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RESUMO 

 
Mapeamento de QTL e expressão gênica associados à resistência da soja ao complexo de 

percevejos 
 

O grupo de percevejos que mais frequentemente causa perdas econômicas à soja no 
Brasil é composto pelas espécies: Nezara viridula, Piezodorus guildinii e Euchistus heros. 
Assim, os objetivos desta pesquisa foram avaliar parâmetros genéticos e correlações entre as 
diferentes características de desenvolvimento e produção, mapear QTL associados à 
resistência da soja aos percevejos e determinar respostas de expressão gênica associadas à 
alimentação do inseto. Uma população F2:3 foi desenvolvida através do cruzamento de IAC-
100 (resistente) e CD-215 (suscetível) e avaliada em campo experimental. As características 
agronômicas avaliadas foram: número de dias para o florescimento (NDF), altura da planta no 
florescimento (APF), número de dias para a maturidade (NDM), altura da planta na 
maturidade (APM), acamamento (AC), valor agronômico (VA) e produtividade de grãos 
(PG). As características de resistência a percevejos avaliadas foram: período de enchimento 
de grãos (PEG), retenção foliar (RF), índice percentual de danos nas vagens (IPDV), número 
de vagens por planta (NVP), número de sementes (NS), peso de sementes manchadas (PSM), 
peso de sementes boas (PSB), e peso de cem sementes (PCS). Para se ter um total de 96 
amostras, os dois pais foram genotipados juntamente com as 12 mais resistentes e 12 mais 
suscetíveis plantas F2 para as características PEG, PCS e PSB, e as 11 mais resistentes e 11 
mais suscetíveis para a característica RF. Para determinar o tempo de resposta de expressão 
gênica nas vagens à alimentação de percevejos, um estudo de microarranjo foi realizado com 
CD-215 avaliando a expressão relativa 5.5, 21, 24 e 41 horas após infestação em condições de 
casa-de-vegetação. Dentre as características de resistência, os maiores valores de 
herdabilidade foram observados para PCS e PEG. O caráter PCS apresentou correlação 
genética positiva e significativa com PSM e PEG. Neste estudo, 337 SNP, 28 SSR, 13 TRAP 
e 41 AFLP foram mapeados em 20 grupos de ligação. Quatorze QTL foram encontrados 
usando o modelo restrito de múltiplos QTL e análise de Kruskal-Wallis. A maioria dos QTL 
foi detectada para mais de uma característica e composta por genes com efeito menor. Na 
análise de microarranjo foi observada uma expressão diferencial clara para as amostras de 21, 
24 e 41 horas com P. guildinii. Assim, para o experimento de campo as vagens foram 
infestadas com esta espécie e amostras de vagens foram coletadas 0, 8, 24 e 46 horas após 
infestação. Nesta etapa foi sequenciado somente o RNA mensageiro da amostra 24 horas. Na 
análise de RNA-seq realizada nas vagens sem nenhum tratamento, a cultivar resistente (IAC-
100) apresentou 39,4% dos genes com maior expressão e 11,68% dos genes com menor 
expressão do que a cultivar suscetível (CD-215). Baseado nos resultados, a seleção indireta 
para PCS associado com PSB pode ser realizada com sucesso para a obtenção de genótipos 
resistentes a percevejo. Além disso, os resultados de mapeamento de QTL foram parcialmente 
consistentes com estudos anteriores para característica agronômicas, sugerindo que QTL reais 
foram mapeados. 

 
Palavras-chave: Locos de características quantitativas; Sequenciamento de transcritos; 

Microarranjo; Resistência de planta; Herdabilidade; Correlação; Glycine 

max 
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ABSTRACT 
 

QTL mapping and gene expression associated with soybean resistance to stink bug 
complex 

