influence of three mentioned input variables on total
phenols, flavonoids and antioxidant activity from hydroalcoholic extracts as well as callus
mass and budding derived from callus culture. The corresponding experimental runs or
combinations are shownin Table 1.

All procedures were done in a sterile environment (vertical laminar flow hood). Each

Petri dish had five explants and the experimental combinations were randomly performed in
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triplicate (48.89%), in duplicate (37.78%) and in single sample (13.33%). The cultures were
kept at 30°C in the dark for 30 days in incubator chamber to callus growth (Eletrolab, model

EL101/3, Sdo Paulo, Brazil).

Extracts

Each Petri dish with viable calluses, they were frozen and lyophilized (LIOBRAS,
model Loitop L101, Sdo Carlos, Brazil) (24h-36h) to obtain the dry mass. Then it was
macerated with N (77 K) to obtain the vegetable powder. The solutions were prepared in the
ratio of 5 mg (powder) per 1 mL in ethanol 70%(v/v). Then, they were put in ultrasound bath
(seven minutesat 30 KHz), and after were centrifuged for 15 min at 2000 rpm(QUIMIS, micro
processed centrifuge, model: Q222TM216, Diadema, Brazil). The supernatant was used for

the chemical assays.

In vitro antioxidant activity

The in vitro antioxidant activity was determined using the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) methodology described by Blois** with modifications. In each tube
was added absolute ethanol (1.250 mL), acetate buffer (1.000 mL) (100 mM pH 5.5),
ethanolic solution of DPPH (0.250mL) (500 uM) and the sample (0.050 mL). The control
tube was done excluding the sample addiction. The reaction mixtures were stirred by vortex
and kept in the dark for 30 min. The absorbance was measured using a Femto-600 Plus
UV/vis spectrophotometer (Sao Paulo, Brazil) at 517 nm. The samples quantifications were
done in triplicate to guarantee statistical robustness of the results and the absorbance values

were expressed as percentage by the following equation (1):

%AA = [(AA‘—CAS)] x 100 (1)
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Where: % AA is the antioxidant activity, Ac is the control absorbance and As is the

sample absorbance.

Quantification of callus wet weight and budding index

The budding index (%) was determined to characterize the effectiveness of callus
formation in each experimental condition, this parameter was defined considering explants
number to callus number ratio. On the other hand, the wet weight of each callus was measured

in analytical balance.

Total phenol and flavonoid assays

The content of total phenolic compounds was quantified using the Folin-Ciocalteu
colorimetric method modified by Singleton and Rossi.* In a reaction mixture containing
extract (0.050 mL) was added distilled water (2.500 mL) and Folin-Ciocalteu reagent (0.250
mL). After 3 minutes, saturated (25% w/v) Na,COj3 solution (0.700 mL) and distilled water
(1.500 mL) were added. Then were stirred by vortex and kept standing for 60 min. The
absorbance was measured using a Femto-600 Plus UV/vis spectrophotometer (Femto, S&o
Paulo, Brazil) at 765 nm. The samples were run in triplicate for statistical analysis and the
results expressed as milligram gallic acid equivalent (GAE) per gram of dry weight of extract
(mg of GAE/g DE).

The total flavonoids content was determined by Vis spectrophotometry and the
samples prepared based on flavonoids complexation with AICl3 as in colorimetric method
described by Zhishen et. al.** In a reaction mixture containing extract (0.500 mL) was added
ethanol 70% (2.000 mL) and 5% (w/v) NaNO, solution (0.250 mL). After 6 minutes, 10%
(w/v) AICI3/H,0 solution (0.250 mL), 1M NaOH solution (1.500 mL) and distilled water

(0.500 mL) were added. Then the reaction mixtures were stirred by vortex and kept standing
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for 15 min. The absorbance was measured using a Femto-600 Plus UV/vis spectrophotometer
at 510 nm. Thesampleswere also run in triplicateand the results expressed as the rutin

equivalent per gram of dry weight of extract (mg of RU/g DE).

