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ABSTRACT 

 

 

 

BIANCHI, Paola Alvares; D. Sc.; Universidade Estadual do Norte Fluminense 
Darcy Ribeiro, April, 2021. GENETIC MAPPING, QTLS AND RNA-SEQ: USING 
APPROACHES IN IDENTIFYING RESISTANCE GENES FOR FUNGAL 
DISEASES IN PEPPER. Supervisor: Rosana Rodrigues. Counselors: Helaine 
Christine Cancela Ramos and Telma Nair Santana Pereira. 
 
 
 
Diseases caused by Colletotrichum spp. and Phytophthora capsici are of major 

concern in sweet pepper production around the globe. Although resistant cultivars 

are recommended to control these diseases, there are no commercial genotypes 

described as resistant to both pathogens. Identifying genes involved in the 

response of plants to attack by pathogens, using genetic mapping, QTL 

identification and RNA-seq technology contributes to better understanding of plant-

pathogen interaction and can aid in the development of resistant cultivars. This 

work aimed to investigate Capsicum-Co. scovillei and Capsicum-P. capsici genetic 

interactions using different approaches: 1) to generate a genetic linkage map for 

Capsicum annuum var. annuum, identify QTLs associated with anthracnose 

(Colletotrichum scovillei) resistance and 2) to study the gene expression of C. 

annuum when infected by P. capsici. For the genetic mapping and QTL 

identification, a population derived from crosses between two C. annuum var. 

annuum, UENF 2285 (susceptible to anthracnose) and UENF 1381 (resistant to 

anthracnose) was used. For the genotyping one plant of each parental, one of the 

F1 generation and 170 plants of the F2 generation were used. Molecular analyses 



x 

were carried out using ISSR (Inter Single Sequence Repeats), SSR (Single 

Sequence Repeats) and AFLP (Amplified Fragment Length Polymorphism) 

markers. Genetic mapping was obtained using a LOD Score of 4.0 and the QTLs 

were identified using the R-QTL package. Eleven linkage groups were obtained, 

with 59 mapped markers and a total length of 1,209.8 cM. Six QTLs with minor 

effect were found distibuted in the linkage groups 1, 2, 3, 5, 9 and 11, explaining 

together 23.16% of the variation. For the RNA-seq analysis, two genotypes of C. 

annuum were used: ‘Yolo Wonder’, susceptible (S) to P. capsici, and ‘Criollo de 

Morelos 334’, partially resistant (R). Two P. capsici isolates were used: the non-

adapted isolate Pc273 (N), and the adapted isolate Pc107 (A). The experiment 

was performed in triplicate over the period, with each triplet inoculated with an 

independent inoculum. The assessment of disease progress was made at two 

different times: 24 and 72hpi (hours post inoculation). Twenty-four RNA samples 

were extracted from the inoculated plants for the four interactions (RxA, SxA, RxN 

and SxN), at 24 and 72hpi. The RNA-seq analysis was performed using the 

DiCoExpress tool. To confirm the changes of the expression patterns observed, 

primers of four selected genes were designed from the sequenced samples using 

Primer 3, and Real time qPCR was performed using 12 novel RNA samples 

collected at 24hpi. A total of 35,884 reads were mapped to predicted genes in C. 

annuum. Around 50% of the total pepper population that expressed genes were 

analyzed in each project. The differentially expressed genes (DEG) ranged from 

2,104 to 7,407 between the three statistical models. Many relevant genes were 

found in the samples, such as those associated with jasmonic acid expression, 

ethylene, salicylic acid, genes from the systemic acquired resistance – “SAR” 

family, leucine-like receptors (LLR), argonaute proteins (AGO), dicer-like proteins 

(DCL) and RNA-dependent proteins. We identified genome regions and potential 

candidate genes responsible for resistance against both diseases in pepper, and 

that show promise for providing enhanced understanding of the effects of host 

resistance to plant pathogens.  
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BIANCHI, Paola Alvares; D. Sc.; Universidade Estadual do Norte Fluminense 
Darcy Ribeiro, April, 2021. GENETIC MAPPING, QTLS AND RNA-SEQ: USING 
APPROACHES IN IDENTIFYING RESISTANCE GENES FOR FUNGAL 
DISEASES IN PEPPER. Orientadora: Rosana Rodrigues. Conselheiras: Helaine 
Christine Cancela Ramos e Telma Nair Santana Pereira. 
 
 
 
Doenças causadas por Colletotrichum spp. e Phytophthora capsici são uma 

grande preocupação na produção de pimentões em todo o mundo. Embora 

cultivares resistentes sejam recomendadas para o controle dessas doenças, não 

há genótipos comerciais resistentes a ambos os patógenos. A identificação de 

genes envolvidos na resposta de plantas ao ataque de patógenos, por meio de 

mapeamento genético, identificação de QTLs e tecnologia de RNA-seq, contribui 

para o melhor entendimento da interação planta-patógeno e auxilia no 

desenvolvimento de cultivares resistentes. Desta forma, este trabalho teve como 

objetivo investigar as interações genéticas entre Capsicum-Co. scovillei e 

Capsicum-P. capsici usando diferentes abordagens, tais quais: 1) gerar um mapa 

de ligação genética para Capsicum annuum var. annuum e identificar QTLs 

associados à resistência à antracnose (Colletotrichum scovillei); e 2) estudar a 

expressão gênica de C. annuum quando infectado por diferentes isolados de P. 

capsici. Para o mapeamento genético e identificação de QTLs, a população foi 

derivada de cruzamentos intraespecíficos entre dois acessos de C. annuum var. 

annuum, UENF 2285 (suscetível à antracnose) e o UENF 1381 (resistente à 



xii 

antracnose). Para a genotipagem da população foi utilizada uma planta de cada 

parental, uma da geração F1 e 170 plantas da geração F2. As análises 

moleculares foram realizadas usando marcadores ISSR (Inter Single Sequence 

Repeats), SSR (Single Sequence Repeats) e AFLP (Amplified Fragment Length 

Polymorphism). O mapeamento genético foi obtido usando um LOD Score de 4.0 

e os QTLs foram identificados usando o pacote R-QTL. Foram obtidos 11 grupos 

de ligação, com 59 marcadores mapeados e comprimento total de 1.209,8 cM. 

Seis QTLs com efeito menor foram encontrados distibuídos nos grupos de ligação 

1, 2, 3, 5, 9 e 11, explicando juntos 23,16% da variação. Para a análise de RNA-

seq, dois genótipos de C. annuum foram usados: ‘Yolo Wonder’, suscetível (S) a 

P. capsici, e ‘Criollo de Morelos 334’, parcialmente resistente (R). Foram utilizados 

dois isolados de P. capsici: o isolado não adaptado Pc273 (N) e o isolado 

adaptado Pc107 (A). O experimento foi triplicado no período, com cada trinca 

inoculada com um inóculo independente. A avaliação do progresso da doença foi 

feita em dois momentos diferentes: 24 e 72hpi (horas pós-inoculação). Vinte e 

quatro amostras de RNA foram extraídas das plantas inoculadas para as quatro 

interações (RxA, SxA, RxN e SxN), em 24 e 72hpi. A análise de RNA-seq foi 

realizada com o auxílio da ferramenta DiCoExpress. Para confirmar as mudanças 

nos padrões de expressão observados, primers de quatro genes selecionados 

foram desenhados a partir das amostras sequenciadas usando o Primer 3 e 

análises de qPCR em tempo real foram realizadas usando 12 amostras de RNA, 

coletadas 24hpi. Um total de 35884 leituras foram mapeadas para genes previstos 

em C. annuum. Cerca de 50% do total de genes expressos de pimenta foram 

analisados em cada projeto. Os genes diferencialmente expressos (DEGs) 

variaram de 2104 a 7407 entre os três modelos estatísticos. Muitos genes 

relevantes foram encontrados nas amostras, como aqueles associados à 

expressão do ácido jasmônico, etileno, ácido salicílico, genes da resistência 

adquirida sistêmica - família “SAR”, receptor semelhante à leucina (LLR), proteína 

argonauta (AGO), dicer- como proteína (DCL) e proteína dependente de RNA. 

Foram identificadas regiões do genoma e potenciais genes candidatos 

responsáveis pela resistência contra ambas as doenças em pimentas e 

pimentões, além de um melhor entendimento do efeito da resistência do 

hospedeiro a fitopatógenos. 
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1. INTRODUCTION 

 

 

 

The genus Capsicum belongs to the Solanaceae family that includes chili and 

sweet peppers, with Brazil as one of its centers of diversity (Hill et al., 2013). 

These peppers are considered important vegetables all over the world due to their 

sensory and nutritional characteristics. They are among the most important 

constituents of tropical and subtropical cuisine (Welbaum et al., 2015). 

The occurrence of several diseases caused by different pathogens is a limiting 

factor for the production of vegetables, and causes a significant increase in the 

use of pesticides, increasing the costs of the production and compromising the 

quality of the final product. Through time, these diseases have shown greater 

resistance to pesticides, resulting in the frequent use of products with different 

chemical characteristics that enhance risks to human health and the environment 

(Damalas and Eleftherohorinos, 2011). 

The Agência Nacional de Vigilância Sanitária - Brazil stated that, between 

2013 and 2015, 74% of the sweet pepper fruit samples had irregularities regarding 

the presence of unauthorized pesticides and/or with concentrations of residues 

above the established for the crop, making the sweet pepper one of the foods with 

the highest levels of contamination by pesticides (ANVISA, 2016). 

Among the most important diseases associated with cultivation of Capsicum 

are those caused by the fungus Colletotrichum spp. and by the oomycete 

Phytophthora. The occurrence of these diseases can result in considerable losses 
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to sweet pepper crops in the pre and post-harvest periods, leading to serious 

economic losses (Kim et al., 2008; Lamour et al., 2012; Töfoli et al., 2015). 

Colletotrichum is a phytopathogenic genus prevalent today worldwide and is a 

destructive plant pathogen, causing diseases in various crops and fruits (Oo et al., 

2018). The most economically important aspect of anthracnose in peppers 

pertains to the lesions of fruits, although Colletotrichum spp. can affect many other 

parts of the pepper plants (Roberts et al., 2001). 

Phytophthora spp. can infect pepper on all parts of the plant, including the 

roots, stems, leaves and fruits. The symptoms consist of brown or black lesions on 

stems at the soil line and plant wilting. Infected leaves initially show dark green 

spots that enlarge, followed by necrosis (Kim et al., 2008; Lamour et al., 2012). 

The identification of resistant genotypes is an important step towards reducing 

costs and the environmental impact caused by the excessive application of 

fungicides (Parlevliet, 2002; Thakur, 2007). The chemical control adopted by 

producers has resulted in drawbacks over time, such as the emergence of isolates 

resistant to the fungicides usually used; in addition, biological control is not proving 

effective, since a few agents are more effective than others (Torres-Calzada and 

Tapia-Tussel, 2015; Wan and Liew, 2020).  

For the development of cultivars that are resistant to diseases, knowledge of 

the regions of the genome that express these characteristics has become a useful 

tool for researchers, as well as knowledge of plant response and all mechanisms 

used by the plants to stop the infection. This recognition induces in plants a batch 

of molecular mechanisms, including hormone production, oxidative bursts, calcium 

influx, transcriptomic reprogrammation and sometimes a hypersensitive response 

(Jones and Dangl 2006; Boller and Felix 2009; Dodds and Rathjen 2010). 

The genome of the Capsicum species is one of the largest among the 

Solanaceae family. The first whole-genome sequences of C. annuum (CM334) 

and C. chinense (PI159236) were reported by Kim et al. (2014). The study 

reported that the pepper genome size is ~3–3.5 Gb, is characterized by a high 

percentage (over 80%) of repetitive elements and includes 35,000 genes. 

Different approaches have been used in order to identify regions of the plant 

genome responsible for the expression of important characteristics for cultivation. 

Techniques such as genetic mapping, QTL mapping and RNA-seq, for example, 

allow the identification of significant genes involved in the defense of plants 
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against pathogens, thus increasing the efficiency of research related to the 

identification of such genes. 

The pepper breeding team at Universidade Estadual do Norte Fluminense 

Darcy Ribeiro (UENF) has been developing multiple initiatives that study the 

interaction between C. annuum and Co. scovillei. Researchers there have 

identified different sources of C. annuum that are resistant to Colletotrichum spp., 

the disease inheritance and the complex interactions taking place in this 

pathosystem (Silva et al., 2014; Bento et al., 2017; Geronimo, 2018; Almeida et 

al., 2020). The partnership between UENF and the Universidade Estadual de 

Londrina (UEL) has also generated important findings with respect to this 

interaction, highlighting genes, secondary metabolites and disease inheritance 

(Baba et al., 2019; Baba et al., 2020; Giacomin et al. 2020). 

The Institut national de recherche pour l’agriculture, l’alimentation et 

l’environnement (INRAE) team has been performing different studies focusing on 

the pathosystem C. annuum x P. capsici, identifying sources of resistance, 

inheritance of the disease, genetic mapping, QTL identification and transcriptomic 

studies (Lefebvre and Palloix, 1996; Thabuis et al., 2004; Bonnet et al., 2007; 

Maillot, 2018). 

This work deals with two aspects of plant-pathogen interaction: genetic 

mapping in C. annuum var. annuum for the identification of QTLs related to 

resistance to Co. scovileii in green fruits, carried out at the Laboratório de 

Melhoramento Genético Vegetal (LMGV – UENF) – Brazil; and the transcriptomic 

analysis of C. annuum infected by P. capsici using the RNA-seq technique, 

performed in the unit Génétique et Amélioration des Fruits et Légumes (GAFL – 

INRAE) - France.  

Both approaches generate important information about the genes that control 

resistance to Co. scovileii and P. capsici in peppers, as well as a better 

understanding of the interaction of this pathosystem. Such insight allows breeders 

and other researchers in the area access to more accurate and efficient 

methodologies in the identification of sources of resistance to these pathogens, 

such as selection assisted by markers that are developed specifically for those 

regions. 
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2. GOALS 

 

 

 

2.1 General goals 

Understanding the genetics of plant-pathogen interaction considering the 

associations between C. annuum - Colletotrichum scovillei and C. annuum – 

Phytophthora capsici as biological models, focusing on generating a  linkage map 

for C. annuum var. annuum, enabling the identification of QTLs associated with 

anthracnose resistance and studying the gene expression of C. annuum when 

infected with the oomycete P. capsici.  

2.2 Specific goals 

a) Generating a linkage map based on the genotypic information obtained from the 

C. annuum var. annuum population; 

b) Identifying QTLs associated with anthracnose resistance in unripe fruits; 

c) Analyzing the effects of the interaction between pepper hosts and P. capsici 

isolates at 24 and 72 hours post inoculation on the gene expression pattern; 

d) Evaluating the effects of the interaction between the plant and time after 

inoculation in response to the adapted and non-adapted isolates of P. capsici; 

e) Comparing the interaction between time after inoculation and P. capsici isolate 

in each host genotype; 

f) Performing co-expression analysis on the identified differentially expressed 

genes in the interaction between pepper host, P. capsici isolates and evaluation 

time.  
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3. CHAPTERS 

 

 

 

3.1 GENETIC MAPPING AND IDENTIFICATION OF QTLs RELATED TO 

ANTHRACNOSE RESISTANCE IN Capsicum annuum var. annuum 

 
 
 
 

3.1.1 INTRODUCTION 
 
 
 

Most of the worldwide production of peppers is affected by biotic factors 

such as fungi, bacteria, viruses and other pests. Although several practices and 

precautions are implemented when planting peppers, anthracnose is probably one 

of the main constraining factors in the pre- and post-harvest phases (Ridzuan et 

al., 2018). 

Colletotrichum, the causal agent of anthracnose, is a destructive plant 

pathogen that is prevalent worldwide and responsible for diseases in several 

cultures. The presence of lesions on fruits is the most important aspect of 

anthracnose in peppers, although Colletotrichum spp. causes damage to many 

other parts of the plant (Oo et al., 2017). 

There are different management strategies for anthracnose control in 

Capsicum, such as crop rotation, application of chemical fungicides and biological 

control (Ali et al. 2016; Lahkar et al. 2018). Despite all available management 
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strategies, the use of resistant cultivars is frequently considered the most 

appropriate method to control plant diseases (Sun et al. 2015).  

One of the main objectives of plant breeding programs is to obtain cultivars 

resistant to diseases. To achieve this goal, it is necessary to find sources of 

resistance and determine their genetic control. The wide variability as well as the 

occurrence of pathotypes and their complex interactions with plant hosts, 

evidenced by the differential response of plant hosts to Colletotrichum spp. 

isolates, has been challenging for plant breeders (Mongkolporn and Taylor 2018).  

Nowadays, there are no Capsicum cultivars resistant to Colletotrichum spp., 

although some sources of resistance have been identified, such as the accession 

PBC 932 (C. chinense).  In this accession, resistance against Colletotrichum 

capsici, expressed at different stages of plant growth, was related to three 

recessive genes (co1, co2 and co3) (Pakdeevaraporn et al., 2005; Mahasuk, et al., 

2009; Reis et al., 2009).  

Resistance to anthracnose was also identified in UENF 1381, a C. annuum 

var. annuum accession described as highly resistant to anthracnose in the 

immature stage and moderately resistant in the mature stage (Bento et al., 2017).  

The Capsicum spp. breeding program at UENF has been developing different 

research efforts on the Capsicum x Colletotrichum pathosystem, such as selection 

of resistance sources, disease inheritance, antimicrobial activities and gene 

identification (Geronimo, 2018; Almeida et al., 2020; Baba et al., 2020; Giacomin 

et al.; 2020; Pereira et al., 2021). 

Genetic linkage map construction has become a necessary tool for molecular 

genetics and plant breeding programs. It helps to identify the region of a gene, 

allows several possibilities in mapping studies (Shirasawa et al., 2012) and assist 

breeders, since one or more markers of the genotype may be associated with one 

or more controlling genes for qualitative and quantitative characteristics (QTL) 

(Bhering et al., 2009). The information of these loci has been used in the marker 

assisted breeding of some species, as well as in studies of synteny, comparative 

mapping and positional cloning of genes (Shirasawa et al., 2012). 

Over the years, different research involving the genetic mapping of Capsicum 

spp. has been developed (Paran et al., 2004; Yi et al., 2006; Li et al., 2015; Zhang 

et al., 2019; Lee et al., 2020). In addition, researchers have identified QTLs related 

to many different important traits in pepper (Ben-Chaim et al., 2006; Yarnes et al., 
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2013; Mahasuk et al., 2016; Konish et al., 2019), including those related to 

anthracnose resistance, for example. Knowledge of these regions enables the use 

of Molecular Marker Assisted Selection and helps breeders to develop, more 

quickly and effectively, new strategies in their breeding programs. 