 
The group of stink bugs most frequently causing economic losses in soybean in Brazil 

consists of the species: Nezara viridula, Piezodorus guildinii, and Euchistus heros. Therefore, 
the objectives of the current research were to evaluate genetic parameters and correlations 
among distinct development and yield traits, map QTL associated with soybean resistance to 
stink bugs, and determine plant gene expression profiles associated to insect feeding. An F2:3 

population was developed by crossing IAC-100 (resistant) and CD-215 (susceptible) and it 
was evaluated at an experimental field. The agronomic traits evaluated were number of days 
to flowering (NDF), plant height at flowering (PHF), number of days to maturity (NDM), 
plant height at maturity (PHM), lodging (L), agronomic value (AV), and grain yield (GY). 
The characteristics of stink bug resistance evaluated were grain filling period (GFP), leaf 
retention (LR), percentage index of pod damage (PIPD), number of pods per plant (NPP), 
number of seeds (NS), weight of spotted seeds (WSS), healthy seed weight (HSW), and 
weight of a hundred seeds (WHS). To have a total of 96 samples, the two parent lines were 
genotyped along with the 12 most resistant and 12 most susceptible F2 plants for the traits 
GFP, WHS, and HSW, and the 11 most resistant and 11 most susceptible for the trait LR. In 
order to determine the timing of gene expression response in pods under stink bug feeding, a 
microarray study was carried out with the cultivar CD-215, evaluating relative transcription 
levels at 5.5, 21, 24, and 41 hours post-infestation under greenhouse conditions. Among the 
characteristics of resistance, the highest values of heritability were observed for WHS and 
GFP. The trait WHS exhibited positive and significant genotypic correlation with WSS and 
GFP. In this study, 337 SNP, 28 SSR, 13 TRAP, and 41 AFLP markers were mapped to 20 
linkage groups. Fourteen QTL were found using the restricted multiple QTL model and 
Kruskal-Wallis analyses. The majority of the QTL was detected for more than one trait and 
consisted of genes with minor effects. A clear differential gene expression was observed in 
the microarray analysis for the samples at time points 21, 24, and 41 hours infested with P. 

guildinii. Thus, in field trials the pods were infested with this species and samples of pods 
were taken at 0, 8, 24, and 46 hours. In this study, only RNA from the 24 hour sample was 
sequenced. From RNA-seq analysis performed on pods without treatment, the resistant 
cultivar (IAC-100) showed 39.4% of genes with induced expression and 11.68% of genes 
with repressed expression in comparison to the susceptible cultivar (CD-215). Based on the 
results, indirect selection for WHS associated with HSW can be successfully employed for 
obtaining stink bug resistant genotypes. Moreover, mapping QTL results were partially 
consistent with previous studies for agronomic traits, suggesting that real QTL were mapped. 
 
Keywords: Quantitative Trait Loci; RNA sequencing; Microarray; Plant resistance; 

Heritability; Correlation; Stink bug; Glycine max 
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1 INTRODUCTION 
 

1.1 Soybean economical importance 

 

Cultivated soybean [Glycine max (L.) Merr.] is a member of Fabaceae family, and is 

thought to have originated in Northern and Central China (PROBST; JUDD, 1973). Soybean 

is the most important legume crop in the world and a major agricultural commodity in Brazil, 

Argentina, and United States. Protein from soybean seed meal is the primary source of protein 

in livestock feed around the world, and also a major component of soymilk, soy flour, tofu, 

and many other retail human food products (MARTIN; WALDREN; STAMP, 2006).  

Brazil has become an important soybean producer, especially during the last few years 

with the crop expansion into new areas in the Cerrado region. In 2010/2011, Brazil produced 

72 million tons of grain in an area of 24 million hectares, with yields averaging 2.9 Kg.ha-1 

(CONAB, 2011). Soybean is now one of the main products of Brazilian exports. In 2010, 

Brazil exported 29 million tons of soy grain, 13.6 million tons of soybean meal and 1.56 

million of crude and refined oil and others. Soybean exports represent approximately 24.69% 

of Brazilian agribusiness exports (around 8.70% of the total exports), according to statistics 

from Companhia Nacional do Abastecimento (CONAB, 2011). Soybean cultivation in Brazil 

is established in the South, Southeast, and more recently, in the Central West and Northeast 

regions. Almost all the soybean cultivation area in Brazil is distributed in the states of Mato 

Grosso, Paraná, Goiás, Rio Grande do Sul, Mato Grosso do Sul, Minas Gerais and Bahia 

(BROGIN, 2005).  