Statistical Analysis

Experimental planning and data analysis from multilevel factorial design were carried out
in Design-Expert software (Trial version 10.0.3.1, Stat-Ease, MN, USA). The level of
significance (o) for statistical decisions was 0.05. The optimization of callus culture variables
for maximizing callus mass and antioxidant activity as well as polyphenolic compounds and
flavonoids were done by means of Derringer and Suich’s desirability function®® implemented
in the same software.

Results and Discussion

Current study was performed to establish the initial stage (callus culture) of a
biotechnology to produce SM from Capsicum baccatum L. var. pendulum. The use of
explants herein from seedling lied on the previous observations which confirmed that young
tissue is more responsive to callus initiation than mature plant tissues.'® Besides, drastic tissue
decontamination procedures and time consuming and low controlled protocols, when explants
are taken from species in natural environments, were avoided. Among the 45 treatments (15
for each explant’s origin), 13 did not form callus (Electronic Supplementary Material 1). The
failed experiments were distributed as follow: six in root explants, five in hypocotyl and two
in cotyledon. The successful use of cotyledon in the present work as explant source for
obtaining high budding indexes respect to other plant tissues utilized in vitro regeneration
17-19

techniques has been also confirmed for other vegetable species, including Chili peppers.

This superiority may be related to development of meristematic zones in subepidermal cells
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on the adaxial side of cotyledon explant.?’ However, the hormone type and concentration can
change this regularity.*

The response variables utilized for describing and optimizing the callus culture stage
were analyzed individually (following sections). All models for them were significant and the
statistical assessment for the studied factors was also performed. Table 2 shows the statistics
obtained from Analysis of Variance (ANOVA,; p < 0.05) in each response. The statistical
models were explained and discussed using derived graphs from polynomial models
comprising significant terms (Table 2). The callus phytochemical parameters were just

considered in samples with sufficient dry mass.

Wet weight

The callus mass varied widely among the assessed experimental combinations. The
best result for root was 498.23 mg using 2,4-D/BAP (5:1 ratio) at 1.138 mgL™. Similarly, the
highest callus mass (862.43 mg)for hypocotyl was obtained utilizing the same hormone
mixture and concentration. However, for cotyledon, the best value of callus weight (519.13
mg)was reached with 2,4-D at 2.253 mg.L™ (Electronic Supplementary Material 1).The
Figure 1A shows the interaction among explant’s origin and PGR or mixture; concentration
factor was adjusted in the mean. It was observed 2,4-D had better response for cotyledon and
similar response for root or hypocotyl. On the other hand, the effect of BAP utilization in
culture medium was similar in the three evaluated explants. Nevertheless, the 2,4-D/BAP had
showed better response for hypocotyls and similar response for root and cotyledon. Both
hormones are quoted in callus formation due their capacity in promote cell division and
growth, however, this higher response in calluses using 2,4-D/BAP can be related with the

synergism between auxin-cytokinin interaction.??
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The Figure 1B shows the interaction among explant’s origin and PGR concentration;
PGR factor was adjusted in the mean. It was confirmed superior performance in callus weight
for hypocotyl and cotyledon explants when PGR concentration was in 1.138-2.253 mg L™
range but, the 1.138 mgL™ concentration was more suitable for root explant. On the other
hand, the Figure 1C shows the interaction among PGR and PGR concentration; explant’s
origin factor was adjusted in the mean. The 1.138 mgL™ concentration at was the optimum
value when the PGR mixture 2,4-D/BAP (5:1 ratio) was included in culture medium. These
differences in the callus mass obtained at different concentrations and explant’s origin can be
related to the different sensibility of explant’s origin; for example, roots are more sensitive
than hypocotyls in relation to auxins. Another point is that concentrations higher than the
optimum are inhibitory. Besides, the quantity applied in the medium can influence the

synthesis and degradation of endogenous hormones used in callus propagation.?*?