 This work sought to generate a linkage map based on the genotypic 

information obtained from an intraspecific F2 population developed from crosses in 

C. annuum var. annuum and identify QTLs associated with anthracnose resistance 

in unripe fruits of C. annuum var. annuum. 

 
 
 

 
3.1.2 BIBLIOGRAFIC REVIEW 

 
 
 

3.1.2.1 Origin, dispersion, botanical and reproductive aspects of the genus 

Capsicum 

The genus Capsicum has been known since the beginning of civilization 

and its fruits were used by ancient peoples to improve the visual characteristics 

and flavor of food. The species that compose it are classified according to level of 

domestication, and the genus is composed of 38 species (The Plant List, 2020), 

though new species are continually being described. 

Among the contingent species of the genus, five have been domesticated: 

C. annuum, C. baccatum var. pendulum, C. chinense, C. frutescens and C. 

pubescens. The species are diploid and can be separated into two groups 

according to the basic number of chromosomes: one with n = x = 12, and another 

with n = x = 13 chromosomes; they correspond to the domesticated and wild 

species, respectively (Moscone et al., 2007). 

Based on cross ability and capacity to obtain fertile hybrids, Capsicum 

species are divided into three genic complexes. The Capsicum annuum complex 

brings together the species C. annuum, C. chinense and C. frutescens and their 

botanical forms; the Capsicum baccatum complex brings together C. baccatum 

var. baccatum and C. baccatum var. pendulum; and the C. pubescens complex 

brings together wild species and only one cultivated one, C. pubescens 

(Pickersgill, 1991). 
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After analyzing archaeological evidence, genetic analyses and plant 

distributions, researchers have suggested that the species C. annuum was initially 

domesticated in Mexico or Northern Central America (Reifschneider, 2000; Kraft et 

al., 2014). Subsequently, the species of the C. annuum complex had been spread 

by Spanish and Portuguese navigators across Europe, Africa and Asia by the end 

of the 15th century, and through the dispersion of seeds by migratory birds 

(Pickersgill, 1986; Eshbaugh, 1993; Moscone et al., 2007). 

While capsicum plants are considered autogamous, cross-pollination can 

also occur, with rates ranging from 2 to 90%, which can be facilitated by 

morphological changes in the flower, by the action of pollinating insects and by 

cultivation practices, among other factors (Carvalho and Bianchetti, 2007; Justino, 

2013). 

The root system is pivoting, with a high number of lateral branches, 

reaching depths of 70-120 cm. The height and form of growth of the plants vary 

according to the species and the cultivation conditions. The leaves are of variable 

color, size and shape. Nodes with anthocyanin may be observed along the stem 

length (Carvalho et al., 2017) 

The flowers are hermaphrodites; the calyx is composed of five sepals and 

the corolla has five petals, both of which may vary from six to eight sepals and 

petals, respectively. The flower is the essential organ for the taxonomy of 

Capsicum species, which is divided into three groups, according to the color of its 

corolla. C. baccatum has white corolla with yellow anthers and C. pubescens 

corolla purple or violet anthers. C. annuum, C. chinense and C. frutescens have 

corollae that vary between white to greenish yellow and purple to violet anthers, 

differing taxonomically according to the number of flowers per node and the 

annular constriction of the calyx (Guerra, 2001). 

The fruit is a berry, with great structural and morphological variability, 

highlighted by its many shapes, sizes, colors and pungencies (Carvalho and 

Bianchetti, 2007; Zimmer et al., 2012). Three pairs of independent genes control 

the color of ripe fruits: loci c1, c2 and y (Hurtado-Hernandez and Smith, 1985). 

The locus y distinguishes pepper plants with red and yellow fruits and is the same 

gene for the biosynthesis of capsanthin-capsorubin synthase (CCS) (Lefebvre et 

al., 1998, Popovsky and Paran, 2000). 
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Pungency is a characteristic present in the Capsicum genus and it is attributed 

to two capsaicinoids called capsaicin and dihydrocapsaicin that accumulate on the 

surface of the placenta and are released when the fruit is subjected to any 

physical damage (Chattopadhyay et al., 2011). The absence of pungency in 

peppers is controlled by a single recessive gene, pun-1 or c (Wang and Bosland, 

2006). Sweet peppers (Capsicum annuum var. annuum) have large and wide fruits 

with square to conical shapes, a non-pungent taste and are consumed in salads, 

cooked or stuffed. Most chili peppers have smaller fruits, varied shapes, a 

predominantly pungent flavor and are used mainly as a condiment and, in some 

cases, for ornamental purposes. 

3.1.2.2 Economic and nutritional importance 

 The economic importance of the Capsicum genus is due to domesticated 

species (Perry et al., 2007; van Zonneveld et al., 2015). Among them, C. annuum 

is the most well known. It is cultivated worldwide and is possibly the most widely 

used species in breeding programs for commercial cultivars (Gonzáles-Péres et 

al., 2014). It includes open pollinated cultivars, hybrids of sweet peppers and 

paprika production of the cayene, jalapeño and other pungent peppers (Ribeiro 

and Reifschneider, 2008). 

Pepper and sweet pepper production occupies almost 2 million hectares 

worldwide, resulting in a production of more than 32 million tons (FAO, 2015). At 

the national level, in 2019 around 1 thousand tons of peppers were produced, with 

the North and Northeast regions being the main producers with 29 thousand tons, 

corresponding to 70% of the national production. Brazil’s sweet pepper production 

was approximately 254 thousand tons, with the Southeast region being the main 

producer (49%) (IBGE, 2017). 

The cultivation of peppers occurs in all Brazilian regionsnand is very common 

in family agriculture, a fact that encourages the integration of small farmers and 

agribusinesses (Rufino and Penteado, 2006). Due to the need for labor for 

harvesting, the cultivation of peppers contributes to the permanence of workers in 

rural areas and to increased income for small properties (Sudré et al., 2010). 

The fruits are also important sources of natural antioxidants, such as vitamins 

B, C and E, which represents one of its main functional and nutritional 

constituents. Peppers have low levels of sodium and cholesterol and have a large 

percentage of fibers in the raw form, aiding in digestion and the prevention of 
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intestinal problems (Hanif et al., 2006). They are sold for fresh consumption as 

green, red, yellow, orange, cream and purple fruit (Frizzone et al., 2001). 

In the food and pharmaceutical industries, two classes of chemical substances 

found in fruits of the genus Capsicum are widely used. One of them is carotenoids, 

with high nutritional value, and the second refers to capsaicinoids, responsible for 

the pungency of peppers, which are exploited for the production of condiments 

and analgesics, cosmetics, among other uses (Bosland and Votava, 2012; 

Arimboor et al., 2015). 

Factors such as genotype, fertilizer management, maturity and environmental 

conditions affect fruit composition and may increase or decrease vitamin 

concentrations (Bae et al., 2014). In addition, hot and sweet peppers also have 

antioxidant compounds such as capsaicinoids, ascorbic acid, carotenoids and 

flavonoids, which are considered biologically active and able to promote health 

(Rosa et al., 2002; Bae et al., 2014; Khan et al., 2014). Some flavonoids, such as 

apigenin, also act in increasing the formation of human neurons and in 

strengthening communication between them (Souza et al., 2015). 

3.1.2.3. Anthracnose in Capsicum and the genetic control resistance 

Anthracnose is a disease caused by Colletotrichum fungi. It is considered 

the most severe fungal disease in sweet and chili pepper crops and is present 

worldwide, most frequently in tropical and subtropical regions, especially in crops 

grown during hot and humid periods. It is a disease of complex etiology, caused by 

different species of the Colletotrichum genus (Lobo Jr. et al., 2001; Reis et al., 

2009). 

In peppers, the disease is characterized by typical symptoms, which consist 

of sunken and concentric lesions on the fruit, appearing in the field or post-harvest, 

bearing circular shapes with variable diameter and the formation of an orange 

spore mass in the center of the lesion (Tozze Júnior et al., 2005). 

The Colletotrichum genus has several species and is classified as one of 

the main pathogens in the world. Some of its representative species are C. 

capsici, C. acutatum, C. dematium and C. coccodes (Pakdeevaraporn et al., 2005; 

Than et al., 2008; Diao et al., 2017). Fungi of this genus have circular acervuli, 

simple conidiophores, hyaline conidia and oval to oblong or falcate features. The 

host affected epidermis is bounded by an orange-colored mass, a structure called 
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acervuli, which constitutes one of the main symptoms and signs of the presence of 

this fungus in plants (Gali et al., 1978). 

Colletotrichum spp. use different strategies to colonize host plants 

according to the stage of fruit development. The fungus usually begins its 

colonization in a biotrophic and quiescent form in fruit tissue structures (Gan et al., 

2012; O'Connell et al., 2012; Prusky et al., 2013; Sahitya et al., 2014). 

Environmental factors have a direct influence on the development and epidemic 

spread of anthracnose. The relationships between rainfall intensity, location of 

plant development and presence of dispersing inoculum can result in different 

levels of disease severity (Kanto et al., 2014). It is common for the infection to 

occur during periods of heat (± 27°C) and high humidity (± 80%), as these are 

considered the ideal conditions for the development of the fungus and, 

consequently, outbreaks of the disease (Roberts et al., 2001). 

The Capsicum genus, in general, has characteristics that help it resist 

disease, ranging from genetic factors to specialized metabolites. During the 

coevolutionary process, plants and their pathogens developed strategies both to 

inhibit the attack of pathogens (in the case of plants) and mechanisms to 

overcome host immunity (in the case of pathogens), thus generating attack and 

counter-attack strategies (Burdon et al., 2009). However, pathogens have 

selective advantages over their hosts due to their fast life cycle and enhanced 

ability to release new genetic pathogenic combinations (Matiello et al., 1997). 

The inheritance of resistance in fruits depends on individual Colletotrichum 

species and isolates, the source of resistance and on the stage of ripening of the 

fruit. Studies have reported five different genes conferring resistance to 

anthracnose in Capsicum genotypes. A few them indicate that resistance to C. 

capsici is controlled by a dominant gene (Lin et al., 2002), while resistance to C. 

dematium is controlled by a partially dominant one (Park et al., 1990). While 

evaluating the inheritance of Co. scovillei resistance in ripe and unripe C. annuum 

fruits, Giacomin et al. (2020) observed that it is expressed independently in the 

different fruit development stages. In both cases, there are two main genes 

responsible for resistance with associated polygenic effects.  

From a cross between C. chinense x C. annuum, using as pathogens C. 

truncatum, different genes for each developmental stage were identified: co1 in 

unripe mature fruits, co2 in ripe fruits and a third gene, co3, in seedlings 
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(Pakdeevaraporn et al., 2005; Mahasuk et al., 2009). Nevertheless, the inheritance 

resistance to C. gloeosporioides has been described as dominant or partially 

dominant (Park et al., 1990).  

A gene called PepEST that is highly expressed in ripe sweet pepper fruits has 

been identified; it is capable of preventing the formation of the fungus' appressoria 

and thus inducing resistance to anthracnose. Although its accumulation was 

located in the epidermis and in the cortical cell layers of infected ripe fruits, it was 

rarely observed in epidermal cells of infected immature fruits (Ko et al., 2005). Ko 

et al. (2016) developed transgenic organisms that overexpress the PepEST 

protein, and observed that these plants exhibited enhanced defenses and 

resistance to C. gloeosporioides, C. acutatum and C. coccodes. 

Recommendations for anthracnose control in Capsicum include using 

healthy seeds, crop rotation with species that are non-hosts and avoiding the use 

of Solanaceae, the elimination of alternative hosts and cultural remains, biological 

control with crop protection in rainy periods, cultural management in order to avoid 

high humidity and, the most widely used technique, the application of fungicide 

(Than et al., 2008; Park et al., 2012; Pavan et al., 2016). However, the frequent 

use of fungicides negatively affects the health of producers and consumers and 

generates greater expenses and significant environmental impact due to the 

generation of waste (Sun et al., 2015). 

Minimizing the application of fungicides is strongly recommended, and the 

use of genetic resistant cultivars for the control of anthracnose has been advanced 

as the most effective method to control plant diseases (Lopes and Ávila, 2002). 

3.1.2.4. Genetic mapping 

Genetic linkage maps are linear representations of gene positions and/or 

molecular markers configured in linkage groups. In the context of plant breeding, 

detailed linkage maps are extremely useful in enabling the complete coverage and 

analysis of the genome, the location of genes, studies of phylogenetic analyses, 

the prediction of offspring in experimental crosses, the association of the genes 

with qualitative and quantitative traits (QTLs), the quantification of the effect of 

these regions on the studied characteristics and for providing information about 

gene linkage. (Tanksley, 1993; Ferreira and Grattapaglia, 1998; Schuster and 

Cruz, 2004; Garcia et al., 2006; Semagn et al., 2006).  
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The concept of linkage maps emerged in 1910 when Thomas Hunt Morgan 

realized that in Drosophila melanogaster the phenotypic proportions did not 

coincide with those proposed by Mendel's second law. Based on this observation, 

Morgan suggested that the distortion of proportions could indicate the grouping of 

some genes and their occasional permutation between homologous chromosomes 

(Coelho and Silva, 2005). In 1913, Sturtevant was responsible for creating the first 

linkage map and suggesting the use of the percentage of recombinants as an 

indicator of the linear distance of genes for the construction of maps. Such 

distance is usually given in centimorgans (cM) (Ferreira and Grattapaglia, 1998; 

Carneiro and Vieira, 2002). 

The first genetic map was constructed with the aid of morphological and 

cytological markers. In the early 1960s, isoenzymes came to be used as 

biochemical markers, allowing the construction of genetic maps in several species 

of plants (Carneiro and Vieira, 2002). With the advent of DNA markers in the 

1980s, genetic maps have become widely used for a diverse range of different 

cultures (Ferreira and Grattapaglia, 1998). 

Several techniques can be used to construct a genetic map, such as RFLP 

(Restriction Fragment Length Polymorphism), RAPD (Randomly Amplified 

Polymorphic DNA), microsatellites (SSR - Simple Sequence Repeats), ISSR (Inter 

Simple Sequence Repeats), AFLP (Amplified Fragment Lenght Polymorphism), 

SCAR (Sequence Characterized Amplified Regions) and SNPs (Single Nucleotide 

Polymorphisms) (Silva, 2005). The evolution of these techniques, combined with 

increasingly complex and specific statistical procedures, has allowed the 

construction of linkage maps for most plant species of agronomic interest 

(Carneiro and Vieira, 2002; Slate, 2005). 

Genetic maps are constructed from different types and sizes of mapping 

populations, markers, statistical procedures and computer programs (Ferreira et 

al., 2006). The efficiency in the process can be affected by differences in genetic 

distance between markers that can occur due to variations in the degree of 

recombination observed in different crossings (Liu, 1998).  

The construction of genetic maps and the feasibility of their use in plant 

breeding needs to follow criteria such as simplicity, robustness, transfer and cost-

effectiveness (Lorieux et al., 2000). Thus, the methodology of building a genetic 

map includes procedures and analyses that include choice of contrasting parents, 



14 

 

with the use of segregating populations with the maximum possible linkage 

disequilibrium an essential feature; population development; choice of the 

molecular markers to be used; verification of the segregation pattern of each 

marker locus; analysis of the link between the markers for the formation of the 

linkage groups; and determining the order and distance of the markers within 

these linkage groups (Paterson et al., 1991; Tanksley, 1993; Lynch and Walsh, 

1998; Carneiro and Vieira, 2002; Collard et al., 2005; Wu et al., 2007; Mollinari, 

2009). 

Therefore, several computer programs based on different analysis 

methodologies have been developed, such as “Mapmaker” (Lander et al., 1987), 

“JoinMap” (Van Ooijein and Voorrips, 2001), “OneMap” (Margarido et al., 2007) 

and “TetraploidMap” (Hackett et al., 2007). Considering the variables inherent to 

the process steps, each factor can affect the efficiency of building a map and, as a 

consequence, it is common to obtain different maps generated for different 

populations of the same species (Liu, 1998; Paterson et al., 2000). 

3.1.2.5. QTL identification 

 QTLs are regions of the genome or gene loci that are associated with 

quantitative, polygenic or complex inheritance characteristic controls (Lander and 

Bolstein, 1989; Khan, 2015). Much of the important agronomic characteristics are 

polygenic or quantitative inheritance; that is, they are the result of the action of 

several loci that can exhibit variable effects. A particular QTL can be a single gene 

or a group of linked genes controlling a particular characteristic. The linkage map 

analysis in experimental segregating populations is commonly used to dissect the 

genetic architecture of complex traits (Bazakos et al., 2017). 

 Mapping a QTL means identifying its position in the genome and estimating 

its genetic effects, such as the additive effect, dominance effect and other effects 

present in the model adopted (Toledo et al., 2008). It means making deductions 

across the genome about the relationships between the genotype and the 

phenotype of quantitative traits and comprises information about the number and 

position of loci in the genome under study, in addition to their effects on the 

characteristic of interest and mode of action (Lannou, 2012). 

 The identification and location of specific loci mediating quantitative 

characters is an approach of great importance in plant breeding that aims to 

expand the knowledge of the genetic inheritance of the characters and identify 
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molecular markers. These markers can be used in assisted selection for relevant 

phenotypic characteristics, in addition to leading to a better understanding of the 

interaction between genotype and phenotype. When the markers linked to the 

characteristic of interest are identified using computational tools, it is possible to 

select individuals based on the genotype, a technique known as Marker-Assisted 

Selection (Bernardo, 2008; Lannou, 2012). 

In Capsicum, studies have been carried out involving the identification of 

QTLs. Most have the objective of associating genomic regions with commercial 

characteristics (Barchi et al., 2009; Lee et al., 2011; Alimi et al., 2013; Ham et al., 

2018), but others have sought to identify QTLs associated with disease resistance 

(Minamiyama et al., 2007; Kim et al., 2011; Moulin et al., 2015; Mahasuk et al., 

2016; Siddique et al., 2019). 

 
 
 
 

3.1.3 MATERIALS AND METHODS 
 
 
 

3.1.3.1. Obtaining the population and reaction to anthracnose  

The F1, F2, BC1 and BC2 generations were obtained from the crossing 

between two genotypes of C. annuum var. annuum from the UENF germplasm 

bank (Figure 1), identified as UENF 2285 (female parent) and UENF 1381 (male 

parent). The UENF 2285 genotype is a sweet pepper variety with square-shaped 

fruit, which is susceptible to anthracnose; the UENF 1381 genotype is a pungent 

pepper that has been used as a source of anthracnose resistance in the Capsicum 

breeding program developed at UENF. 