Large areas of a single plant species, such as seen in cultivated soybean, contribute to 

increased damage by insect pests (MOURA, 1999). Furthermore, genetic breeding focusing 

higher grain yields without regarding pest resistance is also responsible for increasing 

soybean vulnerability to insect pests (LUSTOSA et al., 1999). Due to the increased threats of 

insect pests, it was estimated that the cost of pesticide use to protect soybean production in 

Brazil in 2010/2011 was approximately $200.00 per hectare (CONAB, 2011). In Brazil, the 

two most important types of insect pests causing economic damage to soybean crops are stink 

bugs and defoliating caterpillars (VENZON et al., 1999). 
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1.2 The stink bug complex in soybean 

 

Stink bugs are considered to be the most important pests attacking soybean in Brazil. 

Of the complex of 25 stink bug species found in Brazil, the group of species that most 

frequently causes economical losses is called the “stink bug complex” and consists of three 

species: Nezara viridula (Linnaeus), Piezodorus guildinii (Westwood), and Euchistus heros 

(Fabricius) (Heteroptera: Pentatomidae). Due to their piercing-sucking feeding habits, these 

insects cause damage mainly during pod formation, filling and maturation (GAZZONI, 1998; 

LOURENÇÃO et al., 2002). 

N. viridula, commonly known as ‘Southern green stink bug’, is native to Ethiopia and 

has worldwide distribution. Despite being more adapted to the cooler areas of Southern Brazil 

(PANIZZI; CORRÊA-FERREIRA, 1997), N. viridula is expanding its distribution to more 

tropical regions. P. guildinii, commonly known as ‘Red-banded stink bug’, was first described 

in the island of St. Vincent (STONER, 1922) and has been frequently reported in Central and 

South America, as well as Southern United States. In Brazil, P. guildinii had seldom been 

found on soybean plants until the early 1970s. Subsequently, it has become more common, 

ranging from Rio Grande do Sul (32ºS latitude) to Piauí (5ºS latitude) (PANIZZI; SLANSKY 

JR., 1985). E. heros has a wide distribution in Brazilian soybean fields, being prevalent in 

Mato Grosso, Paraná, Goiás, and Mato Grossso do Sul (SOSA-GÓMEZ et al., 2004). 

The stink bug populations are present in variable abundance and frequency among 

regions and years, with one species being more predominant than another depending on the 

weather conditions and plant cultivar (MAGRINI et al., 1996). Stink bug damage is caused 

mainly by older nymphs, from 3º a 5º instars, and adults that feed directly on soybean seeds, 

perforating the pods and extracting nutrients from the seed (McPHERSON; McPHERSON, 

2000). In general, the presence of stink bugs in soybean crops is correlated with the presence 

of pods in the plant, as it is their preferred food source. The most sensitive period for stink 

bug damage is the period between the beginning of pod development and the point of 

maximum dry matter accumulation in the grain (PANIZZI et al., 2000). 

Plants normally have a great capacity to recover from damages caused by defoliating 

insects, but stink bugs cause irreversible damages, as they injure the seeds directly. The stink 

bugs, while feeding on the soybean plant, can cause several types of damage to the beans such 

as punctures, stains (usually spots associated to the pathogenic yeast Nematospora coryli, 

Peglion), deformation and reduction of seed size, reduction of oil content, increase of the 

protein content, delayed maturation, uneven senescence (leaf retention), reduction of seed 
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germination, and decrease in production. Additionally, attacked plants are challenging to 

harvest mechanically (YEARGAN, 1977; PANIZZI; SLANSKY JR., 1985; GAZZONI; 

MOSCARDI, 1998). 

The degree of damage caused by stink bugs was found to be dependent upon the 

developmental stage of the seed at the time of piercing. When young seeds are pierced, they 

become completely shriveled. However, when seeds are attacked after completing their 

development, the final dried seeds show only slight puncture marks (BLICKENSTAFF; 

HUGGANS, 1962). 

 

1.3 Plant resistance mechanisms 

 

Stink bug control is usually accomplished by pesticide spraying. However, the use of 

resistant cultivars would be a more economical and environmentally safe control. Resistant 

host plants have been described as a highly desirable control tactic with excellent potential to 

regulate insect pest populations in integrated management systems. This is primarily due to 

the compatibility of resistant host plants with other control methods (KOGAN, 1989). 