Budding ratio

The budding ratio (%) was evaluated to define its relationship with callus mass. It was
confirmed a direct correlation between callus mass and budding ratio (Table 2). The highest
callus weights for each explant’s origin: 862.43 mg (hypocotyl); 519.13 mg (cotyledon),
498.23 mg (root), had 93.33%, 93.33% and 86.67% budding ratio, respectively.

The Figure 2 shows the interaction among explant’s origin and PGR, concentration
factor was adjusted in the mean. It was possible to observe the same hormone response in the
use of BAP and 2,4-D/BAP for root, hypocotyl and cotyledon. The use of 2,4-D improved
budding index in cotyledon respect to hypocotyl and root explants, meanwhile, it was
observed a similar behavior of this callus culture parameter for the other PGR combinations
under study for cotyledon. Thus, it was possible to confirm a great likeness between callus

mass and budding index models (Figure 1A and Figure 2), and so the hormone type/mixture
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and concentration seem to influence like the processes of induction of callus from explants
and stimulation of cell division.

The highest observed values of callus mass and budding ratio for a hypocotyl explant
using 2,4-D/BAP is in harmony with results derived from previous study carried out with
Capsicum annuum and the synergic effect of auxin and cytokinin hormones in callus

culture.'®??

Antioxidant activity

The callus antioxidant activity (AA%) showed significantly differences in
performance for each treatment. The ANOVA results showed no significant influence of
explant’s origin (Table 2). The PGRs and their concentrations resulted different AA%. For
root, the AA% varied from 1.14 to 41.48%. For hypocotyl, this response varied from 1.47 to
9.56%. On the other hand, in cotyledon, values of AA% were in 0.41-11.19% range.

BAP had better response in root and hypocotyl. However, there was no difference
among the hormones for cotyledon (Figure 3A). On the other hand, the Figure 3B shows that
the BAP use at 1.138 mg.L™ had an extremely better response. The best treatment (root using
BAP at 1.138 mgL™), with 41.48%, has a higher AA% than a previous value that reported by

1.* in C. baccatum fruits — 22.98% at 5.0 mgL™ extract concentration (the same

Bertdo et a
used is this study) and 32.89% at 10.0 mgL™ extract concentration. Thus, it is demonstrated
the suitability of the callus culture for producing SMs with antioxidant activities in C.

baccatum.
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Total phenols(TP)

Total phenols varied widely (Electronic Supplementary Material 1). As observed in
AA%, the ANOVA results (Table 2) showed no significant influence of explant’s origin.
Specifically, the TP values for root explant varied from 0.36 to 13.13 mg of GAE/g DE. For
hypocotyls and cotyledons,values varied from 0.27 to 10.00 mg of GAE/g DE and from 0.15
to 6.49 mg of GAE/g DE, respectively.

The interaction graph among explant’s origin and PGR or mixture (Figure 4A)
revealed that BAP had better response in the TP amount, except for cotyledon. Besides, the
Figure 4B shows the interaction among concentration factor and PGR. The TP amounts
obtained in the best treatment (using BAP at 1.138 mgL™) were 13.13 mg of GAE/g DE for
root, 10.00 mg of GAE/g DE for hypocotyls and 6.48 mg of GAE/g DE for cotyledon. The
results follow the same pattern found to (AA%) suggesting a correlation between both
responses that has been quoted in recent researches about higher AA% related with
TP."Krishnan et al.also reported for Gynura procumbens higher TP concentration in root
callus than those values from other plant part callus (leaf with 0.483, stem with 0.559, and

root with 0.891 mg of GAE/g Fresh Weight).?