Seedlings of all generations were produced in a greenhouse located at the 

UENF campus in Campos dos Goytacazes, RJ, Brazil. Sowing was carried out in 

polystyrene trays with 128 cells kept in a growth chamber at 28°C. Seedlings with 

two pairs of permanent leaves were transplanted into 500 mL pots containing a 

mixture of soil, sand and manure (1:1:1). Crop management followed the 

recommendations outlined in Filgueira (2012), with some adaptations. 

The crossings between the accessions UENF 2285 and UENF 1381 were 

performed in the early morning or late afternoon when the flower buds were in pre-

anthesis. The buttons of the female parents were emasculated and identified. For 
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the pollen extraction of male parents, the flowers were collected in the morning 

and dried under incandescent lamps. Afterwards, the pollen was removed and 

transferred to a gelatin polymer capsule and stored in amber flasks with silica gel 

in a refrigerator at ± 5ºC for later manual pollination. The emasculated flowers 

were pollinated and covered with paper bags to avoid contamination (Silva, 2018). 

Eighty crosses were carried out between UENF 2285 x UENF 1381, 

resulting in 24 hybrid fruits. Backcrosses were obtained from 117 artificial crosses 

between UENF 2285 x F1 (BC1) and 66 were obtained from crosses between 

UENF 1381 x F1 (BC2) using ten plants from both parents and the hybrid, resulting 

in 101 fruits of BC1 and 37 fruits of BC2. To obtain the F2 generation, 253 self-

fertilizations of the F1 generation were carried out and the mapping population was 

composed of 170 individuals from F2 generation (Silva et al., 2017). 

 
 
 

 

Figure 1. Fruit phenotype of C. annuum var. annuum parents and hybrid: A) 
UENF 2285, female parent; B) UENF 1381, male parent; and C) F1 hybrid from 
UENF 2285 x UENF 1381. (Silva, 2018). 
 
 
 

The isolate used in the inoculations was Co. scovillei obtained from a sweet 

pepper fruit with symptoms of anthracnose, collected by Geronimo (2018) and 

characterized and classified by Giacomin et al. (2020). Three unripe fruits from 

each plant of the P1, P2, F1 and F2 generations were used (Figure 2). The pedicels 

were removed and disinfestation was performed with immersion in 70% alcohol for 
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one minute, a 0.2% sodium hypochlorite solution for five minutes and a triple wash 

in autoclaved deionized water. The fruits were dried and placed in Styrofoam 

trays. Inoculation was performed with 10 μL of inoculum suspension deposited on 

a wound made on the fruit's surface with the aid of an entomological needle. After 

inoculation, the fruits were kept in a humid chamber. Assessment was carried out 

daily for seven days using a grade scale described by Montri et al. (2009) 

(Geronimo, 2018).  

 
 
 

 

Figure 2. Reaction to anthracnose in immature fruits of Capsicum annuum var. 
annuum of the different generations obtained from the intraspecific crossing 
between UENF 2285 x UENF 1381. A: UENF 2285, female parental, susceptible 
to antrachnose; B: UENF 1381, male parental, resistant to anthracnose; C: F1 

generation, resistant to anthracnose; D: F2 samples, ranging from resistant to 
susceptible to anthracnose. 
 
 
 

3.1.3.3 Genotyping and construction of the genetic map 

3.1.3.3.1. DNA extraction and quantification 

Molecular analyses were carried out at the Laboratório de Melhoramento 

Genético Vegetal (LMGV) of the Universidade Estadual do Norte Fluminense 

Darcy Ribeiro – UENF. Young leaves from generations of the P1, P2, F1 and F2 

were used. About 300 mg of leaf tissue were macerated and transferred to tubes 

A 
B 

C 

D 
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of 1.5 μL and immersed in liquid N2 for DNA extraction according to the protocol 

described by Doyle and Doyle (1987), with modifications (Daher et al., 2002). 

After extraction, the integrity and quantity of the genomic DNA were verified 

via 1% agarose gel using the High DNA Mass Ladder marker (Invitrogen, USA). 

3.1.3.3.2. SSR markers 

The SSR markers used were selected based on information available in the 

literature for mapping C. annuum (Minamiyama et al., 2006) and C. baccatum 

(Moulin et al., 2015). PCR amplification of 10 ng DNA (2 µL) was performed in a 

13 µL reaction containing 1.5 µL dNTP mix (0.2 mM), 1.0 µL MgCl2 (1.9 mM), 1.3 

µL PCR Buffer 1X, 0.12 µL Taq DNA polymerase (0.6 U), 6.08 µL of ultrapure 

water and 1 µL of each primer (5 µM). 

The polymerase chain reactions (PCR) were conducted as follows: 4 min at 

94ºC, followed by 35 cycles from 1min to 94ºC, 1min at the best anneling 

temperature according to the primer used, 72ºC for 2 min, and a final extension at 

72ºC for 7 min. The amplified fragments were separated on a high-resolution 

agarose gel (Metaphor 4%) and also using capillary electrophoresis.  

A screening using 300 SSR markers in the parental lines and the F1 

generation was the first step in identifying polymorphic markers. The microsatellite 

markers considered polymorphic among the parents and in the hybrid were 

selected to be tested on the entire C. annuum population, and these primers were 

used in the mapping analysis. 

3.1.3.3.3. ISSR Markers 

The ISSR markers for Capsicum were selected based on the work 

developed by Moulin (2013) and from the LMGV stock primers. For the detection 

of polymorphism among parents, 41 ISSR primers were tested. The amplification 

reactions were conducted in a final volume of 13 µL, containing 10 ng DNA (2 µL), 

1.5 µL dNTP mix (0.2 mM), 1.0 µL MgCl2 (1.9 mM), 1.3 µL PCR Buffer 1X, 0.12 

µL Taq DNA polymerase (0.6 U), 6.08 µL of ultrapure water and 1 µL of each 

primer (5 µM). 

A screening of the parental lines and F1 generation had previously been 

carried out, and the polymorphic primers were tested on the entire mapping 

population. 
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The PCR reactions were conducted as follows: 4 min at 94ºC for initial 

denaturation, following 38 cycles, each consisting of 94ºC for 1 min, between 48-

52°C for 1 min (according to the ideal temperature for amplification of each 

primer), 72ºC for 3 min and a final extension at 72ºC for 7 min. The amplified 

fragments were separated by electrophoresis on a 2% agarose gel, stained with 6 

μL of the red and blue juice mixture in a 1:1 concentration and subjected to UV 

light for viewing of the results. 

3.1.3.3.4. AFLP markers 

The AFLP technique was made in partnership with the Universidade 

Estadual de Londrina (UEL). It was performed following the protocol proposed by 

Vos et al. (1995), with modifications. The digestion of approximately 500ng of DNA 

and the ligation of the adapters to the generated fragments were performed in a 

single reaction. The restriction/ligation reaction was conducted with 1U of MseI 

restriction enzyme (New England Biolabs, Hitchin, Hertfordshire, UK); 5U of 

restriction enzyme EcoRI (Thermo Scientific, Waltham, MA, USA); 10X MseI 

buffer; 1U of T4 DNA ligase (SibEnzime, Academtown, Siberia); 5X T4 DNA ligase 

buffer; EcoRI (5 µM) and MseI (50µM) adapters; NaCl (0.5M); BSA (1mg/ml); DTT 

(5mM) and water to a final volume of 30μL. 

The samples were incubated for 4 h at 37°C for restriction digestion, 

followed by 1 h and 15 min at 22°C for the connection of the adapters and for 10 

min at 70°C for thermal inactivation of the enzymes. The restriction-binding pattern 

was verified on a 1% agarose gel and the product was subsequently diluted 4X 

with ultrapure water. 

The pre-selective amplification reaction was performed using 3.5μL of 

GoTaq® Green Master Mix (Promega, Madison, WI, USA); 4.8µM of the EcoRI 

and MseI pre-selective primers, containing the base sequences of the respective 

adapters plus a pre-selective base "A" for EcoRI and "C" for MseI; 3.0μL of the 

diluted restriction-binding and ultrapure water to complete the volume of 10μL. 

In this step, the program consisted of 1 cycle of 72ºC for 2 min, 20 cycles of 

94ºC for 1 sec, 56ºC for 30 sec, 72ºC for 2 min and a final cycle of 60ºC for 30 

min. Confirmation of pre-selective amplification was performed on a 1% agarose 

gel and the amplified product was diluted 8X in ultrapure water. 

For the selective amplification, an initial screening was carried out with eight 

combinations of selective EcoRI/MseI primers in a 7% polyacrylamide gel. The 
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four most polymorphic and reproducible combinations were selected and applied 

to all samples (6-FAM-EcoRI + ACA/MseI + CAC; NED-EcoRI + AGG/MseI + 

CAA; VIC-EcoRI + ACT/MseI + CAA; PET- EcoRI + AGC/MseI + CTAG). 

The selective reactions were performed for a final volume of 10μL 

containing 3.5μL GoTaq® Green Master Mix (Promega, Madison, WI, USA); 5μM 

of MseI primer; 1μM of fluorophore-labeled EcoRI primer (6-FAM, NED, VIC or 

PET); 2.5μL of the diluted pre-amplification reaction and ultrapure water. The 

amplification program consisted of 1 cycle of 94°C for 2 min, 65°C for 30 sec and 

72°C for 2 min; 8 cycles of 94°C for 1 sec, 64°C for 30 sec (with a decrease of 1°C 

per cycle) and 72°C for 2 min; 23 cycles of 94°C for 1 sec, 56°C for 30 sec, 72°C 

for 2 min and a final extension of 60°C for 30 min. 

For the resolution of the PCR products, which were obtained by selective 

amplification, 2µL of each reaction was added to 2µL of ultrapure water, 

composing a mixture with four primers in 10µL of final volume for each sample. Of 

this mixture, 1µL was added to 0.2µL of standard size GS-600LIZ (Applied 

Biosystems, Foster City, CA, USA) and 8.8µL of Hi-Di formamide (Applied 

Biosystems, Foster City, CA, USA). Then the samples were denatured at 95ºC for 

3 minutes and immediately placed on ice and were finally submitted to capillary 

electrophoresis in an automated ABI 3500 xL Genetic Analyzer system (Applied 

Biosystems, Foster City, CA, USA). 

3.1.3.4. Genetic mapping 

Linkage analysis was done using the JoinMap program, version 4.0 (Van 

Ooijen, 2006). For the analysis, parents and F1 were excluded. Linkage groups 

were formed and ranked using an LOD Score of of 4. The recombination 

frequencies were converted into genetic distance (centiMorgans) using the 

Kosambi function (1944). The chi-square test [X2 (p<0.05, GL=1)] was used to test 

the hypothesis of Mendelian segregation 1:2:1 for SSR markers and 3:1 for ISSR 

and AFLP markers. All markers were included in the mapping analysis, even those 

that did not follow Mendelian segregation. 

3.1.3.5. QTL identification 

The anthracnose resistance dataset in C. annuum var. annuum obtained in 

the work of Geornimo (2018) was used to identify regions with possible QTLs. The 

Lilliefors test was performed first in order to chek the normallity of the dataset.  
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The models described by Broman and Sen (2009), in which each genotype 

of the marker loci was adjusted as an effect of covariates against the measured 

phenotypic variables, were used to identify the QTLs related to resistance against 

anthracnose on unripe fruits. Standard interval mapping methods were used, 

which allowed verification of the position of possible QTLs along the linkage map. 

For the quantitative variables, standard interval mapping model estimates 

using algorithms with maximum probability of existence of QTLs by iterative 

processes were used. QTL genotype probabilities were verified based on available 

data from the marker genotypes. 

With the H statistic, the presence of QTLs is obtained after the LOD Score 

estimates, which is a non-parametric statistic that follows the approximate X2 

distribution and can be converted to the LOD = H / (2ln10) statistic. It was adopted 

as an evidence criterion of possible QTL peaks of LOD Scores with values greater 

than 2.5. Then, the percentage of the variance explained by the QTL was 

estimated through the “makeqtl” function of the R-QTL package. The steps 

developed to reach the objectives are summarized in Figure 3. 
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Figure 3. Organization chart of the methodology developed to obtain the 
intraspecific population of Capsicum annuum var. annuum, inoculation of 
immature fruits with the isolate Colletotrichum scovilleii, population genotyping, 
mapping analysis and identification of QTLs.  
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3.1.4 RESULTS 
 
 
 

3.1.4.1. ISSR and AFLP markers 

Using the ISSR technique (Figure 4), of the 41 tested primers, 29 did not detect 

polymorphism in the progeny and 12 demonstrated polymorphism in the studied 

population. For the AFLP method, 4 pairs of primers were tested; all were selected 

and generated a total of 331 marks, 110 of which were polymorphic between the 

parents and the mapping population.  

For both ISSR and AFLP markers, several loci were obtained. However, for 

the mapping, only polymorphic loci between the parents and the population were 

used; thus, loci that did not obey this condition, being monomorphic, were 

discarded (Table 1).  

 
 
 

 

Figure 4. Amplification of DNA fragments using ISSR marker on 2% agarose gel. 
P1 = Parental 1; P2 = parental 2; F1 = Hybrid; M = molecular weight marker. The 
following samples are part of the F2 generation.  
 
 
 
Table 1. Characteristics of the ISSR molecular markers that integrated the 
Capsicum annuum var. annuum linkage map. 

Primer 
Sequence 

(5’-3’) 

Annealing 

temperature 

Number of 

amplified 

loci 

Number of 

polymorphic 

loci 

Linkage 

group 

ISSR 1 (AG)8T 43ºC 4 2 11 
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AFLP markers were mapped in almost all linkage groups on the map to C. 

annuum, except in linkage group 11, while the only mapped ISSR marker was 

found in this linkage group. It was possible to observe a concentration of markers 

of the same type in limited regions of the map, such as, for example, the 

accumulation of AFLP marks in groups one to ten. 

Despite being dominant, the AFLP markers revealed a good number of 

polymorphic loci that could be mapped and enable the construction of linkage 

groups. The percentage of marks generated by the AFLP markers was 89.83%, a 

rate well above that of the microsatellite and ISSR markers, which added up to 

10.17%, highlighting the importance of dominant markers for the construction of 

the map. In addition, they made it possible to allocate microsatellite markers 

across linkage groups. 

3.1.4.2. Microsatellite markers 

For the SSR markers (Figure 5), 300 primers developed for C. annuum 

(Minamiyama et al., 2006) were tested, and a total of nine were polymorphic 

between the parents and the mapping population. It was possible to observe that 

the distribution of the SSR markers was not uniform in the linking groups, and was 

only present in three groups (GL1, GL4 and GL11).  

Even with a low number of mapped marks, the presence of codominant markers 

generated relevant information for the mapped population (Table 2).  
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Table 2. Characteristics of the microsatellite markers that integrated the Capsicum annuum var. annuum linkage map. 

Primer Sequence (F) Sequence (R) 
Annealing 

temperature 

Number of 

amplified 

loci 

Number of 

polymorphic 

loci 

Linkage 

group 

SSR 63 aaacagcaatcccatgaaaacc gggctttggggagaatagtgtg 58ºC 3 3 11 

SSR 83 tgaggcagtggtatggtctgc cccgagttcgtctgccaatag 58ºC 3 3 1 

SSR 131 aagtcatcagctgcaaagacca ttcaacatgcatccagcttctt 57ºC 3 3 1 

SSR 227 cgacgaagtttccgagctcaa gacacggcgcttctttcctc 57ºC 3 3 11 

SSR 271 cctttcacttcagcccacat accatccgctaagacgagaa 53ºC 3 3 4 
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Figure 5. Amplification of DNA fragments using SSR markers on capillary eletrophoresis. P1 = Parental 1; P2 = parental 2; F1 = Hybrid. 

The following samples are part of the F2 generation. 

P1 P2 

F1 
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3.1.4.3. Genetic mapping for an F2 population of Capsicum annuum var. 

annuum 

From the 131 polymorphic markers, 59 composed the linkage map, with 1 

being ISSR (1.7%), 5 microsatellite (8.47%) and 53 AFLP (89.83%). The map 

generated in this work has 11 linkage groups (LG). As a diploid species, with 

2n=24, it was expected to obtain 12 linkage groups, the haploid number of the 

species (n=12).  

The linkage group sizes in the map ranged from between 51.9 to 254.1 cM 

(Figure 6), and the groups had from 3 to 10 markers. There was an average of 

104.4 cM on a map with total coverage of 1209.8 cM (Table 3), in a mapping 

population composed of 170 F2 individuals. 

The distance between the markers varied from 0.7 to 66 cM, with a distance 

average of 55.01 cM between the markers over the linkage map. Markers with less 

distance from each other on a map give it more saturation, in addition to 

increasing the chances of finding QTLs among the mapped regions. 

 In LG1, 7 markers were mapped, 5 AFLP and 2 SSR, with a length of 254.1 

cM and an average of 129.21 cM between the markers. The LG2 consists of 10 

AFLP markers arranged at 209.3 cM and an average of 99.87 cM between them. 

The third linkage group is 141.3 cM in length and consists of 6 AFLP markers, 

arranged with an average distance of 84.56 cM. 

 LG4 is composed of 6 markers, including 1 SSR and 4 AFLP; it is 135.4 cM 

of total length with an average distance of 60.95 cM between each marker. The 

linkage groups 5, 6, 7, 8, 9 and 10 included only AFLP markers, with 90.9, 78.5, 

76.6, 61.3, 56.0 and 54.5 cM, respectively. The last linkage group in the map is 

composed of 3 markers, 2 SSR and the only ISSR mapped marker, 51.9 cM in 

length with an average of 20.06 cM between the 3 marks. 
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Figure 6. Linkage map of Capsicum annuum var. annuum constructed with an LOD Score of 4.0, based on 59 molecular markers 
distributed among 11 linkage groups. The genetic distance between each marker is indicated on the left and the markers are indicated 
on the right of each group. 
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Table 3. Number, type of marker, length of each link group (cM) and average 
distance between marks (cM) in the map of Capsicum annuum var. annuum. 