Rossetto et al. (1995) listed traits that might enhance tolerance in soybeans against 

stink bug attacks, such as: shorter pod-filling period, higher seed-yield per plant, capacity to 

reject damaged immature pods and their substitution by new pods; along with normal 

senescence with leaf dropping at the maturation stage, and resistance to the pathogenic yeast 

N. coryli that can be transmitted by stink bugs. 

Efforts to develop advanced breeding lines with multiple insect resistance and good 

agronomic qualities have been made (BOETHEL, 1999). Soybean breeding programs in 

Brazil have been directed towards pod-feeding pests, such as, stink bugs. A number of 

breeding lines have been developed in Brazil by crossing resistant plant introductions (PI) 

with commercial (adapted) varieties of soybean (PANIZZI; SLANKY JR., 1985; 

LOURENÇÃO; COSTA; MIRANDA, 1989; ROSSETO, 1989). Soybean varieties IAC-100, 

IAC-17 (ROSSETTO et al., 1989), IAC-23 and IAC-24 (MIRANDA; LOURENÇÃO, 2002), 

are reportedly more tolerant to stink bug feeding and adapted to Southeastern Brazil. The 

variety IAC-100 has been used in several studies as a standard genotype for enhanced 

resistance to defoliators and sucking insects. This cultivar has also been used in soybean 

breeding programs in the United States. McPherson, Buss, and Roberts (2007) and 

McPherson and Buss (2007) reported its great potential as a source of resistance to stink bugs. 
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Although improved cultivars with enhanced resistance can be successfully obtained, 

only a few studies have been carried out with the purpose of revealing the genetic 

mechanisms underlying these traits and the genetic parameters associated with them. 

A classification of mechanisms involved in plant resistance to insect pest was 

proposed by Painter (1951). Non-preference, antibiosis, and tolerance are the three 

mechanisms influencing the ability of a plant to grow productively in the presence of an insect 

(PAINTER, 1951). The term non-preference refers to a behavioral response of the insect to a 

plant, whereas “antibiosis” and “tolerance” refer to plant characteristics. Two or more 

categories of these mechanisms can work together in one plant considered insect resistant 

(SMITH, 1989).  

Non-preference describes resistance where the insect is either repelled from or not 

attracted to its normal host plant. Kogan and Ortman (1978) suggested the term “antixenosis” 

to describe the plant properties responsible for non-preference. The plant characters that 

influence non-preference include color, light reflection, type of pubescence, leaf angle, odor 

and taste. 

Antibiosis describes insect resistance where feeding of the plant results in disruption 

of growth, development, or physiology of the insect. When toxins or inhibitors are present, or 

when the levels of essential nutrients decrease, antibiosis occurs. An example of soybean 

proteins found to cause antibiosis includes Kunitz trypsin inhibitor and a serine proteinase 

inhibitor (JOHNSTON; GATEHOUSE; ANSTEE, 1993). Non-choice experiments are often 

used to determine plant antibiosis resistance. 

Tolerance differs from the other two mechanisms in that no observable adverse effect 

on the insect’s life cycle is present. The mechanism consists in the ability of the plant to 

withstand or recover from the damage caused by insect populations, similar to those on 

susceptible cultivars (SMITH, 2005). The quantitative assessment of tolerance is often 

accomplished by evaluating the plant characteristics.  

 

1.4 QTL mapping 

 

Plant resistance to insects is usually a quantitatively inherited trait. Quantitative traits 

are genetically determined characteristics that can be measured as continuous values, are 

controlled by multiple genes and are strongly influenced by the environment. Mapping of 

quantitative trait loci (QTL) is a process that estimates the number of genes and individual 

gene effects, determines the approximate genome position of QTL on chromosomes, and 
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refines the genetic architecture for the quantitative trait. QTL mapping is based on the 

principle that genes and markers segregate via chromosome recombination (called crossing-

over) during meiosis (i.e. sexual reproduction), thus allowing their analyses in the progeny 

(PATERSON, 1996). 