Flavonoids

The flavonoids did not vary widely among the treatments, except for four treatments
using BAP(Table 1, Electronic Supplementary Material 1).The treatments using 2,4-D and
2,4-D/IBAP (5:1 ratio) showed flavonoids contents inferior to 5.0 (mg of RU/g DE).
Conversely, BAP treatments varied from 8.89 to 20.44 (mg of RU/g DE).

The treatments with higher flavonoids content were similar to those with higher TP

content and AA% (Figure 3, Figure 4, Figure 5), reasserting the relation of these compounds
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with antioxidant activity.” However, not all AA% can be related only with TP or flavonoids,

but also to other non-phenolic compounds like terpenoids.

Optimization

The optimization was done by desirability function, the factors under study were
maximized and an importance scale among the responses was attributed: callus mass (5),
AA% (4), TP (3) and flavonoids (3). The budding was adjusted to the range due its relation
with callus mass. The best result was defined for root explant using BAP at 1.138mgL™. This
factor set allows the best compromise among callus mass (225.03 mg), antioxidant activity
(35.95%), total phenols (11.48 mg of GAE/g DE) and flavonoids (15.92 mg of RU/g DE)
production. This result was obtained avoiding the several abiotic factors that may reduce their
concentration and unable to be realized the large scale production.>®

Conclusions

This work is likely the first study that uses a systematic approach in order to describe and
optimize callus culture stage to initiate a long-term culture with potential pharmaceutical
properties using a widely-consumed pepper (Capsicum baccatum). The multilevel
multifactorial design was successful in found the better combination to higher values in callus
mass, antioxidant activity and secondary metabolites. The flavonoid and total phenol content
showed direct relation with the callus antioxidant properties.

The hypocotyl explant in combination with 2,4-D/BAP (5:1 ratio) at 1.138 mg L™
showed the best callus mass values. However, the multiple optimization considering
simultaneously callus mass, total phenols, flavonoids and antioxidant activity resulted in the

following combination of factor: root explant, benzylaminopurine hormone at 1.138 mg L™.



63

Acknowledgments

The first author would like to thank Fundacdo de Amparo a Pesquisa do Estado de Séo
Paulo/Brazil (FAPESP) for Master’s fellowship (2014/26997-4) and scientific teams from
Laboratdrio de Biotecnologia Vegetal, Laboratério de Fitoterdpicos e Produtos Naturais
(FITOLAB), and Laboratério de Bioprocessos (UNESP, Campus Assis), mainly TarikHeluy
Reis and Rodrigo BoccoliGallegofor their significant technical support and friendship. The

authors declare no conflict of interest.

Literature Cited

1. Zimmer AR, Leonardi B, Miron D, Schapoval E, Oliveira JR De, Gosmann G.
Antioxidant and anti-inflammatory properties of Capsicum baccatum: From traditional
use to scientific approach. J Ethnopharmacol. 2012;139(1):228-233.

2. Ramkissoon JS, Mahomoodally MF, Ahmed N, Subratty AH. Antioxidant and anti-
glycation activities correlates with phenolic composition of tropical medicinal herbs.
Asian Pac J Trop Med. 2013;6(7):561-5609.

3. Petrussa E, Braidot E, Zancani M, Peresson C, Bertolini A, Patui S, Vianello A. Plant
flavonoids-biosynthesis, transport and involvement in stress responses. Int J Mol Sci.
2013;14(7):14950-14973.

4. Lannes SD, Finger FL, Schuelter AR, Casali VWD. Growth and quality of Brazilian
accessions of Capsicum chinense fruits. Sci Hortic (Amsterdam). 2007;112(3):266-270.

5. Meckelmann SW, Riegel DW, van Zonneveld M, Rios L, Pefia K, Mueller-Seitz E,
Petz M. Capsaicinoids, flavonoids, tocopherols, antioxidant capacity and color
attributes in 23 native Peruvian chili peppers (Capsicum spp.) grown in three different

locations. Eur Food Res Technol. 2014;240(2):273-283.


javascript:mediumPopup('/SAGe_WEB/printProcess.do?abstractProcessId=179828&typeProcess=true&showInPopup=true&org.apache.struts.taglib.html.TOKEN=fbcb99578640f88babc05c732ea8566f&method=printProcess',%20'popup')

10.