Linkage group* 
Number and type of 

marker 
Length (cM) 

Average distance 

between marks 

LG1 7 (2 SSR; 5 AFLP) 254.1 129.21 

LG2 10 (10 AFLP) 209.3 99.87 

LG3 6 (6 AFLP) 141.3 84.56 

LG4 6 (1 SSR; 5 AFLP) 135.4 60.95 

LG5 4 (4 AFLP) 90.9 47.9 

LG6 3 (3 AFLP) 78.5 47.23 

LG7 5 (5 AFLP) 76.6 31.48 

LG8 4 (4 AFLP) 61.3 32 

LG9 3 (3 AFLP) 56.0 28.63 

LG10 8 (8 AFLP) 54.5 26.3 

LG11 3 (2 SSR; 1 ISSR) 51.9 20.06 

Mapped markers 59 1209.8 55.01 

Unmapped 

markers 
72   

Total 131   

 
 
 
 Considering the dominant molecular markers mapped, 8 AFLP markers 

followed the expected segregation (3:1; p>0.05), while no ISSR marker followed it; 

in addition, three SSR markers followed the expected segregation of 1:2:1 

(p>0.05). Therefore, as this map is not saturated enough, there was a high 

distortion of Mendelian segregation in the other molecular markers tested. 

 In this study, 72 loci were not mapped, which indicates that 54.96% of the 

markers were not linked. The unallocated markers show that the saturation level of 

the map obtained needs to be increased. However, the available and unbound 

markers facilitate saturation of the map with the addition of new markers obtained 

from other studies (Moulin, 2013). 
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 Some markers were removed from the linkage groups that were initially 

allocated due to the high estimates of recombination fractions, resulting in better 

ordering of the remaining marks. Rearrangement occurred in linkage groups 4, 6, 

7 and 8 and one mark was eliminated in group 6. This procedure is common for 

the optimization of obtained marks. 

3.1.4.4. QTL identification  

Phenotypic data obtained from immature fruit stages combined with the 

molecular markers data were used to perform QTL analysis using the multiple QTL 

mapping (MQM). The disease evaluation obtained by Geronimo (2018) showed 

that the AUDPC (Area under the disease progress curve) ranged from zero to 29.5 

and plants with AUDPC lower than 9.82 were considered resistant. High AUDPC 

values indicate greater virulence of the pathogen, while lower values are desirable 

for this trait. Anthracnose symptoms were observed in all fruits of the susceptible 

parental line (P1). The mean values of AUDPC for this immature parent were 

15.97, confirming its susceptibility. The fruits of the resistant parental line (P2) had 

lower AUDPC values, with an average of 3.44, thus considered highly resistant in 

immature fruits. 

The F1 generation plants showed symptoms in a more moderate way, 

tending towards resistance, showing lower AUDPC values, with an average equal 

to 5.19. The F2 generation plants possessed a wide variety of symptoms, from 

fruits without any symptoms to fruits completely compromised by the disease, 

which characterizes the variability of this generation. The mean AUDPC also 

tended to the resistant parent, with a value of 7.63. 

 Six different QTLs of minor effect were identified, which together explained 

23.16% of the phenotypic variation, varying from 2.45 to 7.57% (Table 4). The 

largest effect was displayed by QTL1 in linkage group one; this QTL explained 

7.57% of the observed phenotypic variation, with an additive effect of - 0.29. It 

presented an LOD score of 2.98, and thus was the most importante QTL identified 

in this study. QTL2, located at 209.3 cM of the LG2, explained 2.45% of the 

phenotypic variation, with an additive effect of 0.08 and an LOD score of 0.99, the 

lowest of the six identified QTLs (Table 4). 

QTLs 3 and 4, located in linkage groups 3 and 4, were responsible for 

explaining 2.95% and 4.68% of the variation, respectively, presenting an LOD 
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score of 1.19 and 1.87. The QTLs are positioned at 98 cM and 86 cM, with an 

additive effect of 0.19 and – 0.04, respectively (Table 4). 

QTL 5, located at position 56.0 cM in LG9, explained 4.40% of the variation 

with an LOD score of 1.76%. This QTL had an additive effect of 0.17. QTL 6 was 

identified in LG11 at 51.9 cM, and was responsible for the explanation of 3.41% of 

the resistance to anthracnose in unripe fruits. This QTL had an LOD score of 1.37 

and the additive effect of - 0.01 (Table 4). 

The identified QTLs provided an explanation of 23.16% of the phenotypic 

characteristics evaluated, representing important estimates of the loci position 

responsible for the resistance of the C. annuum var. annuum species to Co. 

scovileii in unripe fruits. 
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Table 4. Characterization of the QTLs identified for resistance to anthracnose in unripe fruits in an F2 population of Capsicum annuum 
var. annuum. 

Characteristic QTL Linkage Group Marker* Position (cM) LOD score % of variation Additive effect 

Resistance to 

anthracnose in unripe 

fruits 

QTL1 LG1 AFLP 45 58.0 2.98 7.57 - 0.29 

QTL2 LG2 AFLP 17 209.3 0.99 2.45 0.08 

QTL3 LG3 AFLP 108 98.0 1.19 2.95 0.19 

QTL4 LG5 AFLP 106 86.0 1.87 4.68 - 0.04 

QTL5 LG9 AFLP 111 56.0 1.76 4.40 0.17 

QTL6 LG11 ISSR 1 51.9 1.37 3.41 - 0.01 

Total      23.16%  

* Marker closest to the QTL position on the linkage map 



33 

 

3.1.5 DISCUSSION 

 
 
 
The map covered a total of 1209.8 cM in 11 linkage groups. A total of 59 

molecular markers are included on the map. Among the 11 linkage groups, the 

shortest was LG11, with a size of 51.9 cM, while the LG1 was the longest, with 

254.1 cM. Linkage groups 6, 9 and 11 featured only three molecular markers 

each. In contrast, LG2 featured 10 molecular markers representing a 

heterogeneous distribution in the map. 

Kim et al. (2010) identified 19 QTLs associated with resistance to 

anthracnose in chili pepper (Capsicum spp.),  in a linkage map using 327 markers 

composed of 49 SSRs, 175 AFLPs and 100 SRAPs, with a total length of 1896 cM 

in 13 groups. The average distance per marker was 4.0 cM, and the average 

distance between the markers per related group was 5.7 to 14.0 cM. 

Prince et al. (1993) constructed a pepper linkage map using 192 markers 

(RFLP and isoenzymes) covering a total of 720.3 cM in 19 linkage groups. 

Tanksley et al. (1988) developed a genetic reference map for C. annuum that 

contained about 85 RAPD marks obtained from a population consisting of 61 

individuals. Subsequently, a number of Capsicum genetic maps have been 

constructed and genotyped with various traditional gel-based marker systems 

(Lefebvre et al., 1995; Yi et al., 2006; Barchi et al., 2007; Lee et al., 2009; Wu et 

al., 2009; Mimura et al., 2012). 

The size of the Capsicum genome is estimated at between 3300 cM and 

3600 cM (Moscone et al., 2003; Hill et al., 2013). The linkage map constructed in 

this work covered 1209.8 cM of the C. annuum var. annuum genome. 

Minamyiama et al. (2006) obtained an integrated map for C. annuum based on 

115 SSR, 228 AFLP, 60 RAPD and one CAPS, with 13 linkage groups, covering 

about 1042 cM of the genome.  

Mimura et al. (2012) obtained a linkage map based on SSR and AFLP 

markers with coverage of 40.48% of the pepper genome. In contrast, Zhang et al. 

(2019), using SLAF-seq markers, built a linkage map for C. annuum L. with 

60.89% coverage of the species’s genome. Differences in the techniques, 

molecular markers and map saturation can directly affect the genome coverage in 

the resulting linkage map. 
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The total map length of the present map is somewhat shorter than those of 

previous studies (Livingstone et al., 1999; Ben-Chaim et al., 2001; Wu et al., 2009; 

Mimura et al., 2012; Li et al., 2018). However, the map distance calculated by 

JoinMap is usually shorter than that calculated by different softwares, such as 

Mapmaker, for example (Bradeen et al., 2001). 

As noted in this study, maps developed for C. annuum may also present 

markers with segregation distortions. Zhang et al. (2016) identified segregation 

distortion in 275 (38.84%) of the 708 markers used in the construction of the 

genetic map. Lee et al. (2011) found an average distortion of 36.5% of Mendelian 

segregation for the tested markers. Factors such as structural chromosome 

rearrangements, deleterious recessive alleles, gametic selection, pre- or post-

zygotic selection of allelic combinations, among others, can generate deviations 

from the expected segregation (Priyamedha et al., 2012).  

Segregation distortion, a common phenomenon in genome analysis, is the 

deviation of the segregation ratio of a locus from the expected Mendelian ratio. 

These loci are called segregation distortion loci (SDL) or, simply, segregation 

distorters; they are hidden, but carry an important evolutionary function because 

they control the viability of individuals bearing different genotypes of the locus. The 

segregation of marker loci appears to be distorted as a result of the linkage 

between the neutral markers and the SDL (Xu, 2008). 

Intraspecific crosses are used for mapping populations and can generate 

low polymorphism. Breeding lines of C. annuum can also show low levels of 

polymorphism. Overcoming this low polymorphism is a key challenge for molecular 

technologies and the AFLP marker is a powerful technique with which to score a 

number of polymorphic loci in a single experiment (Vos et al. 1995). 

AFLP markers were present in almost all the linkage groups, and were 

responsible for 89.83% of the mapped marks. In other studies developed with 

Capsicum, accumulation of the same type of markers was also observed in a 

given region (Livingstone et al., 1999; Kang et al., 2001; Sugita et al., 2005). 

According to Sugita et al. (2005), this concentration of markers is considered 

common in the genome of Capsicum and other solanaceae. 

It is known that the ideal number of linkage groups is that referring to the 

haploid number of the species, in this case 12. However, 11 linkage groups were 

identified in the present study. According to Carlier (2006), the more we increase 
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the coverage of a genetic map, the more the number of linking groups approaches 

the haploid number of chromosomes of species and the more the number of 

unbound markers approaches zero.  

The low saturation of the present genetic map and the non-binding of all the 

polymorphic marks found may help explain why the number of linking groups is not 

equivalent to the haploid number of the species. In this case, the low number of 

markers resulted in a not so saturated map. With few polymorphic markers, the 

distance between them was great, which failed to allow co-segregation or linkage 

between many of them. 

 Based on the C. annuum var. annuum map, six minor QTLs were identified 

for resistance to anthracnose in the unripe fruit stage in six different linkage 

groups: LG1, LG2, LG3, LG5, LG9 and LG11. While analyzing the resistance to 

anthracnose in unripe fruits in the same population, Geronimo (2018) identified a 

minimum number of six genes that control the resistance, and the additive-

dominant model was sufficient to explain the results obtained. 

 According to Geronimo (2018), 62.74% of the variation observed in the 

population for resistance to anthracnoe is due to genetic causes. The genotypic 

variance was predominantly additive, with a value of 12.32. The additive variance 

acts directly on the heritability of the trait, representing one of the most important 

genetic parameters for the breeder that enables positive results in the selection of 

individuals (Ramalho et al., 1993). 

 In the analyses carried out in the F2 generation, while 62.75% of the 

variation observed is due to genetic causes, 48.47% is attributed to a genetic 

cause of an additive nature, which indicates that it is possible to fix this 

characteristic over successive generations of self-fertilization. The results indicate 

that the epistatic effects are not greatly important in the genetic control of the 

analyzed trait. For Capsicum, this effect expresses great importance, as 

homozygous plants will be more abundant in the population and the additive 

genetic effects indicate that the trait will be fixed in subsequent generations (Lobo 

et al., 2005). 

The QTL analyses further indicated that most of the genetic variation was 

explained by a QTL in linkage group one (7.57%), with an LOD of 2.98. This is a 

promissing identified locus, responsible for explaining the greatest part of the 

phenotypic variation in this work and presenting the well-analyzed LOD score. 



36 

 

A minor QTL located in LG2 at 209.3 cM, close to the marker AFLP 17, was 

identified; it was responsible for explaining 2.42% of the phenotypic variation and 

had an additive effect of 0.08. While studying QTLs for resistance to anthracnose 

in two Capsicum sources, Mahasuk et al. (2016) found two QTLs corresponding to 

the resistances to anthracnose in mature green and ripe fruit maturity stages, at 

the same location of the LG2 (56.9 cM). The LOD values of the QTLs were 3.25 

and 4.21, with ability to explain total phenotypic variation of 19.5 and 18.2% and 

additive effects of 0.52 and 1.68, respectively.  

An interspecific map between C. annuum and C. chinense identified QTLs 

for anthracnose resistance in linkage groups 3 and 5 (Sun et al., 2015). Different 

from the QTLs identified in this work in the LG3 and LG5, those authors found a 

QTL located at 41.8 cM for the first linkage group with an LOD of 2.3 that 

explained 2.93 of the resistance at the mature fruit stage. For linkage group 5,  six 

QTLs were found, located between 0.0 cM and 1.6 cM, with an LOD score ranging 

from 2.65 to 32.26, explaining between 9.31 and 62.38% of the variation for 

resistance in mature stage fruits (Sun et al., 2015). 

When mapping QTLs for resistance to Colletothricum spp. in pepper, Lee et 

al. (2010) identified three QTLs in linkage group 9, positioned at 10 and 10.06 cM. 

The QTLs explained between 57.48% and 78.91% of the variation, presenting an 

LOD ranging from 13.36 to 15.98, substantially higher values than the QTLs found 

here.  Mahasuk et al. (2016) also found a minor QTL for resistance to anthracnose 

in LG9 with an LOD score of 3.41, with an ability to explain phenotypic variation of 

11.3 % and the additive effects of 14.65. In the present work the QTL identified in 

LG9 explained 4.4% of the phenotyipic variation with an LOD score of 1.76. 

Kim et al. (2010) identified a total of 19 loci of quantitative characteristics in 

two QTLs with greater effect, with phenotypic variations of 16.4%, and 16 smaller 

QTLs. Five of these smaller QTL were responsible for 60.73% of phenotypic 

variations in resistance to anthracnose, and the LOD score of 4 was selected. 

 Alternatively, markers with significant segregation distortion have been used 

for genetic map construction, and these distorted markers may have affected the 

QTL analysis (Wen and Zhang, 2013). The values of the LOD Score statistic for 

most QTLs, obtained using the R/‘Package QTL’ Program, are critical ones, which 

can be justified by the low saturation of the linkage map and the inheritance of the 

characteristic. 
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3.1.6 CONCLUSIONS 

 
 
 
A genetic map with 11 linkage groups was obtained for an F2 population of 

C. annuum var. annuum, including one ISSR, five microsatellites and 53 AFLP 

markers, covering 1209.8 cM of the species genome. 

Six QTLs with minor effects, related to anthracnose resistance in unripe 

pepper fruits, were identified in six different linkage groups. Together they 

explained 23.16% of the phenotypic variation for the trait. 

The inclusion of more molecular markers is necessary for greater saturation 

of this map, rendering it greater reliability and allowing the obtainment of the 

number of groups referring to the haploid number of C. annuum var. annuum. A 

higher saturation of the linkage map will allow the capture of more QTLs, thus 

increasing their magnitude and reallocation in the linkage map to explain the 

character, and as more QTLs are identified, higher efficiency indexes may enable 

the selection assisted by molecular markers.  
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3.2 TRANSCRIPTOME ANALYSIS IN Capsicum annuum L. INFECTED 

BY Phytophthora capsici Leon. USING RNA-SEQ TECHNOLOGY 

 
 
 
 

3.2.1 INTRODUCTION 
 
 
 

Plants have adapted to respond to various conditions of environmental 

stress, activating specific molecular and physiological changes (Atkinson et al., 

2013). This activation is the timely perception of stress to respond quickly and 

efficiently, in which a complex signaling cascade is activated by constitutive basal 

defense mechanisms in plants (Andreasson, et al., 2010). After exposure to 

stress, specific ion channels and kinase cascades are activated. Reactive oxygen 

species (ROS), phytohormones like abscisic acid (ABA), salicylic acid (SA), 

jasmonic acid (JA) and ethylene (ET), accumulate, and a reprogramming of the 

genetic machinery results in adequate defense reactions, increasing plant 

resistance to minimize biological damage (Laloi et al., 2004; Fujita et al., 2006; 

Spoel et al., 2008; Velázquez et al., 2009). 

The soil-borne fungal-like oomycete Phytophthora capsici (Leon.) is one of 

the most devastating pathogens for pepper production. P. capsici can produce a 

wide variety of symptoms depending on the specific plant part involved and the 

developmental stage of the crop. Since P. capsici is a soilborne pathogen, 

symptoms usually first develop at the soil line in the roots and crown; however, 

infection can occur at any plant part where water splashes soil onto the plant. The 

most common symptoms on peppers are crown rot and fruit rot. Under wet 
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conditions, disease tends to manifest itself as wilting of the plants (Erwin and 

Ribeiro, 1996; Walker and Bosland, 1999; Lamour et al., 2011; Mansfeld et al., 

2017).  

Different sources of resistance have been reported, including C. annuum 

‘Criollo de Morellos 334’ (CM334), PI201232, PI201234 and Perennial lines. 

Among these, the most resistant is CM334, which has been widely used in 

breeding programs (Lefebvre and Palloix, 1996; Thabuis et al., 2004; Bonnet et 

al., 2007; Candole et al., 2010; Liu et al., 2014; Wang et al., 2016; Arpaci and 

Karatas, 2020). Resistance to this pathogen in peppers is a highly complex trait. It 

is polygenic and influenced by several factors, including environmental conditions, 

virulence of the isolates and the source of resistance (Rehrig et al., 2014). 

Resistance to Phytophthora in the Solanaceae family is quantitative in 

nature (Vleeshouwers, et al., 2011; Chen et al., 2014). Many important loci 

generally have small effects and common SNPs distributed throughout the 

genome with effects below detectable levels of significance are responsible for a 

large part of the heritability of this complex characteristic (Yang et al., 2010; Boyle 

et al., 2017). In addition, many QTLs have been identified in pepper associated 

with resistance against P. capsici (Lefebvre and Palloix, 1996; Thabuis et al., 

2003; Mallard et al 2003; Minamiyama et al., 2007; Truong et al., 2012; Rehrig et 

al., 2014).  

In several species, the co-localization of NB-LRR genes and QTLs has 

been reported, indicating that homologous genes could control resistance to both 

simple and complex inherited resistance. One major effect of QTL resistance and 

two resistance genes to P. capsici have been reported in pepper: a complex 

cluster of QTLs called Pc5.1, Pc5.2 and Pc5.3, common to several resistance 

sources, CaPhyto from PI201234 and PhR10 from CM334, on chromosomes P5 

and P10 (Mallard et al., 2003; Wang et al., 2016; Xu et al., 2016). 