Molecular genetic markers and QTL analysis offer plant breeders a more efficient 

approach to work with quantitative traits, whether specific genes or gene products are known 

or not. Detection of QTL is a demanding process, requiring the generation of a mapping 

population from a cross between two parents differing in insect resistance, and ‘‘genotyping’’ 

(scoring for a series of molecular markers) and ‘‘phenotyping’’ (scoring for the resistance 

traits of interest) each member of the mapping population (YENCHO; COHEN; BYRNE, 

2000).  

Several studies have been published with QTL identification associated with resistance 

to soybean insect defoliators (RECTOR et al., 2000; TERRY et al., 2000; BOERMA; 

WALKER, 2005; KOMATSU et al., 2005; ZHU et al., 2006) and aphids (ZHANG; GU; 

WANG, 2009). However, work on gene/QTL mapping associated with soybean resistance to 

stink bugs is absent from the literature. 

A QTL mapping study in plants starts with the build-up of a mapping population. The 

parents selected for the mapping population will differ for one or more traits of interest. 

Generally, in self-pollinating species, mapping populations originate from parents that are 

both highly homozygous (inbred). F2 populations, derived from F1 hybrids and backcross 

(BC) populations, derived by crossing the F1 hybrid to one of the parents, are the simplest 

types of mapping populations developed for self-pollinating species. Their main advantages 

are that they are easy to construct and require only a short time to produce (COLLARD et al., 

2005). 

For more precise results, QTL experiments require large numbers of individuals to be 

genotyped and phenotyped for the quantitative trait of interest. Since these are costly 

endeavors, investigators employ cost-saving strategies, such as; selective genotyping 

(LANDER; BOTSTEIN, 1989). This strategy consists in genotyping only the individuals 

belonging to the high and low tail-ends of a phenotypic distribution (the phenotypic 

extremes), after increasing the number of individuals phenotyped. The application of this 

strategy can substantially increase the power of QTL detection for the trait based on which the 

individuals are selected (DARVASI; SOLLER, 1992). The precision of the estimation of the 

QTL effect is increased in the same way, since precision and power are strongly related. 
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Data analyses involve the creation of linkage maps with markers sufficiently closely-

spaced to facilitate QTL detection, followed by QTL mapping (ERICKSON et al. 2004). A 

variety of markers can be used to determine if variation at the molecular level is linked to 

variation in the quantitative trait. If this is the case, then the marker is linked to, or on the 

same linkage group, as a QTL that has allelic variants underlying the variation of the 

quantitative trait. Currently, Simple Sequenced Repeats (SSR) and Single Nucleotide 

Polymorphism (SNP) are the molecular markers commonly used for QTL mapping studies. 

However, dominant markers such as Amplified Fragment Length Polymorphism (AFLP) and 

Target Region Amplification Polymorphism (TRAP) are still important in these studies to 

contribute to the map saturation. 

SSR DNA markers, also known as microsatellites or Short Tandem Repeats (STR), 

represent one of the most useful marker systems available to breeders. They are stretches of 

DNA consisting of tandem short-sequence motifs of 1 to 5 repeats spread throughout the 

genomes of most eukaryotic species, such as CTCTCTCTCT….. (FERREIRA; 

GRATTAPAGLIA, 1998). Some of the major core motifs of soybean SSR markers include 

ATT, AT, CTT, and CT (CHOI et al., 2007; SONG et al., 2004). The DNA sequences 

flanking SSRs are conserved, allowing the selection of PCR primers that will amplify the 

intervening SSR. SSR length polymorphism is detected when the PCR products from a 

particular locus differ in length, which is fairly common within a species. The uniqueness and 

value of microsatellites arises from their multiallelic nature, codominant transmission, ease of 

detection by PCR (Polymerase Chain Reaction), relative abundance, extensive genome 

coverage and requirement for only a small amount of starting DNA (POWELL; MACHRAY; 

PROVAN, 1996). 