11.

12.

13.

14.

15.

16.

64

Verma N, Shukla S. Impact of various factors responsible for fluctuation in plant
secondary metabolites. J Appl Res Med Aromat Plants. 2015;2(4):105-113.

Matkowski A. Plant in vitro culture for the production of antioxidants - A review.
Biotechnol Adv. 2008;26(6):548-560.

Thorpe TA. History of plant cell culture. In: Smith RH, ed. Plant Tissue Culture.
Techniques and Experiments. Third Edit. San Diego: Academic Press; 2013:1-22.
Mustafa NR, Winter W de, Iren F van, Verpoorte R. Initiation, growth and
cryopreservation of plant cell suspension cultures. Nat Protoc. 2011;6(6):715-742.
Venugopalan A, Srivastava S. Endophytes as in vitro production platforms of high
value plant secondary metabolites. Biotechnol Adv. 2015;33(6):873-887.

Zhou X, Zhong J-J. Plant Cell Culture, Secondary Product Accumulation. In:
Flickinger MC, ed. Encyclopedia of Industrial Biotechnology: Bioprocess,
Bioseparation, and Cell Technology. John Wiley and Sons; 2010:3883-38109.

Blois MS. Antioxidant Determinations by the Use of a Stable Free Radical. Nature.
1958;181:1199-1200.

Singleton VL, Rossi JA. Colorimetry of Total Phenolics with Phosphomolybdic-
Phosphotungstic Acid Reagents. Am J Enol Vitic. 1965;16:144-158.

Zhishen J, Mengcheng T, Jianming W. The determination of flavonoid contents in
mulberry and their scavenging effects on superoxide radicals. Food Chem.
1999;64(4):555-559.

Costa NR, Lourenco J, Pereira ZL. Desirability function approach: A review and
performance evaluation in adverse conditions. Chemom Intell Lab Syst.
2011;107(2):234-244.

Malik S, Cusidé RM, Mirjalili MH, Moyano E, Palazédn J, Bonfill M. Production of the



17.

18.

19.

20.

21.

22.

23.

24.

65

anticancer drug taxol in Taxus baccata suspension cultures: A review. Process
Biochem. 2011;46(1):23-34.

Were BA, Gudu S, Onkware AO, Carlsson AS, Welander M. In vitro regeneration of
sesame (Sesamum indicum L.) from seedling cotyledon and hypocotyl explants. Plant
Cell Tissue Organ Cult. 2006;85(2):235-239.

Liu JR, Sink KC, Dennis FG. Plant regeneration from apple seedling explants and
callus cultures. Plant Cell Tissue Organ Cult. 1983;2(4):293-304.

Kothari SL, Joshi A, Kachhwaha S, Ochoa-Alejo N. Chilli peppers - A review on tissue
culture and transgenesis. Biotechnol Adv. 2010;28(1):35-48.

Motamedi J, Zebarjadi A, Kahrizi D, Salmanian AH. In vitro propagation and
Agrobacterium -mediated transformation of safflower ( Carthamus tinctorius L .) using
a bacterial mutated aro A gene. 2011;5(4):479-486.

Coenen C, Lomax TL. Auxin-cytokinin interactions in higher plants: old problems and
new tools. Trends Plant Sci. 1997;2(9):351-356.

George EF, Hall MA, Klerk G-J De. Plant Propagation by Tissue Culture. Volume 1.
The Background. In: George EF, Hal MA, Klerk G-J De, eds. Plant Propagation by
Tissue Culture. Volume 1. The Background. 3rd Editio. Dordrecht: Springer
Netherlands; 2008:205-226. doi:10.1007/978-1-4020-5005-3_6.