RNA-Seq is an approach developed to characterize the whole 

transcriptome profile that uses deep sequencing technologies. It provides a much 

more accurate measurement of the levels of transcripts and their isoforms than 

other methods, such as the cDNA and EST markers, for example (Wang et al., 

2009). In plants, RNA-seq has been used to investigate global expression profiles 

and reveal the signal transduction pathways involved in the resistance network 

under various stresses (Chen et al., 2015; Hrdlickova et al., 2016). This approach 
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can reveal the precise location of transcription boundaries, has very low 

background signal because DNA sequences can be unambiguously mapped to 

unique regions of the genome and the results of RNA-Seq also show high levels of 

reproducibility (Wang et al., 2009). 

In recent years, numerous studies have focused on transcriptome profiles 

using RNA sequencing (RNA-Seq) technology. Liu et al. (2017) generated a large-

scale transcriptome profile data set for an elite pepper breeding line through high 

throughput mRNA sequencing and established a “pepper-Hub” public data 

platform for pepper research. There are some reports on transcriptional profiling 

and analysis of gene function in peppers and other plants (Lu et al., 2012; Li et al., 

2016; Hu et al., 2016). Transcriptional levels are only a predictor for protein 

expression as they do not account for post-transcriptional processes such as 

translational regulation or protein stability (Liu et al., 2019). 

This work aimed to analyze the effects of the interaction between pepper 

hosts and P. capsici isolates at 24 and 72 hours post inoculation. It evaluated the 

effects of the interaction between plant and time after inoculation in response to 

the adapted and non-adapted isolates of P. capsici, comparing the interaction 

between time after inoculation and P. capsici isolate in each host genotype and 

performing co-expression analysis on the identified differentially expressed genes 

in the interaction between pepper host, P. capsici isolates and evaluation time. 

 
 
 

 
3.2.2. BIBLIOGRAFIC REVIEW 

 
 
 

3.2.2.1. Phytophthora capsici in Capsicum and genetic control resistance 

Pepper late blight, caused by the oomycete Phytophthora capsici Leonian, 

is one of the most serious causes of damage and loss in pepper production 

worldwide (Babadoost, 2005; Lu et al., 2017). It is a pathogen capable of infecting 

different crops of agronomic interest, including Solanaceae, Cucurbitaceae and 

Fabaceae. However, it exhibits local adaptation in certain geographic regions and 

isolates show varying levels of aggression, depending on the infected host 

(Granke et al., 2012; Lamour et al. 2012). 
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Species of the Phytophthora can reproduce sexually and/or asexually 

during their development cycle. For sexual reproduction to occur there must be a 

perception of mating factors, which trigger the differentiation of male and female 

sexual structures called antheridia and oogonia, respectively. The fertilization of 

oogonium by antheridium leads to the production of an oospore with thick and 

resistant walls (Erwin and Ribeiro, 1996; Lamour et al., 2012). Sexual reproduction 

has several evolutionary advantages for the pathogen, including ensuring high 

levels of diversity and heterozygosity (Granke et al., 2012; Lamour et al., 2012). 

In asexual reproduction, reproduction takes place by means of asexual 

sporangia that release mobile zoospores, under conditions of high temperatures in 

areas with water accumulation. When submerged, each sporangium can release 

20 to 40 biflagellate zoospores, which can initiate an infection. Although it is less 

effective for conservation, asexual reproduction promotes rapid dispersion during 

epidemics to the detriment of genetic diversity (Hausbeck and Lamour, 2004; 

Lamour et al., 2012). 

Oomycetes are responsible for root rot and are capable of attacking most 

organs, including the crown, leaves, flowers and fruits, and can manifest 

themselves at any stage of plant development. In the field, the disease appears in 

the form of ridges and the symptoms are rotting of the neck and root system and 

sudden wilting; in more severe cases, it can cause necrosis in aerial parts and 

lead to the death of the plant (Santos and Goto, 2004; Marto et al., 2007; Pavan et 

al., 2016). 

 Resistance to P. capsici in species of the Solanaceae family is quantitative 

in nature and race specific (Vleeshouwers et al., 2011; Chen et al., 2014). In 

peppers, studies on the genetics of resistance to this pathogen identified several 

loci of quantitative characteristics (QTLs). While the genotype Criollo de Morellos 

(CM334) has resistance to all tested isolates of P. capsici, this is not a commercial 

cultivar (Thabuis et al., 2003; Quesada-Ocampo and Hausbeck, 2010; Lamour et 

al., 2011).  

 Studies of resistance to Phytophthora, in different species of Solanaceae, 

have reported the co-location of simple resistance genes and QTLs, indicating that 

homologous resistance genes control this characteristic. Two race-specific 

resistance genes have been reported in peppers: CaPhyto from PI201234 and 
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PhR10 from CM334 on chromosomes P5 and P10, respectively (Wang et al., 

2016; Xu et al., 2016).  

 Major and minor resistance QTLs to Phytophthora have been mapped on 

several chromosomes (Thabuis et al., 2003; Bonnet et al., 2007; Truong et al., 

2012). The major QTLs were identified near the P5 chromosome in several 

studies, regardless of the sources of resistance or isolates of P. capsici (Bonnet et 

al., 2007; Mallard et al., 2013; Liu et al., 2014; Rehrig et al., 2014). Several minor 

and isolate-specific QTLs have been reported, but their positions are variable, 

depending on the genetic background and P. capsici isolate (Thabuis et al., 2004; 

Truong et al., 2012; Rehrig et al., 2014). 

 While studying candidate genes for P. capsici resistance in C. annuum, 

Siddique et al (2019) identified 14 significant QTLs, and among three PcRR (P. 

capsici root rot) isolates, two of these QTLs on chromosome P5 showed major 

effects. They identified SAR8.2 in QTL5.2, a systemic acquired resistance (SAR)-

related gene known as CASAR82A, located in the phloem and epidermal cells of 

infected pepper leaves and stem tissues. The involvement of the pepper SAR8.2 

gene in pathogen infection and environmental stress responses and its use as a 

marker of abiotic elicitors suggests it might also be an important candidate gene 

for PcRR resistance. 

3.2.2.2. Plant defense against pathogens 

 Several pests and diseases constantly affect plants, such as diseases 

caused by pathogenic microorganisms, which are responsible for significant 

agricultural losses. However, during evolution plants developed biochemical and 

morphological mechanisms for their defense (Wit et al., 2007). As a result, plants 

have two major groups in their defense system: constitutive or preformed defenses 

and induced defenses.  

Constitutive defenses are those naturally present in plants, functioning as 

chemical and physical barriers. These preformed defenses protect plants, at first, 

whether or not an attack or aggression occurs (Heath, 1997; Heath, 2000; Van 

Loo et al., 2006). The defenses induced are those evident after the perception of 

the invasion of the pathogen, or when the plant suffers injury. They can derive 

from hypersensitivity response, tissue lignification and activation of chemical 

barriers in which there is an increase in the concentration or synthesis of various 
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AMPs and proteins related to pathogenesis, also known as PR proteins (Heil, 

2010). 

Plants can be immune to most potential pathogens and have the ability to 

reduce the disease severity of actual pathogens. In the both forms, the recognition 

of the potential pathogens occurs by way of chemical cues, originally named 

elicitors, which for the last few years have been referred to as pathogen-

associated molecular patterns (PAMPs) (Bittel and Robatzek, 2007). Since these 

molecular patterns exist in all organisms, they should actually be designated as 

Microbe-Associated Molecular Patterns (MAMPs) (Mackey and McFall, 2002), 

which are recognized by pattern recognition receptors (PRRs) at the cell surface.  

Activation of these PRRs leads to active defense responses, (MAMP/PAMP-

triggered immunity), both in basal and non-host resistance (Jones and Dangl, 

2006). 

Not all MAMPs recognized by plants play a role in pathogenicity, but they 

correspond to molecules essential for microbial life. Some examples are fungal 

chitin and ergosterol, the main structural components of cell walls and upper fungi 

membranes. Although some microbial molecules are not in accordance with the 

classical understanding of MAMPs or effectors, they are important for 

pathogenicity and, after the host's perception, induce a hypersensitivity reaction 

(Rotblat et al, 2002; Bittel and Robatzek, 2007). 

The production of several cellular messengers is initiated soon after the 

perception of PAMP or MAMP. During the first few minutes after the pathogen is 

detected, inflows of Ca2 + ions cause depolarization of the membrane (Boller and 

Felix, 2009). This ion is an omnipresent secondary messenger in the signaling of 

plant cells and induces the production of reactive oxygen species (ROS) and nitric 

oxide (NO). The oxidative "explosion" contributes to the defense of the host 

against the pathogen (Boller and Felix, 2009; Frederickson Matika and Loake, 

2014; Seybold et al., 2014). 

After the initial cell change reactions to the pathogen, the production of 

phytohormones associated with biotic stresses is observed (Boller and Felix 

2009). These hormones include salicylic acid (SA), which is generally associated 

with interaction with biotrophic pathogens, as well as jasmonic acid (JA) and 

ethylene (ET), which are associated with interactions with necrotrophic pathogens 

(Loake and Grant, 2007; Bari and Jones, 2009; Wasternack and Hause, 2013). 
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They play the role of drivers, inducing and regulating the reprogramming of gene 

expression (Eulgem and Somssich, 2007; Moore et al., 2011; Wu et al., 2012; 

Frederickson Matika and Loake, 2014). 

3.2.2.3. RNA-seq approach 

RNA molecules are essential components of all living cells. Understanding the 

identity and abundance of these molecules in a given cell under specific conditions 

is the ultimate goal of RNA research. High-throughput approaches that allow large-

scale interrogation of RNA sequences emerged in the early 1990s (Hrdlickova et 

al., 2016). 

Transcriptome annotation is usually performed using slower and more 

expensive methods of cloning complementary DNA (cDNAs) or express sequence 

tagging (EST) libraries followed by capillary sequencing (Marra et al., 1999; Souza 

et al., 2000). Both techniques involve a high cost and have limited production, 

offering a glimpse into the true complexity of cell type-specific splicing and 

transcription. From the analysis of these data, the basis for the programs used for 

RNA-seq data was obtained (Wang et al., 2008; Guttman et al., 2009; Garber et 

al., 2011). 

RNA-Seq has become the method of choice for studying gene expression. 

Compared to other methods, such as those based on DNA microarray, RNA-Seq 

offers a high level of data reproducibility through lanes and flow-cells, which 

reduces the number of technical replicates for the experiments, while offering less 

background noise and greater dynamic range for detection. Even more relevant, 

the RNA-Seq directly reveals the identity of the sequence, a factor essential for the 

analysis of unknown genes and newly transcribed isoforms (van Dijk et al., 2014; 

Han et al., 2015; Hrdlickova et al., 2016). 

In general, the RNA-Seq technology is used in the analysis of differential 

expression involving some specific conditions, which can be summarized in five 

steps. First, the RNA samples are fragmented into cDNA and sequenced on a 

high-performance platform. After that, the small sequences generated are mapped 

to a genome or transcriptome. In the third step, the expression levels for each 

gene or isoform are estimated. Next, the mapped data is normalized and 

differentially expressed genes (DEGs) are identified. Finally, the relevance of the 

data produced is assessed in a biological context (Wang et al., 2009; Oshlack et 

al., 2010; Zhang et al., 2014; Li et al., 2015; Costa-Silva et al., 2017).  
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3.2.3. MATERIALS AND METHODS 
 
 
 
3.2.3.1. Genotypes, environment, isolates and disease evaluation  

Two genotypes of C. annuum were used: ‘Yolo Wonder’, susceptible (S) to 

P. capsici, and Criollo de Morelos 334, partially resistant (R). Two isolates different 

in their level of aggressiveness in peppers were used: the non-adapted to infect 

pepper isolate Pc273 (N),  and the adapted to infect pepper isolate Pc107 (A), 

resulting in four biological interactions: RxA, SxA, RxN and SxN. This step was 

carried out at the Génétique et Amélioration des Fruits et Légumes (GAFL) unit at 

INRAE – Avignon/FR. 

The inoculations were performed as described in Lefebvre and Palloix 

(1996), in which seven week old apexes were removed from the pepper plants 

with a razor blade before a 4-mm diameter and a mycelium was plugged, 

previously grown on a V8 media for seven days at 22°C, was put on the fresh 

section of the cut stem. A 4cm2 piece of aluminum foil was used to cover the 

mycelium for one day and ensure high humidity at the inoculation site. The 

inoculated plants were transferred to a 12/12 hour light/dark cycle growth chamber 

at 24/22°C for the assay. The disease symptoms are illustrated in Figure 1. 

 
 
 

 

Figure 1. Symptoms of disease caused by Phytophthora capsici including:  leaf 
blight and lesions (A), fruit rot (B), stem rot (C) and root rot (D). Majid et al., 2016. 
 
 
 

The experiment was performed in triplicate during the period, with each triplet 

inoculated with an independent inoculum in order to produce three true biological 
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replicates. The assessment of disease progress was made at two different times: 

24 and 72hpi (hours post inoculation). 

3.2.3.2. RNA samples and mapping of reads 

Twenty-four RNA samples were extracted from the inoculated plants for the 

four interactions (RxA, SxA, RxN and SxN), in 24 and 72hpi. Each sample 

consisted of six stem fragments collected in bulk, with each fragment having a 5 

mm long cut under the stem necrosis. The samples were ground in liquid nitrogen 

with a mortar and cold pestle. The total RNA was extracted using the QIAGEN 

RNeasy Plant Mini kit. Library preparation and Illumina sequencing were done at 

the Institute of Plant Sciences Paris-Saclay (IPS2, France). 

All stages of the experiment, from growth conditions to bioinformatic analyses, 

were managed in the CATdb database (Gagnot et al., 2008), according to 

MINSEQE's minimum information on a high-throughput sequencing experiment. 

The RNA-seq project was submitted to the international repository NCBI GEO.  

3.2.3.3. RNA-seq analysis 

In order to perform RNA-seq analyses, biological models must first be 

designed. Our analyzed data set consisted of four biological interactions (RxA, 

SxA, RxN and SxN) X 2 times (24 and 72hpi) X 3 replicates = 24 samples. Thus, 

such analysis requires factors to be analyzed two by two. Our primary data set 

was divided in half, and 12 samples were analyzed at a time. For this, three 

biological models were defined: 

- Biological Model 1 – Interaction Host x Isolate for each evaluation time 

- Log(Yijkl ) =  µ(Y) + Hi + Ij + Rk + (HI)ij  + Epsilonijkl 

- Log(Yijkl): log-number of reads for l, in host i, isolate j and replicate k 

- µ(Y): Average number of reads 

- Hi: Host i 

- Ij: Isolate j 

- Rk: Replicate k 

- (HI)ij: Pairwise interaction between host i and isolat j  

- Epsilonijkl: residual for l  

This biological model was designed in order to measure the effect of the 

host, the effect to the isolate and the effect of the interaction between host and 
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isolate on the number of reads of each gene. As we tested this model 

independently at two times after inoculation, it was necessary to divide the whole 

dataset into two different projects: project capT1, which analyzes these effects at 

Time1, at 24hpi, and project capT2, which evaluates the effects at Time 2, at 

72hpi.  

- Biological Model 2 – Interaction Host x Time for each isolate  

-  Log(Yijkl ) =  µ(Y) + Hi + Tj + Rk + (HT)ij  + Epsilonijkl 

- Log(Yijkl): log-number of reads for l, in host i, time j and replicate k 

- µ(Y): Average number of reads 

- Hi: Host i 

- Tj: Time i 

- Rk: Replicate k 

- (HT)ij: Pairwise interaction between host i and time j 

- Epsilonijkl: residual for l 

This biological model was designed in order to compare the interaction 

between host and time in each isolate, and was divided into two different projects: 

project capA, which analyzes the host-time interaction when the genotypes are 

infected for the adapted isolate A, and the project capN, which evaluates the 

interaction when the genotypes are infected for the non-adapted isolate N. 

- Biological Model 3 – Interaction Times x Isolate in each host 

-  Log(Yijkl ) =  µ(Y) + Ii + Tj + Rk + (IT)ij  + Epsilonijkl 

- Log(Yijkl): log-number of reads for l, in isolate i, time j and replicate k 

- µ(Y): Average number of reads 

- Ii: Isolate i 

- Tj: Time j 

- Rk: Replicate k 

- (IT)ij : Pairwise interaction between isolate i and time j 

- Epsilonijkl: residual for 1 

This biological model was designed in order to compare the interaction 

between times of evaluation and isolate in each host, and was divided into two 

different projects: project capR, which analyzes the isolate-time interaction in the 

resistant accession (R), and the project capS, which evaluates the interaction in 

susceptible accession (S). 
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RNA-seq analysis was performed using DiCoExpress (Lambert et al., 

2020), a tool developed for R software (R Core Team, 2019) described in Box 1. 

The ‘counts per million’ (CPM) cutoff strategy was used to remove low-expression 

genes. For the evaluated data set, the use of CPM = 1 was determined with FDR 

= 0.001 because the number of filtered genes was the most reliable after filtering 

of all biological models. A gene was declared differentially expressed when its p-

value was less than 0.05. 

 

Box 1. The DiCoExpress tool (Lambert et al., 2020) 

DiCoExpress is a tool implemented in R with a set of directories where data, 

scripts and results are organized. During the first step the quality of raw data 

before and after the normalization methods is checked, which consists of filtering 

and normalizing the raw data, removing the genes with no expression and with 

low counts. The rest of the genes are kept for posterior analyses.  

The second step is the differential analysis in which differentially expressed 

genes are obtained after the design of the contrasts, which are all estimated, and 

the likelihood ratio test (LRT) is performed for each contrast considered. The 

probabilities of significance (p-values) generated by the LRT are adjusted by the 

Benjamini-Hochberg procedure (BH). The "Alpha_DiffAnalysis" is the cutoff used 

on FDR values to decide if a gene is differentially expressed or not.  

The third step is the Venn intersection union, which compares several lists of 

DEGs and plots Venn diagram between them, according to the contrasts 

previously described. This comparison allows one to perform the fourth step, the 

co-expression analysis. Following the recommendations accompanying the 

DiCoExpress tool package, a filter function is used to remove the genes with low 

mean normalized counts. The remaining genes are analyzed and mixture models 

are estimated in a first loop to define a second one. The best model is the one 

that minimizes the Integrated Completed Likelihood (ICL).  

The last step is an Enrichment analysis, which use the hypergeometric test to 

characterize a functional genes list. This function determines the annotation 

terms underrepresented, and those overrepresented in the gene list when 

compared to a reference list. All of these steps are detailed described in Lambert 

et al. (2020). 
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Seven contrasts were designed for each of the three biological models 

(Table 1), automatically using comparisons between two factors, where the log of 

the gene expression is modelled by all the factors describing the experiment. 