The first report of the polymorphism and heritability of SSR markers in plants was in 

soybean (AKKAYA; BHAGWAT; CREGAN, 1992). SSR markers exhibit high levels of 

length polymorphism in this crop plant. Maughan, Saghai Maroof, and Buss (1995) detected a 

total of 79 alleles at five SSR loci in a sample of 94 accessions of cultivated and wild 

soybean. The high level of SSR length polymorphism in soybean makes it likely that a 

particular locus will be polymorphic even in populations resulting from the hybridization of 

adapted genotypes. The second version of the soybean integrated genetic linkage map 

contains a total of 1,015 SSR loci (SONG et al., 2004). 

SNPs can be used as molecular markers for a variety of applications in crop 

improvement, including; QTL discovery. A SNP marker corresponds to a single base change 

in a DNA sequence, with an usual alternative of two possible nucleotides at a given position. 
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Although in principle, at each position of a sequence stretch, any of the four possible 

nucleotide bases may be present, in practice, SNPs are usually biallelic. Mutation mechanisms 

result in either transitions: purine-purine (A↔G) or pyrimidine-pyrimidine (C↔T) 

exchanges, or transversions: purine-pyrimidine or pyrimidine-purine (A↔C, A↔T, G↔C, 

G↔T) exchanges (VIGNAL et al., 2002). 

There is some evidence that the stability of SNPs and therefore, the relative fidelity of 

their inheritance, are higher than that of the other marker systems like SSRs and AFLPs. SNPs 

are biallelic as against the polyallelic nature of the once much sought-after SSRs. However, 

the extraordinary abundance of SNPs largely offsets the disadvantage of their being biallelic 

and makes them the most attractive molecular-marker system developed so far. According to 

recent estimates, one SNP occurs every 100–300 bp in any genome (GUPTA; ROY; 

PRASAD, 2001). 

SNP markers are the most abundant variations in the genome. Due to their abundance 

and codominance, the use of SNPs as a marker system has the potential of providing highest 

map resolutions. SNP typing has progressed remarkably over the last several years, making 

genome-wide linkage analysis and molecular breeding rapid and efficient (NASU et al., 

2002). SNPs were shown to be the most abundant source of DNA polymorphisms in soybean. 

It is estimated that there are 4 to 5 million SNPs in the soybean genome, based on the rate of 

280 SNPs observed in 76 Kbp studied by Zhu et al. (2003). 

Currently, several high-throughput methods are being designed to quickly genotype a 

large number of markers in the genome of different species. The Illumina Golden Gate Assay 

(Illumina, San Diego, CA) is a high-throughput SNP detection method capable of 

multiplexing from 96 to 1,536 SNPs in a single reaction over a 3-day period (FAN et al. 

2003). Besides the high-throughput, it was observed that the GoldenGate assay is copy-

number sensitive. This makes it possible to score heterozygous genotypes and/or bulks, and, 

therefore, the technique is effective for identifying markers associated with traits of interest 

by bulk segregant analysis or association analysis, as demonstrated by Hyten et al. (2009).  

The AFLP technique was developed by Zabeau and Vos (1993) and it is based on PCR 

amplification. AFLPs are almost invariably dominant markers, but have the advantage of 

generating large numbers of polymorphic bands on polyacrylamide gels. The DNA is digested 

with one or two restriction enzymes, suitable adapters are ligated to the fragments and the 

ligated DNA fragments are selectively amplified with different primer combinations. With 

AFLP, molecular genetic polymorphisms are identified by the presence or absence of DNA 

fragments following restriction and amplification of genomic DNA. Despite the dominant 
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character of the marker, its use to construct genetic maps has been frequent due to the large 

amount of information generated in a single gel, allowing the rapid saturation of maps. 

The TRAP marker technique was initially developed with sunflower (Helianthus 

annuus L.) DNA samples by Hu and Vick (2003). This simple and rapid PCR-based marker 

system uses EST information and a bioinformatics approach to generate polymorphic markers 

around targeted candidate-gene sequences. TRAPs are amplified by one fixed primer of about 

18 nucleotides designed from a target gene of interest and a second primer of arbitrary 

sequence, containing an AT- or GC- rich motif that preferentially anneals to introns and 

exons, respectively. 