Lemos EEP de, Hinojosa GF, Cortés HP, Matsumoto K, Cid LPB, Zimmermann MJ,
Barria MJ. Hormonios Vegetais Em Plantas Superiores. Brazil: Embrapa Recursos
Genéticos e Biotecnologia; 2005.

Bertdo MR, Moraes MC, Palmieri DA, Pereira Si L, Goncalves RM. Cytotoxicity,
Genotoxicity and Antioxidant Activity of Extracts from Capsicum spp. Res J Med

Plants. 2016;10(4):265-275.



25.

26.

66

Krishnan V, Ahmad S, Mahmood M. Antioxidant Potential in Different Parts and
Callus of Gynura procumbens and Different Parts of Gynura bicolor. Biomed Res Int.
2015;2015.

Ranilla LG, Kwon YI, Apostolidis E, Shetty K. Phenolic compounds, antioxidant
activity and in vitro inhibitory potential against key enzymes relevant for
hyperglycemia and hypertension of commonly used medicinal plants, herbs and spices

in Latin America. Bioresour Technol. 2010;101(12):4676-4689.



67

Tables
Table 1. Experimental runs (15 for each explant’s origin) associated to multilevel factorial
design for modelling and optimizing callus culture stage from Capsicum baccatum L. var.
pendulum cells. All combinations were randomly performed in triplicate (48.89%), in

duplicate (37.78%) or in single sample (13.33%).

Explant’s origin PGR or mixture PGR Concentration (mg L™
0.023
1.138
2,4-D 2.253
5.000
10.000
0.023
1.138
BAP 2.253
5.000
10.000
0.023/0.0046
1.138/0.2276
2,4-D/ BAP (5:1 ratio) 2.253/0.7510
5.000/1.0000
10.000/2.0000

Root, Hypocotyl
or Cotyledon
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Table 2. Analysis of variance (ANOVA) for each response variable model. Probability values

associated to the statistical significance tests for models, terms and model lack of fit of the

coded response variables used to describe callus cultures stage are reported.

Source

Response variables

Callus Budding  Antioxidant  Total Phenols (mg  Flavonoids (mg
Mass (mg) index (%) Activity (%) of GAE/g DE) of RU/g DE)
Model significance <0.0001 <0.0001  <0.0001 <0.0001 <0.0001
Term significance

A - Explant’s origin <0.0001 <0.0001 - - -

B- PGR or mixture 0.0010 - < 0.0001 < 0.0001 <0.0001

Corwct:;iﬁaRnion <0.0001  <0.0001  <0.0001 <0.0001 <0.0001
AB <0.0001 <0.0001 0.0351 0.0031 -
AC 0.0179 <0.0001 - - -

BC <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
ABC 0.0058 0,0005 - - -

Lack of fit test - - 0.9362 0.9552 0.8695

The symbol (-) represents the no significant statistical tests.
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Caption to Figures

Figure 1. Interaction graphs for adjusted model associated to callus mass. A: Interaction
between explant’s origin and PGR type or mixture. B: Interaction between explant’s origin

and PGR concentration. C: Interaction between PGR type or mixture and PGR concentration.

Figure 2. Interaction graph between explant’s origin and PGR type or mixture for adjusted
model associated to budding index.

Figure 3. Interaction graphs for adjusted model associated to antioxidant activity. A:
Interaction between explant’s origin and PGR type or mixture. B: Interaction between PGR

type or mixture and PGR concentration.

Figure 4. Interaction graphs for adjusted model associated to total phenols. A: Interaction
between explant’s origin and PGR type or mixture. B: Interaction between concentration
factor and PGR type or mixture.