3.2.3.4. Gene validation 

RNA samples were extracted from the inoculated plants for the four 

biological interactions at 24hpi. Each biological interaction was performed in 

triplicate, producing a total of 12 samples. Each sample consisted of three pooled 

stem fragments separated in three biological replicates for the genotypes, with 

each fragment 5-mm long and cut under the stem necrosis. Samples were frozen 

in liquid-nitrogen. 

To confirm changes in the expression patterns observed, primers of three 

selected genes were designed from the sequenced samples using the Primer 3 

(Untergasser et al., 2012). The genes were selected according to the expression 

pattern, comparing the genotypes and isolates as a function of time. The RNA was 

treated with DNAse and reverse transcribed to cDNA. Real time qPCR were 

performed using SYBRGreen. The steps developed to reach the objectives are 

summarized in Figure 2. 

 



 

 

5
0
 

Table 1. Contrasts designed for each biological model in an experiment for RNA-seq analysis of Capsicum - Phytophthora capsici 
interaction. 

Contrasts 

Biological model 1 

Description 

 

[R-S] Pepper DEGs¹ between the two hosts independent of the isolate 

[A_R-A_S] Pepper DEGs between the two hosts when infected by the adapted isolate 

[N_R-N_S] Pepper DEGs between the two hosts when infected by the non-adapted isolate 

[A-N] Pepper DEGs whatever the host genotype when we contrast the isolate  

[R_A-R_N] Pepper DEGs in the resistant host when we contrast the isolate  

[S_A-S_N] Pepper DEGs in the susceptible host when we contrast the isolate  

[R_A-R_N]-[S_A-S_N] Difference in the pepper DEGs between the two hosts when infected by the isolates 

Contrasts 
Description 

Biological model 2 

[T1-T2] Pepper DEGs between the two times independent of the genotype 

[R_T1-R_T2] Pepper DEGs between the two times in the resistant host 

[S_T1-S_T2] Pepper DEGs between the two times in the susceptible host 

[R-S] Pepper DEGs whatever the host genotype when we contrast the time 

[T1_R-T1_S] Pepper DEGs in 24hpi when we contrast the host genotype 

[T2_R-T2_S] Pepper DEGs in 72hpi when we contrast the host genotype 

[T1_R-T1_S]-[T2_R-T2_S] Difference in the pepper DEGs between the two hosts with both times evaluated  

¹ DEGs – Differentially Expressed Genes 
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Table 1 – Cont.  

Contrasts 
Description 

Biological model 3 

[T1-T2] Pepper DEGs between the two times independent of the isolate 

[A_T1-A_T2] Pepper DEGs between the two times in the adapted isolate 

[N_T1-N_T2] Pepper DEGs between the two times in the non-adapted isolate 

[A-N] Pepper DEGs whatever the isolate when we contrast the time 

[T1_A-T1_N] Pepper DEGs in 24hpi when we contrast the isolate 

[T2_A-T2_N] Pepper DEGs in 72hpi when we contrast the isolate 

[T1_A-T1_N]-[T2_A-T2_N]      Difference in the pepper DEGs between the two isolates with both times evaluated  

¹ DEGs – Differentially Expressed Genes 
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Figure 2. Organization chart of the methodology developed to analyze the 
transcriptomic data of Capsicum annuum inoculated with two different isolates of 
Phytophthora capsici and evaluated at two timepoints. 
 
 
 
 

3.2.4. RESULTS 
 
 
 

3.2.4.1. Quality control 

Approximatelly 50% of the expressed Capsicum annuum L. genome was 

analyzed in this work. A total of 35,884 reads was mapped to predicted genes in 

C. annuum by a library for the 24 samples from the four biological interactions. 

Genes without any or low counts were excluded during the normalization step and 

only reliable genes were kept. The Trimmed Mean of M-values (TMM) and the 
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Counts per Million (CPM) normalized values were homogeneous in each 

evaluated project. The estimate of transcriptional activity of genes under P. capsisi 

infection revealed a high proportion of associated filtered reads (Table 2). 

 
 

Table 2. Summary of reads aligned to the reference C. annuum genome for 24 
libraries in pepper genotypes inoculated with P. capsici adapted and non-adapted 
isolates at 24 and 72 hpi. 

 

Condition Nb reads Nb of genes with at least 1 read 

T1 x A x R_1 24.142.105 23.671 

T1 x A x R_2 23.264.920 23.275 

T1 x A x R_3 32.162.839 23.500 

T1 x A x S_1 24.854.479 23.047 

T1 x A x S_2 23.805.129 22.924 

T1 x A x S_3 23.560.658 22.661 

T1 x N x R_1 22.983.077 23.229 

T1 x N x R_2 27.489.884 23.311 

T1 x N x R_3 24.635.257 22.782 

T1 x N x S_1 27.301.533 22.913 

T1 x N x S_2 23.249.425 22.170 

T1 x N x S_3 25.491.542 22.365 

T2 x A x R_1 25.899.150 23.928 

T2 x A x R_2 44.647.346 23.701 

T2 x A x R_3 19.639.962 23.057 

T2 x A x S_1 27.056.684 23.080 

T2 x A x S_2 30.972.996 23.083 

T2 x A x S_3 23.786.886 22.432 

T2 x N x R_1 27.949.264 23.757 

T2 x N x R _2 25.086.660 23.518 

T2 x N x R_3 20.954.047 22.822 

T2 x N x S_1 34.839.324 23.649 

T2 x N x S _2 26.035.189 22.886 

T2 x N x S _3 24.630.715 22.881 

Min 19.639.962 22.170 

Max 44.647.346 23.928 

Mean 26.434.961 23.110 

STD 5.142.276 462 

T1 – 24hpi; T2 – 72hpi; A – Adapted isolate; N – Non-adapted isolate; R – 
Resistant genotype; S – Susceptible genotype; Min – Minimum; Max – Maximum; 
STD- Standard deviation 

 
 
Around 50% of the expressed pepper genes were analyzed in each project 

(Table 3), with 17,793 genes analyzed in project capT1, 18,346 in capT2, 18,046 
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in capA, 18,202 in capN,  14,123 in capR and 17,239 in capS. The high quality of 

the data insured consistency between the high number of reads and the following 

steps. The percentage of analyzed genes ranged from 39.35% to 51.12% among 

the six projects. The p-value (<0.05) was checked in all six projects in order to 

verify that these genes were differentially expressed. 

 
 
 

Table 3. Number of discarded and analyzed genes after the normalization method 
on the raw counts of Capsicum annuum var. annuum. 

Project 
N° of discarded 

genes 

N° of analyzed 

genes 

% of analyzed 

genes 

capT11 18,091 17,793 49.58% 

capT22 17,538 18,346 51.12% 

capA3 17,838 18,046 50.28% 

capN4 17,682 18,202 50.72% 

capR5 21,761 14,123 39.35% 

capS6 18,645 17,239 48.04% 

1 Comparing the interaction between host and isolate at 24hpi; 2 Comparing the 
interaction between host and isolate at 72hpi;  3 Comparing the interaction 
between host and time in adapted isolate; 4 Comparing the interaction 
between host and time in non-adapted isolate; 5 Comparing the interaction 
between time and isolate in resistante host; 6 Comparing the interaction between 
time and isolate in susceptible host. 
 
 
 

3.2.4.2. Biological Model 1 – Interaction Host x Isolate for each evaluated 

time 

3.2.4.2.1. Differential Analysis 

To identify DEGs, paired comparisons were made independently between 

host and isolate. In Model 1, evaluating this interaction at 24hpi and 72hpi, 4,740 

and 7,094 DEGs were obtained, respectively. The DEGs were separated into up- 

and downregulated groups for each contrast (Figure 3). In capT1, this number 

ranged from 8,003 up to 5,291 downregulated genes. In capT2, there were 11,066 

upregulated genes and 9,500 downregulated genes.  

With respect to the capT1 project (Figure 4a), the larger number of DEGs 

was identified when we contrasted the host genotypes whatever the isolate 
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(Contrast A) with 1,351 DEGs. When we compare the two hosts inoculated with 

each isolate individually, it’s possible to observe that the amount of DEGs is 

almost four times greater for interaction with the adapted isolate (Contrast B) when 

compared with the interaction with non-adapted isolate (Contrast C). Contrasting 

the hosts and the isolates together (Contrast D), only one gene was diferrentially 

expressed. 

 Analyzing this interaction at 72hpi (Figure 4b), contrasting the hosts 

whatever the isolate (contrast A), 947 genes were diferrentially expressed. The 

number of DEGs between the two hosts infected by the adapted isolate was 

almost 3 times greater than at 24hpi, with 678 DEGs (B), while the number of 

genes when the hosts were infected by the non-adapted isolate decreased by half 

(n=33 DEGs) (C). Contrasting the hosts and the isolates together (Contrast D), 

eight genes were differentially expressed. 

Checking the list of DEGs obtained for each project, genes with important 

functions against disease were expressed at 24hpi and 72hpi in the peppers. One 

gene similar to RPP13 disease resistance protein was highlighted (Figures 5a), 

presenting a higher average expression in the resistant genotype infected by the 

adapted isolate when compared with that infected by the non-adapted isolate, 

showing the same expression level pattern in the susceptible genotype with a 

higher mean than genotypes infected by the adapted isolate.  

Two genes similar to XA21 Receptor kinase-like protein were differentially 

expressed 24hpi in the peppers (Figures 5b and 5c), the 

“CA.PGAv.1.6.scaffold787.6” gene was overrepresented on the resistant 

genotypes, while the “CA.PGAv.1.6.scaffold149.47” showed the opposite, being 

more expressed at 24hpi on the susceptible genotypes. Genes similar to TLP 

Thaumatin-like protein (Figure 5d) and RLK1 G-type lectin S-receptor-like 

serine/threonine-protein kinase (Figure 5e) were also expressed. 
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Figure 3. Up- and downregulated genes expressed between the seven contrasts in the projects capT1 (Interaction between Host and 
Isolate at 24hpi) and capT2 (Interaction between Host and Isolate at 72hpi) for the Capsicum annuum genotypes infected by 
Phytophthora capsici isolates. The Y-axis shows the number of up- and downregulated DEGs. On the X-axis, the seven contrasts 
analyzed in both projects are described. 
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Figure 4. Venn diagram illustrating the number of DEGs in Capsicum annuum infected by Phytophthora capsici isolates at 24hpi 
(Figure 4a) and 72hpi (Figure 4b) in four different contrasts between host and isolate. A: Pepper DEGs between the two hosts 
independent of the isolate; B: Pepper DEGs between the two hosts when infected by the adapted isolate; C: Pepper DEGs between 
the two hosts when infected by the non-adapted isolate; D: Difference in the pepper DEGs between the two hosts when infected by 
the isolates. 

  

4a 4b 
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Relevant genes were also expressed at 72hpi. The gene 

CA.PGAv.1.6.scaffold115528 had a similar pattern in its expression level for the 

susceptible genotypes, with a higher average when compared with Time 1 (Figure 

6a). For the resistant genotypes, the expression level decreased in Time 2 no 

matter which isolate was used. The standard deviation remained low in both 

analyses, which indicates data uniformity. 

The gene CA.PGAv.1.6.scaffold149.47 was also expressed in Time 2, 

showing a different expression level when compared with Time 1 (Figure 6b). In 

this case, it’s possible to see an increase in the expression level at 72hpi when we 

have the resistant genotype infected by both isolates and a decrease when the 

susceptible hosts were inoculated with the adapted and non-adapted isolate. 

At Time 2 genes similar to RPP13 disease resistance protein RPP13, XA21 

receptor kinase-like protein and At4g27190 disease resistance protein were also 

expressed. They presented an important expression level between the 4 biological 

conditions, varying according to the host x isolate interaction (Figures 6c, 6d and 

6e). 
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Figure 5.  Levels of gene expression in Capsicum annuum when infected by adapted and non-adapted isolates of Phytophthora 
capsici at 24hpi with the four biological conditions: R_A: resistant host with adapted isolate; S_A: susceptible host with adapted 
isolate; R_N: resistant host with non-adapted isolate; S_N: susceptible host with non-adapted isolate. 
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Figure 6.  Levels of gene expression in Capsicum annuum when infected by adapted and non-adapted isolates of Phytophthora 
capsici at 72hpi with the four biological conditions: R_A: resistant host with adapted isolate; S_A: susceptible host with adapted 
isolate; R_N: resistant host with non-adapted isolate; S_N: susceptible host with non-adapted isolate. 
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3.2.4.2.2. Co-expression 

The performance of a co-expression analysis makes it possible to cluster 

genes according to their average expression profiles over all samples based on a 

Venn diagram. 

The ICL curve has a clear minimum which is a marker of a good quality 

clustering analysis. While for capT1 ten clusters of co-expressed genes were 

found (Figure 7a), for capT2 16 groups were found (Figure 7b). 

For capT1, groups 1, 5, 8 and 10 (663, 257, 617 and 168 genes, 

respectively) contain genes with low expression in resistant and susceptible 

genotypes inoculated with adapted isolate and with higher expression levels in 

resistant genotypes infected by the non-adapted isolate. 

The groups 3, 4, 7 and 9 (643, 112, 613 and 270, respectively) clustered 

genes with the opposite behavior of the previously mentioned groups. They 

contain genes with higher expression in resistant and susceptible genotypes 

infected by adapted isolates and low-expression genes in the other two biological 

interactions, most notably in group 4, which contains genes with lowest expression 

in resistant and susceptible genotypes inoculated by the non-adapted isolate. 

Group 2 (238 genes) had a greater difference in terms of interaction 

between resistant genotypes with the adapted and non-adapted isolate, while the 

susceptible genotypes presented a small difference in expression between the 

isolate’s infection. Group 6 (239 genes) showed a very similar expression between 

the interactions RxA, RxN and SxA, and the lowest expression in SxN. 

For capT2, groups 1, 2, 5, 6, 11 and 12 (227, 390, 667, 123, 527 and 455 

genes, respectively) contain more highly expressed genes in both genotypes 

contaminated by the adapted isolate than when contaminated by the non-adapted. 

Groups 4, 7, 8, 10, 13, 14 and 16 (532, 114, 322, 379, 349, 384 and 833 genes, 

respectively) summarized the genes overexpressed in resistant genotypes 

inoculated by the non-adapted isolate.  

On the other hand, groups 9 and 15 (582 and 281 genes) contain those 

genes with the opposite expression level to the interaction RxN. Group 3 (143 

genes) contains genes expressed homogeneously in the 4 biological interactions.  
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Figure 7. Co-expression of the differentially expressed genes in Capsicum annuum infected by two different isolates of Phytophthora 
capsici at two timepoints: 24hpi (Figure 7a) and 72hpi (Figure 7b). R_A: resistant host with adapted isolate; R_N: resistant host with 
non-adapted isolate; S_A: susceptible host with adapted isolate; S_N: susceptible host with non-adapted isolate.

7b 7a 
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3.2.4.3. Biological model 2 - Interaction Host x Time for each isolate  

3.2.4.3.1. Differential Analysis 

In this model, evaluating the interaction between plant and post-inoculation 

times when using adapted and non-adapted isolates, 7,407 and 5,631 DEGs were 

obtained, respectively. The up- and downregulated values were estimated for each 

contrast (Figure 8). The number of these genes varied according to the contrast 

and the isolate used. With isolate A, the number ranged from 926 to 7,547 genes 

among the seven contrasts. With isolate N, this variation was between 296 and 

6,494 differentially expressed genes. 

The number of upregulated genes using isolate A was greater than the 

number of downregulated genes, corresponding to 12,947 and 11,096, 

respectively. On the other hand, the number of downregulated genes was greater 

than the number of upregulated genes in four contrasts when we used isolate N, 

with 10,889 down- and 9,860 upregulated genes. 

For the capA project (Figure 9a), when we contrast the two host genotypes 

whatever the time post inoculation, we see a greater number of genes (n=1,099) 

(Contrast A). Analysing Contrasts B and C, with comparisons between the hosts in 

Time 1 and Time 2 (24 and 72hpi, respectively), it is possible to see the higher 

number of genes at 72hpi (Contrast C). No genes correlated between both periods 

in this case. Contrasting the hosts and evaluation times together (Contrast D), 34 

genes was differentially expressed. 

The number of genes between the two hosts, whatever the time post 

inoculation, in project capN (Figure 9b), is lower than the previous project, with a 

total of 850 DEGs (Contrast A). The difference in genes expressed in Times 1 and 

2 (Contrasts B and C) is small, but follows the standard of project capA, with fewer 

genes expressed at 24hpi than 72hpi. Contrasting both the hosts and the two 

evaluation times together (Contrast D), 32 genes were differentially expressed. 

 The difference between the amounts of expressed genes under the 

infection conditions could be due to the pathogen’s attack mechanism and the 

plant’s recognition of it. The adapted isolate is more successful during the infection 

process, while the plant has a defense machinery that tries to stop it as soon as its 

can, causing the higher number of genes expressed in this situation. 
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Figure 8. Up- and downregulated genes expressed between the seven contrasts in the projects capA (Interaction between host and 
time of evaluation infected by the adapted isolate) and capN (Interaction between host and time of evaluation infected by the non-
adapted isolate) for the Capsicum annuum genotypes. The Y-axis shows the number of up- and downregulated DEGs. On the X-axis, 
the seven contrasts analyzed in both projects are described. 

capA capN 
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Figure 9. Venn diagram illustrating the number of DEGs in Capsicum annuum in the interaction with time of evaluation infected by the 
adapted (Figure 9a) and the non-adapted isolates of Phytophthora capsici (Figure 9b) in four different contrasts between host and time 
of evaluation. A: Pepper DEGs between the two hosts independently of the evaluaion time; B: Pepper DEGs between the two hosts 
evaluated at 24hpi; C: Pepper DEGs between the two hosts evaluated at 72hpi; D: Difference in the pepper DEGs between the two 
hosts evaluated at 24 and 72hpi. 
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With respect to project capA, five genes were highlighted (Figure 10). In the 

gene “CA.PGAv.1.6.scaffold411.21” (Figure 10a), the difference in the expression 

between the contrasts is visible, with more expression in this gene at Time 1 (24hpi) 

in both genotypes than in Time 2 (72hpi). 

 Figure 10b shows the expression of the gene similar to RPP13L3 Putative 

disease resistance; it is more highly expressed in susceptible genotypes than in 

resistant ones, whatever the time post inoculation. The opposite is true for the gene 

shown in Figure 10d, a gene similar to GH3.5 Jasmonic acid-amido synthetase JAR1, 

which is more highly expressed in resistant genotypes than in susceptible ones, at 

both evaluation times. 