The methods used for detecting QTLs are single-marker mapping, Interval Mapping 

(IM), Composite Interval Mapping (CIM) and Multiple Intervals Mapping (MIM), which 

allow statistical analyses of the associations between phenotype and genotype for the purpose 

of understanding and dissecting the regions of a genome affecting complex traits (DOERGE, 

2002). According to Lynch and Walsh (1998), the association between markers and QTL can 

be assessed using one, or two, or more simultaneous tags. Single-marker analysis is the 

simplest method for detecting QTLs associated with single markers. This method investigates 

individual markers independently, and without reference to their position or order. Therefore, 

this method does not require a complete molecular marker linkage map. The statistical 

methods used for single-marker analysis include t-tests, analysis of variance (ANOVA) and 

linear regression. The disadvantage with this method is that the further a QTL is from a 

marker, the less likely its statistical detection is. This is due to the possibility of the 

occurrence of recombination between the marker and QTL (TANKSLEY, 1993). 

The IM method, proposed by Lander and Botstein (1989), uses an estimated genetic 

map and analyzes the intervals between adjacent pairs of linked markers along chromosomes 

simultaneously, instead of analyzing single markers. Zeng (1994) presented the CIM method 

that combines interval mapping with linear regression and includes additional genetic markers 

in the statistical model, in addition to an adjacent pair of linked markers, for interval mapping. 

This method can remove the bias caused by QTLs that are linked to the position being tested. 

In CIM, cofactors are used to reduce residual variation by controlling the genetic background. 

MIM was proposed by Kao, Zeng, and Teasdale (1999) and uses multiple intervals markers 

simultaneously to fit multiple putative QTL directly in the model for QTL mapping. MIM is a 

method with improved precision and power for mapping. Numbers, locations, effects and 

epistasis effects between QTLs can be readily estimated and analyzed. 
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These QTL mapping methods discussed above share a common assumption; that the 

phenotype follows a normal distribution with equal variance in both parental. Under this 

assumption, the presence of a QTL can be tested by a simple parametric test. However, some 

phenotypes of interest are not normally distributed. In such cases, traditional QTL mapping 

methods cannot be directly applied. An alternative approach is to apply non-parametric 

methods to QTL mapping (KRUGLYAK; LANDER, 1995). ‘Non-parametric’ means that no 

assumptions are being made for the probability distribution (s) of the quantitative trait. The 

Kruskal-Wallis test (LEHMANN, 1975) can be regarded as the non-parametric equivalent of 

the one-way analysis of variance. The test ranks all individuals according to the quantitative 

trait, while it classifies them according to their marker genotype. Marker-QTL(s) associations 

are detected based on the level of differences in average rank between the marker and 

genotype classes (MOUSA et al., 2004). 

 

1.5 High-throughput gene expression analysis 

 

Plants are constantly challenged with biotic and abiotic stresses and have evolved a 

series of constitutive and inducible responses to adapt and survive in their environments. 

Induced defenses have received a lot of attention and, over the years, a large number of genes 

encoding defense-related genes have been identified. A vast majority of these defense-related 

genes are induced when the plant is attacked by diverse aggressors, like microbial pathogens, 

viruses, and insects (REYMOND, 2001). 

Several technologies have been developed to deduce and quantify the transcriptome, 

including hybridization or sequence-based approaches. Many attribute the invention of DNA 

microarray technology, or cDNA ‘gene chips’, to researchers at Stanford University, as first 

described by Schena et al. (1995). This technology provides the important advantage of 

allowing parallel quantification of the expression levels of an almost unlimited number of 

genes from a given genome, in response to a given treatment. 

Microarrays correspond to the immobilization of millions of single-strand copies of a 

given gene, as a spot of DNA on a solid support surface, with tens of thousands of such spots 

(genes) physically present on a single microarray. The array surface is then incubated with 

fluorescently labeled cDNA molecules to allow hybridization to complementary, spotted 

DNA. Out of this mixture, only the labeled molecules that represent the same gene as the 

immobilized DNA spots can form heteroduplexes, and these spots (spot of a single gene) will 

fluoresce at an intensity proportional to the amount of cDNA bound, which is therefore 
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proportional to the amount of mRNA corresponding to the gene in the tissue being studied.  