Figure 5. Interaction graph between concentration factor and PGR type or mixture for

adjusted model associated to flavonoids.
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Figure 1B
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Figure 1C
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Figure 2
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Figure 3A
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Design-Expert® Software
Factor Coding: Actual
Phenolic compounds (mg/g)

X1 =B: PGR
X2 = C: PGR Concentration

Actual Factor
A: Explant’s origin = Average over

B C10.023
A C21.138
¢ C32.253
+ C45.000
X C5 10.000

Phenolic compounds (mg/g)

77

Interaction

15 —

12 —

C: PGR Concentration
Warning! I-Beams off graph.

2,4-D

\
BAP 2,4-DI BAP (5:1 ratio)

B: PGR



Figure 5

Design-Expert® Software
Factor Coding: Actual
Flavonoids (mg/g)

X1 =B: PGR
X2 = C: PGR Concentration

Actual Factor
A: Explant’s origin = Average over

B C10.023
A C21.138
& C32.253
4 C45.000
X C510.000

Flavonoids (mg/g)

Interaction

78

20 —

16 —

12 —

C: PGR Concentration
Warning! I-Beams off graph.

2,4-D

\
2,4-D/ BAP (5:1 ratio)



79

Supplementary file_1
Journal: Biotechnology Progress

Manuscript title: Systemic approach for callus culture stage optimization — Using Capsicum

baccatum L.var. pendulum as example

Authors: Tiago Fidemann', Gabriela Aparecida de Araujo Pereira’, Lia Bossard Nascimento®,
Milena Cristina Moraes’, Monica Rosa Bertdo®, Regildo Marcio Gongalves da Silva?, Eutimio
Gustavo Fernandez Nufiez®

Laboratério de Biotecnologia Vegetal, Departamento de Biotecnologia, Universidade
Estadual Paulista — UNESP, Campus-Assis, Avenida Dom Antdnio, 2100, 19806-900, Assis,
SP, Brazil

’Laboratério de Fitoterdpicos e Produtos Naturais (FITOLAB), Departamento de
Biotecnologia, Universidade Estadual Paulista — UNESP, Campus-Assis, Avenida Dom
Antdnio, 2100, 19806-900, Assis, SP, Brazil

*Centro de Ciéncias Naturais e Humanas (CCNH), Universidade Federal do ABC, Avenida
dos Estados, 5001, 09210-580, Santo André, SP, Brazil

Supplementary file_1. Primary data derived from multilevel factorial design. The results are
expressed as mean + standard deviation. They were ordered taking into account the explant’s
origin, from root to cotyledon and keeping the sequence showed in Table 1. Superscript
numbers (“*°) represent the number of repetitions of each experimental run and * represents

samples without callus formation.

PGR ) o Total Phenols Flavonoids
) Callus Mass Budding Index Antioxidant
Run Concentracion o (mgof GAE/g  (mg of RU/g
L (mg) (%) Activity (%)
(mg.L™) DE) DE)
1 0.023 *3 *3 *3 *3 *3
2 1.138 144,00+146.802 40.00+28.282 1.91t 0.361 1.80t
3 2.253 80.90+84.432 60.00+28.282 3.40t 0.00t 1.80t
4 5.000 3 *3 3 3 *3
5 10.000 * * 2 *? *?
6 0.023 *3 *3 *3 *3 *3
7 1.117 225.00+156.833 46.67+11.553 41.48+24.723 13.13+8.863 20.44+16.383
8 2.210 205.05+31,752 70.00+14.142 21.67+11.192 6.55+4.112 10.47+11.092
9 5.000 123.15+13.512 60.00+28.282 1.1441.112 2.45+0.302 3.25+1.452
10 10.000 90.00+34.082 40.00+0.002 10.82¢ 7.151 3.80t
11 0.023 267.30+95.182 80.00+0.002 5.50+0,592 1.12+1.162 1.14+0.242
12 1.138 498.23+165.883 86.67+11.553 7.28+0.463 1.66+0.86° 1.40+0.673
13 2.253 104.83+29.253 40.00+0.003 4.43+0.362 1.18+0.992 1.61+0.122