 The gene similar to RLK7 Receptor-like protein kinase (Figure 10c) has an 

interesting pattern of expression between genes, being over expressed in resistant 

genotypes, at both times, and more expressed at Time 1 than at Time 2. The gene 

“CA.PGAv.1.6.scaffold1524.13” (Figure 10e) had a high expression in the resistant 

genotype at both evaluation times and nearly nonexistent expression in the 

susceptible hosts. It could be a relevant gene for resistance against oomycete 

infection, especially because it is a gene from the RPP13 family, a gene known for 

resistance against pathogens in peppers. 

A few genes expressed during the infection caused by the non-adapted isolate 

are exemplified in Figure 9. The gene “CA.PGAv.1.6.scaffold1155.28” (Figure 11d), 

similar to RPP13 protein, was expressed in the four contrasts, with higher expression 

in susceptible genotypes at both times of evaluation, as expressed in project capA. 

Gene “CA.PGAv.1.6.scaffold322.58” (Figure 11a) followed the same pattern and was 

more highly expressed in susceptible hosts than in the resistant ones. 

The gene “CA.PGAv.1.6.scaffold818.8” (Figure 11b), as in the previous 

project, showed higher expression in the resistant genotypes at both evaluation times 

compared to the susceptible genotypes. This is another example of a relevant gene 

for resistance to oomycetes that was expressed in both evaluated projects.  

The resistant and susceptile genotypes showed higher expression of the gene 

“CA.PGAv.1.6.scaffold1631.6” (Figure 11c) at 24hpi than at 72hpi. The opposite, 

however, happened for the gene “CA.PGAv.1.6.scaffold608.26” (Figure 11e), where 

at 24hpi there was less expression for the gene than at 72hpi, and the gene showed  

low expression at Time 1 for susceptible genotypes when compared with the other 

three contrasts. 
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Figure 10. Levels of gene expression in Capsicum annuum in the interaction with evaluation the time of when infected by the adapted 
isolate of Phytophthora capsici with the 4 biological conditions: T1_R: 24hpi in resistant host; T1_S: 24hpi in susceptible host; T2_R: 
72hpi with resistant host; T2_S: 72hpi in susceptible host. 
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Figure 11. Levels of gene expression in Capsicum annuum in the interaction with the time of evaluation when infected by the non-
adapted isolate of Phytophthora capsici with the 4 biological conditions: T1_R: 24hpi in resistant host; T1_S: 24hpi in susceptible host; 
T2_R: 72hpi with resistant host; T2_S: 72hpi in susceptible host. 

11a 11b 11c 

11d 11e 
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3.2.4.3.2. Co-expression 

 According to the ICL curve, 17 clusters of co-expressed genes were found 

for capA (Figure 12a). Groups 1, 7 and 9 consist of the genes with high levels of 

expression for the susceptible genotypes evaluated at 24 and 72hpi. Each group 

contained 196, 527 and 232 genes, respectively. 

Clusters of genes with high expression averages for the resistant genotypes 

assessed at 24 and 7hpi were observed in groups 3, 4, 10 and 12. The number of 

genes in each group was 180, 113, 242 and 554, respectively. This behavior was 

the opposite of that observed for the previously mentioned gene clusters 

characterized by genes expressed on the susceptible genotypes. 

Group 2 only had clusters of high expression genes for the susceptible 

genotype evaluated at 72hpi, while the other three treatmens presented genes of 

low average expression, compared with the treatment T2_S. That group contained 

166 genes. In contrast, group 16 (230 genes) was composed of genes with the 

exact opposite pattern, where the genes of high expression were visible on the 

resistant genotype evaluated at 24hpi. 

Groups 5 and 13 presented a similar pattern for the average expression of 

the genes for each contrast, clustering 600 and 554 genes, respectively. The 

same happened in groups 6 and 17 (424 and 576 genes, respectively), but with 

the opposite standard for the two previously mentioned groups.  

Groups 11 and 15 contained 266 and 253 genes, respectively, with the 

higher expression genes clustering in the contrasts with the both host genotypes 

evaluated at 72hpi. The opposite took place, however, in group 8, with the most 

highly expressed genes (n=266) in both host genotypes evaluated at Time 1, and 

in group 14, which had a high number of genes expressed in the contrasts T1xR, 

T1xS and T2xR and a low number of genes in the last contrast. This group had 

252 genes. 

For the capN project genes, the best number of clusters according to the 

ICL curve was 16 (Figure 12b). Groups 1, 2 and 13 had clusters of over expressed 

genes for both times in resistant host genotypes, with 454, 116 and 371 genes, 

respectively. 

Groups 3 and 5 (229 and 334 genes, respectively) had the genes with 

highest average expression in susceptible genotypes evaluated at both times, with 

genes more heterogeneously expressed in group 3. The groups 4, 8, 9 and 15 
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(669, 165, 222 and 452 genes, respectively) contained the over expressed genes 

in the contrast T1xS, but with a small diference for the treatment T1xR and a 

bigger difference in the average for the contrast T2xR. 

The genes in groups 10 and 11 showed a small difference in average 

expression between the four contrasts, with 454 and 512 genes, respectively, in 

the two groups. Clusters 6, 7 and 16 have more highly expressed genes in 

resistant genotypes evaluated at 72hpi, with group 16 being the one with the 

biggest difference in the level of expression in this contrast compared with the 

other 3 contrasts. The groups had 461, 448 and 225 genes, respectively. 

Groups 12 and 14 showed the opposite trend for the gene level expression 

in each contrast. Cluster 12 (244 genes) had low expression genes at Time 1 for 

both hosts when compared with Time 2; in contrast, cluster 14 (278 genes) had 

low expression genes at Time 2 for both hosts when compared with Time 1. 
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Figure 12. Co-expression of the differentially expressed genes in Capsicum annuum at two timepoints, according to the isolate of 
Phytophthora capsici used: adapted (Figure 12a) and non-adapted (Figure 12b). T1_R: 24hpi in resistant host; T1_S: 24hpi in 
susceptible host; T2_R: 72hpi with resistant host; T2_S: 72hpi in susceptible host. 

12a 12b 
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3.2.4.4. Biological model 3 – Interaction Times x Isolate in each host 

3.2.4.4.1. Differential Analysis 

Evaluating the interaction between isolate and time in each genotype used, 

resistant and susceptible, 2,104 and 6,912 DEGs were obtained, respectively. The 

DEGs were separated into up- and downregulated groups for each contrast 

(Figure 13). The number of these genes varied according to the contrast and 

genotype used. For the resistant ones, a total of 3,420 up- and 3,559 

downregulated genes were expressed. With the susceptible genotype, there were 

9,985 upregulated and 11,287 downregulated genes. 

The project capR presented four contrasts with a higher number of 

upregulated genes and three contrasts with more downregulated genes, while the 

capS showed five contrasts with a higher number of downregulated genes and two 

with more upregulated genes. There were more non-identified genes in capR than 

in the other projects analyzed for the 3 biological models. 

In capR (Figure 14a), it is possible to observe that 1,121 genes were 

expressed when we contrast both times no matter the isolate (contrast A), and 

when we consider just the isolate non-adapted in both times (contrast C), there are 

more expressed genes than when using the adapted isolate (contrast B). No gene 

was expressed in both situations (contrast B and C). Contrasting both isolates and 

the two times of evaluation together (contrast D), no gene was differentially 

expressed. 

For capS (Figure 14b), there were also more expressed genes in the 

contrast between the times with the non-adapted isolate (C) when compared with 

the adapted isolate at both times (B), and again no gene was expressed in these 

two contrasts at the same moment. Contrasting both isolates and the two times of 

evaluation together (contrast D), 263 genes were differentially expressed. 

.
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Figure 13. Up- and downregulated genes expressed in Capsicum annuum between the seven contrasts in the projects capR 
(Interaction between time of evaluation and isolate type in resistant host) and capS (Interaction between time of evaluation and isolate 
type in susceptible host). The Y-axis shows the number of up- and downregulated DEGs. On the X-axis, the seven contrasts analyzed 
in both projects are described. 

capR capS 
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Figure 14. Venn diagram illustrating the number of Capsicum annuum differentially expressed genes in the interaction between host 
and type of Phytophthora capsici isolate in resistant (14a) and susceptible genotypes (14b) in four different contrasts. A: Pepper DEGs 
between the two times of evaluation independently of the isolate; B: Pepper DEGs between the two times of evaluation with the 
adapted isolate; C: Pepper DEGs between the two times of evaluation with the non-adapted isolate; D: Difference in the pepper DEGs 
between the two times of evaluation with the two isolates of P. capsici. 

14a 14b 
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 More than 14,000 genes were analyzed in the project capR and different 

relevant genes were highlighted (Figure 15). The gene 

“CA.PGAv.1.6.scaffold124.1” (Figure 15a), similar to At5g63930 probable leucine-

rich repeat receptor-like protein kinase, was expressed with an average that was 

quite similar to the four analyzed contrasts, showing lower expression and a higher 

standard deviation for the contrasts at Time 2. 

 The gene “CA.PGAv.1.6.scaffold941.21” (Figure 15b), similar to R1A-10 

Putative late blight resistance protein homolog R1A-10, presented higher 

expression levels in the contrasts at Time 1, while the gene 

“CA.PGAv.1.6.scaffold818.8” (Figure 15c), similar to GH3.5 Jasmonic acid-amido 

synthetase JAR1, had a homogenous expression level in the four contrasts. 

 In Figure 15d we have the gene “CA.PGAv.1.6.scaffold1155.28”, with a 

clearly higher level of expression at Time 1 contrasted with the adapted isolate, 

while the gene “CA.PGAv.1.6.scaffold160.43” was more highly expressed at Time 

2 contrasted with the same isolate. These genes are similar to RPP13L3 putative 

disease resistance and R1B-16 putative late blight resistance protein.  

In capS many important genes were expressed, including 

“CA.PGAv.1.6.scaffold533.13” (Figure 16a), which similar to SABP2 Salicylic acid-

binding protein 2 was more highly expressed at Time 2 with the non-adapted 

infection than in the other contrasts, with a lower standard deviation for the 4 

conditions. 

The gene “CA.PGAv.1.6.scaffold65.72” (Figure 16b) was more highly 

expressed at Time 2 with both isolates than at Time 1, having the highest 

expression at 72hpi infected by the non-adapted isolate. The gene 

“CA.PGAv.1.6.scaffold1155.28” (Figure 16c) also had higher expression at Time 2, 

but had a higer level during the infection with the non-adapted isolate. 

 The genes “CA.PGAv.1.6.scaffold58.22” and “CA.PGAv.1.6.scaffold388.70” 

(Figures 16d and 16e), similar to RDR1 RNA-dependent RNA polymerase 1 and to 

RLK1 G-type lectin S-receptor-like serine, respectively, also showed more 

pronounced expression at Time 2at Time 1.  
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Figure 15. Levels of gene expression in Capsicum annuum according to the interaction between time of evaluation and type of isolate 
in resistant genotype under 4 biological conditions: T1_A: 24hpi with adapted isolate; T1_N: 24hpi with non-adapted isolate; T2_A: 
72hpi with adapted isolate; T2_N: 72hpi with non-adapted isolate. 

15a 15b 15c 

15d 15e 
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Figure 16. Levels of gene expression in Capsicum annuum according to the interaction between time of evaluation and type of isolate 
in susceptible genotype under 4 biological conditions: T1_A: 24hpi with adapted isolate; T1_N: 24hpi with non-adapted isolate; T2_A: 
72hpi with adapted isolate; T2_N: 72hpi with non-adapted isolate. 

16a 16b 16c 

16d 16e 
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3.2.4.4.2. Co-expression 

Analysing the co-expression between the differentially expressed genes as 

a function of the host genotype (Figure 17), 12 clusters were established for the 

project capR (Figure 17a) and 14 groups for were established for the project capS 

(Figure 17b). These genes presented differences in the expression standard 

related to the groups. 

 For capR, groups 1, 5, 8, 10 and 11 (316, 660, 474, 766 and 576 genes, 

respectively) had clusters of high expression genes in the contrasts at Time 2 

(72hpi) infected by each isolate, with a large difference in the expression average 

from the genes expressed at Time 1 (24hpi) contrasted with both isolates. The 

contrast T2_N contained the genes with the highest expression profile compared 

with the other three contrasts in the mentioned clusters. 

 Groups 2, 3, 4, 6 and 12 have a profile in which the contrast between 24hpi 

and non-adapted isolate showed genes with a higher average expression. These 

groups contained 446, 486, 642, 346 and 402 genes, respectively. Group 7, with 

338 genes, showed a profile in which the higher expression genes are those 

expressed at T2_A and the lower expression ones are those expressed at T1_A, 

presenting a significant contrast between both times for the same isolate. 

 However, cluster 9 (288 genes) contained the most highly expressed genes 

in T1_A than in the others contrasts, especially when compared with the contrast 

T2_A, where we can see a higher difference in the average expression profile 

between them, thus presenting the complete opposite trend as that of group 7. 

In capS, groups 5, 9 and 12 (488, 605 and 274 genes, respectively) present 

the same profile of gene expression, in which the contrast T2_A had the lower 

expression average compared with the other groups. Clusters 7, 8 and 11 had 

643, 731 and 329 genes, respectively, coexpressing in the same standard, with 

the genes expressed in T2_A presenting a higher average in comparison with the 

other contrasts. 

The genes in the contrast between Time 1 and non-adapted isolate in 

groups 2, 10 and 12 (489, 468 and 274 genes, respectively) had the highest level 

profile expression compared with the other three contrasts for those groups, 

different from groups 4 and 13, in which genes of lower expression clustered in the 

same contrast, containing 244 and 435 genes, respectively. 
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Clusters 1, 3, and 14 had the genes with a higher average expression 

profile at Time 2 with non-adapted isolates compared with the other three 

contrasts in the same group. Those groups had 678, 399 and 750 genes, 

respectively. Group 6 had the pattern of genes expressed in T2_A with a higher 

average, clustering 379 genes around the four contrasts. 

3.2.4.5. General view 

Among the three biological models studied in this research more than 14 

thousand genes of C. annuum were evaluated, or more than 40% of the 

expressed genome of the species. A total of 35,884 raw counts were analyzed 

using the RNA-seq approach. However, not all of these reads presented enough 

counts to be analyzed, and because of this the quality control was performed in 

the dataset, resulting in half of those reads being used for the further analysis. 

Regading biological model 1, more genes were expressed at 72hpi than at 

24hpi for the resistant and susceptible genotypes infected by the adapted isolate, 

while more genes were expressed at Time 1 than at Time 2 for the host genotypes 

contaminated by the non-adapted isolate. 

In biological model 2, a higher level of expressed genes was obtained in 

projects capA and capN in both genotypes at 72hpi in comparison with 24hpi. In 

total, more genes were obtained for these contrasts considering the infection by 

the adapted isolate than in the non-adapted isolate. 

With respect to biological model 3, with the projects in which we evaluated 

the interaction between time and isolate in the resistant and susceptible genotypes 

separated, more genes were obtained at both timepoints with the non-adapted 

isolate for both host genotypes. 

Many different genes were expressed commonly in the 6 projects, like the 

gene “CA.PGAv.1.6.scaffold1155.28”, similar to RPP13 protein, a known related 

gene involved in the defense against Phytophthora. This gene expression level 

varied according to the analyzed project, but was present in all the designed 

contrasts.  

The highlighted genes identified in the six projects are listed in Table 4. 
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Table 4. List of the selected differentially expressed Capsicum annuum genes for each evaluated project.  

Gene ID Annotation Project 

CA.PGAv.1.6.scaffold1155.28 Similar to RPP13L3 Putative disease resistance RPP13-like protein 3 capT11 

CA.PGAv.1.6.scaffold981.4 Similar to tlp Thaumatin-like protein capT1 

CA.PGAv.1.6.scaffold149.47 Similar to XA21 Receptor kinase-like protein Xa21 capT1 

CA.PGAv.1.6.scaffold388.70 Similar to RLK1 G-type lectin S-receptor-like serine/threonine-protein kinase RLK1 capT1 

CA.PGAv.1.6.scaffold787.6 Similar to XA21 Receptor kinase-like protein Xa21 capT1 

CA.PGAv.1.6.scaffold1155.28 Similar to RPP13L3 Putative disease resistance RPP13-like protein 3 capT22 

CA.PGAv.1.6.scaffold1155.29 Similar to RPP13 Disease resistance protein RPP13 (Arabidopsis thaliana capT2 

CA.PGAv.1.6.scaffold149.47 Similar to XA21 Receptor kinase-like protein Xa21 capT2 

CA.PGAv.1.6.scaffold1505.2 Similar to XA21 Receptor kinase-like protein Xa21 capT2 

CA.PGAv.1.6.scaffold673.10 Similar to At4g27190 Disease resistance protein At4g27190 capT2 

CA.PGAv.1.6.scaffold411.21 Similar to At1g07650 Probable LRR receptor-like serine/threonine-protein kinase At1g07650 (Arabidopsis thaliana OX=3702) capA3 

CA.PGAv.1.6.scaffold1155.28 Similar to RPP13L3 Putative disease resistance RPP13-like protein 3 (Arabidopsis thaliana OX=3702) ;; capA 

CA.PGAv.1.6.scaffold1524.13 Similar to RPPL1 Putative disease resistance RPP13-like protein 1 (Arabidopsis thaliana OX=3702) capA 

CA.PGAv.1.6.scaffold1980.2 Similar to RLK7 Receptor-like protein kinase 7 (Arabidopsis thaliana OX=3702) ;; capA 

CA.PGAv.1.6.scaffold818.8 Similar to GH3.5 Jasmonic acid-amido synthetase JAR1 (Oryza sativa subsp. japonica OX=39947) capA 

CA.PGAv.1.6.scaffold608.26 Similar to PR1B1 Pathogenesis-related leaf protein 6 (Solanum lycopersicum OX=4081) capN4 

CA.PGAv.1.6.scaffold1155.28 Similar to RPP13L3 Putative disease resistance RPP13-like protein 3 (Arabidopsis thaliana OX=3702) capN 

CA.PGAv.1.6.scaffold1631.6 Similar to KTI2 Kunitz trypsin inhibitor 2 (Arabidopsis thaliana OX=3702) capN 

CA.PGAv.1.6.scaffold818.8 Similar to GH3.5 Jasmonic acid-amido synthetase JAR1 (Oryza sativa subsp. japonica OX=39947) capN 

CA.PGAv.1.6.scaffold322.58 Similar to SABP2 Salicylic acid-binding protein 2 (Nicotiana tabacum OX=4097) capN 

CA.PGAv.1.6.scaffold160.43 Similar to R1B-16 Putative late blight resistance protein homolog R1B-16 (Solanum demissum OX=50514) capR5 

CA.PGAv.1.6.scaffold1155.28 Similar to RPP13L3 Putative disease resistance RPP13-like protein 3 (Arabidopsis thaliana OX=3702) capR 

CA.PGAv.1.6.scaffold818.8 Similar to GH3.5 Jasmonic acid-amido synthetase JAR1 (Oryza sativa subsp. japonica OX=39947) capR 

CA.PGAv.1.6.scaffold941.21 Similar to R1A-10 Putative late blight resistance protein homolog R1A-10 (Solanum demissum OX=50514) capR 

CA.PGAv.1.6.scaffold124.1 Similar to At5g63930 Probable leucine-rich repeat receptor-like protein kinase At5g63930 capR 

CA.PGAv.1.6.scaffold58.22 Similar to RDR1 RNA-dependent RNA polymerase 1 (Arabidopsis thaliana OX=3702) capS6 
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Table 4 – Cont. 

Gene ID Annotation Project 

CA.PGAv.1.6.scaffold388.70 Similar to RLK1 G-type lectin S-receptor-like serine/threonine-protein kinase RLK1 (Arabidopsis thaliana OX=3702) capS 

CA.PGAv.1.6.scaffold1155.28 Similar to RPP13L3 Putative disease resistance RPP13-like protein 3 (Arabidopsis thaliana OX=3702) capS 

CA.PGAv.1.6.scaffold65.72 Similar to KTI2 Kunitz trypsin inhibitor 2 (Arabidopsis thaliana OX=3702) capS 

CA.PGAv.1.6.scaffold533.13 Similar to SABP2 Salicylic acid-binding protein 2 (Nicotiana tabacum OX=4097) capS 
1 Comparing the interaction between host and isolate at 24hpi; 2 Comparing the interaction between host and isolate at 72hpi; 3 Comparing the interaction between host and time in 
adapted isolate; 4 Comparing the interaction between host and time in non-adapted isolate; 5 Comparing the interaction between time and isolate in resistant host; 6 Comparing 
the interaction between time and isolate in susceptible host. 
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Figure 17. Co-expression of the differentially expressed genes in Capsicum annuum in the interaction between time of evaluation and 
type of isolate, according to host genotype: resistant (Figure 17a) and susceptible (Figure 17b). T1_A: 24hpi with adapted isolate; 
T1_N: 24hpi with non-adapted isolate; T2_A: 72hpi with adapted isolate; T2_N: 72hpi with non-adapted isolate. 

17a 17b 
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3.2.4.6. Gene validation 

The expression of four selected differentially expressed genes assigned as 

similar to R1A-10 putative late blight resistance, At4g03230 G-type lectin S-

receptor-like-serine/threonine protein, similar to HSP18.2 class I heat shock 

protein and similar to At3g47570 probable LRR receptor-like serine/threonine-

protein kinase was verified by qRT-PCR (Figure 18). It was possible to confirm 

through qRT-PCR that the 4 selected DEGs were correlated with the RNA-Seq 

results for the project capT1, used as model for the genes validation, which 

indicated the RNA-Seq data in the present study were reliable and could support 

the transcriptomic analysis presented above. 
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Figure 18. Expression levels of four differentially expressed genes of Capsicum annuum by qRT-PCR and RNA-seq analysis. 18a: 
RNA-seq results for CA.PGAv.1.6.scaffold397.13; 18b: qRT-PCR results for the gene in 18a; 18c: RNA-seq results for 
CA.PGAv.1.6.scaffold518.1; 18d: qRT-PCR results for the gene in 18c; 18e: RNA-seq results for CA.PGAv.1.6.scaffold606.35; 18f: 
qRT-PCR results for the gene in 18e; 18g: RNA-seq results for CA.PGAv.1.6.scaffold866.22; 18h: qRT-PCR results for the gene in 
18g. 

  

18a 18b 18c 18d 

18e 18f 18g 18h 
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3.2.4.7. Top 50 clustering genes 

To check for patterns between the up- and downregulated genes, a list of 

the top 50 genes was produced. Heatmaps were built based on the results 

obtained in the analysis of Biological Model 2, in which the interaction between 

genotypes and the evaluation time after inoculation were evaluated according to 

the isolate, adapted (Figure 19) and non-adapted (Figure 20). 

Three different groups were formed for the interactions using the adapted 

isolate. One group was composed of 19 genes that are upregulated in the 

resistant and susceptible genotypes at 24hpi; however, in the susceptible 

genotypes the level of expression is even lower than in the resistant geotypes, 

with the exception of the gene “CA.PGAv.1.6.scaffold694. 56”, downregulated in 

susceptible genotypes at 24hpi. These same 19 genes are all downregulated in 

those resistant to 72hpi and vary between up- and downregulated for susceptible 

genotypes at the same assessment time. 

The second group had a cluster of 16 genes that are upregulated to 

resistant and susceptible genotypes at 72hpi, with the exception of a few genes 

like “CA.PGAv.1.6.scaffold631.50”, which is downregulated to resistant genotypes 

at 72hpi and the gene “CA.PGAv.1.6.scaffold186.76”, downregulated to 

susceptible genotypes at 72hpi. This set of genes is expressed as downregulated 

for both genotypes at 24hpi. 

Fifteen genes made up the third group, being upregulated for both 

genotypes at 24hpi. They were downregulated to the resistant genotype at 72hpi. 

A few were upregulated for susceptible ones at the same time of evaluation, with a 

low expression level, and other genes presented downregulation for susceptible 

hosts at 72hpi. 

 An analysis of the interaction between genotypes and the evaluation time 

after inoculation using the non-adapted isolates (Figure 20) allows one to observe 

three groups and one gene contrasting completely in expression level compared 

with its group. 

 The first group was composed of 23 genes that presented upregulation for 

resistant and susceptible genotypes at 24hpi and downregulation for the resistant 

genotypes at 72hpi. For susceptible genotypes at 72 hpi, different levels of 

expression were identified, ranging between up- and downregulated responses 

with low expression levels. The gene “CA.PGAv.1.6.scaffold349.10” presented the 
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opposite standard, being upregulated at 72hpi and downregulated at 24hpi for 

both hosts. 

 Group 2 had a cluster of 20 genes expressed with the same pattern as the 

previous group, i.e. upregulation at 24hpi and downregulation at 72hpi for both 

hosts. Seven genes comprised the third group, presenting downregulation for both 

hosts at 24hpi and upregulation at 72hpi for the resistant and susceptible 

genotypes. 

 
 

 

Figure 19. Heatmap analysis of the 50 most variable genes in resistant and 
susceptile hosts of Capsicum annuum at 24 and 72hpi, inoculated with adapted 
isolate of Phytophthora capsici. The lines described the genes and the columns 
are the conditions: T1_R: Resistant genotypes at 24hpi; T1_S: Susceptible 
genotypes at 24hpi; T2_R: Resistant genptypes at 72hpi; T2_S: Susceptible 
genotypes at 72hpi. Red color indicates upregulated genes and blue colors 
indicate downregulated genes.   
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Figure 20. Heatmap analysis of the 50 most variable genes in resistant and 
susceptile hosts of Capsicum annuum at 24 and 72hpi, inoculated with non-
adapted isolate of Phytophthora capsici. The lines described the genes and the 
columns are the conditions: T1_R: Resistant genotypes at 24hpi; T1_S: 
Susceptible genotypes at 24hpi; T2_R: Resistant genptypes at 72hpi; T2_S: 
Susceptible genotypes at 72hpi. Red color indicates upregulated genes and blue 
colors indicate downregulated genes.  
 
 
 
 

3.2.5. DISCUSSION 
 
 
 
The RNA-seq technique provides an exceptional volume of transcriptomic 

information (Wang et al., 2010). According to Tandonnet and Torres (2017), RNA-
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Seq is a powerful strategy for accurately determining gene expression and 

detecting DEGs at a low cost. However, like all sequencing technologies, it is 

prone to certain biases, errors and artifacts, necessitating robust and 

comprehensive quality control. Without an efficient quality control it isn’t possible 

to be certain that these unobserved errors, biases or artifacts do not violate the 

assumptions of analysis (Hartley and Mulikin, 2015). 

Between ~14 to ~18 thousand of genes were evaluated around the six 

projects (capT1, capT2, capA, capN, capR and capS). When analyzing the 

expression of key genes involved in the biosynthetic pathway of capsaicin in 

peppers, Zhang et al. (2016) found a total of 28,434 expressed genes. For their 

part, when Kang et al. (2020) were evaluating the profiling of abiotic responses to 

heat, cold, salt and osmotic stress of Capsicum annuum L., they found between 

70.14% and 90.38% of the mapped preprocessed reads. Finally, in an 

investigation into the control of pungency in C. annuum, Han et al. (2019) found 

between 56 to 60% of the reads aligned with the genome model. 

Considering the three biological models in a general way, more upregulated 

genes were found between the analyzed contrasts.  When they were evaluating 

genes involved in phenylpropanoid metabolism in response to Phytophthora 

capsici in Piper nigrum, Hao et al. (2016) found similarity in the patterns of 

upregulated and downregulated DEGs. Ali et al. (2018) found more upregulated 

genes than downregulated ones while studying the Chitin-Binding Proteins in 

pepper.  

The number of DEGs was different in each evaluated project, with a 

mimimum of 2,104 DEGs in the project capR and a maximum of 7,407 in the 

project capA. Park et al. (2019), identifying candidate genes for capsaicinoid 

biosynthesis in the pericarp of Capsicum chinense, found 4,513, 6,360, and 2,632 

DEGs in different pepper accessions. 

Different from the number obtained in this work, Wang et al. (2016), , found 

1,220 differentially expressed genes using RNA-seq while studying the expression 

of candidate genes associated with P. capsici in pepper, with many of these DEGs 

involved in defense responses., Li et al. (2020) found a total of 810 and 1,110 

DEGs in CM334 at 12 and 36 hpi, respectively, while evaluating the dynamic 

transcriptome of C. annuum roots infected by P. capsici, and identified a total of 
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291 and 2,465 DGEs in the susceptible NMCA10399 at these two timepoints, 

respectively. 

DEGs were identified in all three of the analyzed biological models, 

indicating the activation of defense responses to P. capsici after infection in all the 

designed contrasts. Similar results were found by Li et al. (2020), who identified 

DEGs in the two evaluated timepoints in susceptible and resistant genotypes. 

Bagheri et al. (2020) related expression in resistant and susceptible genotypes, 

with major expression levels for resistant ones, after an investigation of the 

expression of genes involved in pepper defenses against P. capsici. 

Due to the complex inheritance of P. capsici in CM334, breeding for this 

resistance is quite challenging. Resistance incorporated into commercial pepper 

lines can be readily overcome by highly virulent P. capsici isolates. The 

identification of genes involved in the interaction between host and isolate is very 

important for the understanding of this complex interaction and for pepper 

breeding (Lamour and Hausbeck, 2000; Liu et al., 2014; Wang et al., 2016; 

Siddique et al., 2019). 

Plants are able to recognize pathogen effectors due to plant-pathogen 

interaction over the course of the years. Many different genes/alleles of resistance 

are involved in this process. That recognition activates effector-triggered immunity 

(ETI), followed by a defense response often leading to cell death or a 

hypersensitive response (HR) (Sekhwal et al., 2015; Zaidi et al., 2018). 

According to Kourelis and van der Hoorn (2018), resistance (R) genes in 

plants play a key role in their remarkable immune responses. These genes are 

usually dominant and provide full or partial resistance to one or more pathogens. 

Many R genes confer recognition of pathogen-derived effectors and initiate 

effector-triggered immunity (ETI), which often involves hypersensitive response 

(HR). However, few mechanisms equipped with R genes involve perceptions 

related to receptor-like proteins/kinases (RLPs/RLKs), Nod-like receptors (NLRs) 

and Executor genes.  

In this work, many different genes involved in the RLK mechanisms were 

found in the different biological models evaluated, such as the genes 

“CA.PGAv.1.6.scaffold1980.2”,“CA.PGAv.1.6.scaffold388.70”,“CA.PGAv.1.6.scaffo

ld411.21” and “CA.PGAv.1.6.scaffold124.1”. Yi et al. (2010) concluded that 

CaRLK1, an RLK type gene, functions as a negative regulator of plant cell death 
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via accumulation of superoxide anions in C. annuum, protecting the transformed 

plants against pathogen infection.  

Siddique et al. (2019) found three RLK genes involved in resistance against 

Phytophthora in pepper. Guan et al. (2018), evaluating the CaHSL1 gene action 

as a regulator of pepper thermotolerance, found RLK genes involved in plant 

tolerance against the stress. 

Another important R family gene found in this research was the RPP13, 

highlighted by the genes “CA.PGAv.1.6.scaffold1155.29” and 

“CA.PGAv.1.6.scaffold1155.28”, this last of which was present in all six of the 

evaluated projects. Siddique et al. (2019) also found different genes related to 

RPP13, all on chromosome P5. According to Rose et al. (2004), RPP13 is a CC 

(coiled-coil)-NBS-LRR (nucleotide-binding site-leucine-rich repeat) domain-

containing R gene that confers resistance to the oomycete pathogen Peronospora 

parasitica in Arabidopsis thaliana. 

Few genes similar to Thaumatin-like proteins (TLPs), like the gene 

“CA.PGAv.1.6.scaffold981.4”, were expressed in the projects. This is a highly 

complex protein family associated with host defense and developmental 

processes in plants, animals and fungi. These PRs show many different TLP 

isoforms that may be activated by biotic or abiotic stresses (or both) (Jesus-Pires, 

et al., 2019). 

It is known that genes related to jasmonates (JA) regulate defense during 

necrotrophic infection, play roles in seed germination, fertility, root growth and 

pathogen responses. Salicylic acid (SA) is associated with resistance to biotrophs 

and hemibiotrophs (Santner et al., 2009; Zhao, 2010; Antico et al., 2012; Pandey 

et al., 2016).  

RNA-seq analysis throughout the pepper genome has revealed genes 

similiar to this pattern, such as “CA.PGAv.1.6.scaffold818.8”, a gene similar to 

GH3.5 Jasmonic acid-amido synthetase JAR1. Kong et al. (2019) found a 

significant JAR1 gene while studying bell pepper reactions against cold stress. 

Zhang et al. (2020) also found genes related to JAR1 involved in pepper defense 

against P. capsici. 

Many other relevant genes involved in plant defenses were expressed in 

the samples. They include genes associated with jasmonic acid expression, 

ethylene, salicylic acid, genes from the “SAR” family, leucine-like receptors (LLR), 
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argonaute proteins (AGO), dicer-like proteins (DCL) and RNA-dependent proteins. 

These last 3 proteins are mostly involved in RNA silencing, a control mechanism 

that efficiently prevents pathogen invasion to protect plants from pathogen attack 

throughout their life-cycles (Baulcombe, 2004). 

These results provide an overview of changes in the gene expression 

profiles of C. annuum under P. capsici infection. In general, the analyses reveal 

the gene expression in different pepper genotypes, susceptible and resistant, 

under infection by two different isolates of P. capisici, one adapted to infect pepper 

plants and one non-adapted, evaluated at 24 and 72 hpi. Receptor-like-serine 

related genes, R1A-10 putative late blight resistance genes, among others, were 

identified to validate their differentially expressed profile using RT-qPCR analysis. 

In this way, a reliable list of up- and downregulated candidate genes was 

generated that can be used in future projects to improve knowledge about C. 

annuum × P. capsici interactions. 

The different responses of these genes was observed around the evaluated 

projects, with high or low expression for the same gene under different conditions, 

as well as important differences in the number of genes expressed in each 

contrast. Resistance to P. capsici in pepper hosts is multifactorial and changes 

according to the biological material used. 

 
 
 

 
3.2.6. CONCLUSIONS 

 
 
 
Differences in the number of DEGs were revealed by the interactions 

between host genotype and pathogen as a function of time; host genotype and 

time of evaluation as a function of the isolate; and the time of evaluation with 

isolate as a function of the host genotype; 

The analysis reveals distinct gene expression in response to the pathogen 

in many different pathways, with a predominant presence of R family genes. 

Gene Ontology analysis is needed in order to perfect biological 

interpretations of the results and to understand the function and regulation 

patterns of the differentially expressed genes.  
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Figure 1. Heatmap analysis of the 50 most variable genes in resistant and 

susceptile hosts of Capsicum annuum inoculated with adapted and non-adapted 

isolate of Phytophthora capsici evaluated at 24 hpi,. The lines described the genes 

and the columns are the conditions: S_A: Susceptible genotype infected by the 

adapted isolate; R_A: Resistant genotype infected by the adapted isolate; S_N: 

Susceptible genotype infected by the non-adapted isolate; R_N: Resistant 

genotype infected by the non-adapted isolate; Red color indicates up-regulated 

genes and blue colors indicate down-regulated genes.    
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Figure 2. Heatmap analysis of the 50 most variable genes in resistant and 

susceptile hosts of Capsicum annuum inoculated with adapted and non-adapted 

isolate of Phytophthora capsici evaluated at 72 hpi,. The lines described the genes 

and the columns are the conditions: S_A: Susceptible genotype infected by the 

adapted isolate; R_A: Resistant genotype infected by the adapted isolate; S_N: 

Susceptible genotype infected by the non-adapted isolate; R_N: Resistant 

genotype infected by the non-adapted isolate; Red color indicates up-regulated 

genes and blue colors indicate down-regulated genes.    
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Figure 3. Heatmap analysis of the 50 most variable genes in resistant Capsicum 

annuum host, inoculated with adapted and non-adapted isolate of Phytophthora 

capsici and evaluated at 24 and 72 hpi,. The lines described the genes and the 

columns are the conditions: T1_A: Adapted isolate at 24hpi; T1_N: Non-adapted 

isolate at 24hpi; T2_A: Adapted isolate at 72hpi; T2_N: Non-adapted isolate at 

72hpi.  
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Figure 4. Heatmap analysis of the 50 most variable genes in susceptible 

Capsicum annuum host, inoculated with adapted and non-adapted isolate of 

Phytophthora capsici and evaluated at 24 and 72 hpi,. The lines described the 

genes and the columns are the conditions: T1_A: Adapted isolate at 24hpi; T1_N: 

Non-adapted isolate at 24hpi; T2_A: Adapted isolate at 72hpi; T2_N: Non-adapted 

isolate at 72hpi. 