14
15
16
17
18
19
20
21
22
23
24
25
26
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28
29
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

5.000
10.000
0.023
1.138
2.253
5.000
10.000
0.023
1.117
2.210
5.000
10.000
0.023
1.138
2.253
5.000
10.000
0.023
1.138
2.253
5.000
10.000
0.023
1.117
2.210
5.000
10.000
0.023
1.138
2.253
5.000
10.000

1
*2

*2

152.93+27.313
181.10+£56.693
57.93+54.783

*3

*3

203.30+131.273
312.65+196.362
324.50t
124.30+3.962
302.85+51.832
862.43+114.483
552.90+123.163

*1

*1

37.13+64.323
372.93+120.803
519.13+203.153
464.80+150.332
190.73£98.253
%3
280.20+223.043
137.10£10.322
252.10+1.13?
135.50*
229.60t
253.55+46.742
460.67+482.343

*2

125.93+£71.25%

*1
*2

*2

53.33+11.553
66.67+11.55%
20.00+20.003

*3

*3

53.33+11.553
60.00+0.00°
80.00*
60.00+0.00?
80.00+0.002
93.33+£1.553
86.67+11.55%

*1

*1

6.67+11.553
66.67+11.55°
03.33+11.55°%
70.00+14.142
60.00+20.003
%3
40.00+20.003
40.00+0.002
60.00+0.00?
60.00*
60.00*
60.00+0.002
73.33+23.093

*2

33.33+11.55%

*1
*2

%2

7.30+1.243
3.04+1.553
3.58¢

*3

*3

32.52+25.043
9.56+7.30?
3.35¢
6.09!
8.58+0.122
7.58+4.073
1.47+0.803

%1

*1

3.821
11.19+3.473
4.90+1.023
3.11+0.20?
4.54+0.722
%3
20.84+0.722
3.06+0.052
3.49+0.142
0,00t
4.77*
3.56+1.602
3.53x2.26°

*2

0.41+0.582

*1
*2

*2

2.00+0.00?
0.003
0.00*

*3

*3

10.00+7.373
2.67+3.512
2.731
5.03t
0.27+0.042
2.77+1.193
0.40+0.358

*1

*1

0.271
3.07+0.973
2.48%1.323
1.21+0.09?

1.33+0.6?
%3
6.48+1.972
0.15+0.212
0.76+1.072

0.00?

0.361
1.82+1,20?
1.72+0.213

*2

0.24+0.342
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*1
*2

*2

2.53+0.453
0.80+0.443
11.971

*3

*3

16.09+15.863
2.35+1.272
1.59¢
1.93¢
1.48+1.222
2.58+0.583
1.38+0.073

*1

%1

117t
3.18+0.723
1.20+0.223
1.59+0.29?
2.00+0.002

%3

8.89+5.242
0.93+0.242
1.87+0.29?

2.07*

1.451
1.10+0.782
2.67+1.483

*2

410 +£3.112
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CONCLUSAO

Foi possivel a padronizagcdo dos explantes por meio de um delineamento
experimental fatorial completoa dois niveis (2*) no qual a melhor combinacéo de
tratamentos para germinagéo in vitro e desenvolvimento de plantulasquanto ao tipo
de solucédo para condicionamento osmético e meio germinativo foram agua + agar e
agua + A4gar-acido giberélico (GAs)para o0s gendtipos Pitanga e Cambuci,
respectivamente.

Os calos derivados de explantes do gendtipo Cambuci — Capsicum baccatum
var.pendulum apresentaram diferentes respostas para o delineamento fatorial
multiniveis, no qual, os valores obtidos nas condi¢cGes otimizadas foram: massa de
calo (225,03 mg), atividade antioxidante (35,95%), fendis totais (11,48 mg de GAE /
g DE) e flavondides (15,92 mg de RU / g DE), superando em termos de atividade
antioxidante valores previamente relatados para esta espécie quando cultivada

naturalmente.