By measuring the amount of label that is bound to each array spot at the end of the 

hybridization reaction, a researcher can determine the relative transcript abundance level of 

each gene. Because each microarray consists in tens of thousands of spots (genes), RNA 

abundance levels for thousands of genes can be measured in a single experiment. By 

comparing abundance levels from several experiments, the investigator can correlate patterns 

of gene expression with particular tissues or experimental conditions (DEYHOLOS; 

GALBRAITH, 2001).  

Plant defense responses are diverse and complex and, therefore, many researchers 

have tried to obtain a clearer idea of the physiology of these responses using microarrays to 

determine global gene expression patterns. For example, microarray studies have 

demonstrated that herbivory and mechanical damage elicit different gene expression 

responses, suggesting that plants respond to compounds released by herbivores, in addition to 

the simple wounding an insect may cause (KORTH, 2003). Microarrays are available for 

many plants, including soybean (VODKIN et al., 2004). 

Although a lot of information can be gained from microarray analysis, these 

hybridization-based methods have several limitations, such as the requirement of a gene to be 

spotted in order to be analyzed (one must know and spot all the genes of an organism in order 

to study expression of all the genes), high background levels owing to cross-hybridization, 

and a limited dynamic range of detection due to both background and saturation of signals. 

Moreover, comparing expression levels across different experiments is often difficult and may 

require complicated normalization methods (WANG; GERSTEIN; SNYDER, 2009). 

More recently, massively parallel RNA sequencing, known as ‘RNA-seq’ or whole-

transcriptome shotgun sequencing, has been proposed as a method with important advantages 

over microarray-based methods (GRIFFITH et al., 2010). The RNA-seq method was 

originally developed to take advantage of the next-generation Illumina sequencing technology 

(SEVERIN et al., 2010). RNA-seq quantifies expression levels of thousands of genes by 

counting the number of transcripts encountered for each gene (HUDSON, 2008). The main 

steps in RNA-seq are: (i) isolate RNA from a sample, (ii) convert mRNA to cDNA fragments 

via reverse-transcription and fragmentation, (iii) use a high-throughput sequencer, such as 

those from Illumina (San Diego, CA, USA), Applied Biosystems (Foster City, CA, USA) and 

Roche 454 Life Science (Branford, CT, USA), to generate millions of reads from the cDNA 

fragments, (iv) map the reads to a reference genome or transcript set with a software 

alignment tool, and (v) count the reads mapped to each gene and use the counts to estimate 
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comparative expression levels (LI et al., 2010). The primary advantages of RNA-seq are its 

large dynamic range (spanning five orders of magnitude), low background noise, low sample 

amounts needed, and the ability to detect novel transcripts even in the absence of a sequenced 

genome (WANG; GERSTEIN; SNYDER, 2009). 

The two principal differences between sequencing and microarray results are in the 

resolution of the output, and in the dynamic range of changes that can be observed 

(WILHELM; LANDRY, 2009). As RNA-seq is quantitative, it can be used to determine RNA 

expression levels more accurately than microarrays (WANG; GERSTEIN; SNYDER, 2009). 
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2 HERITABILITY AND CORRELATIONS BETWEEN AGRONOMIC TRAITS AND 
TRAITS FOR STINK BUG RESISTANCE IN A F2:3 SOYBEAN POPULATION 
 
Abstract 

 
In Brazil, the most important pest insects causing economic damage to soybean are 

stink bugs. Soybean genotypes with enhanced resistance to stink bugs have been obtained via 
indirect selection. The objective of the current research was to evaluate genetic parameters 
and correlations among distinct development and yield traits in an F2:3 soybean population. 
The population was developed by crossing the resistant cultivar IAC-100 with the susceptible 
one CD-215. A total of 3,465 plants, including the parents and the F2:3 generation, were sown 
in the field at the experimental area of ESALQ/USP, in Anhembi, São Paulo, in a randomized 
complete block design. The experimental units were plots consisting of five F3 plants derived 
from the same F2 plant. A total of 229 F2:3 progenies and the parents were evaluated with three 
replicates. The experimental field was open to natural stink bug infestation via the absence of 
chemical insect control. The agronomic traits evaluated were: number of days to flowering 
(NDF), plant height at flowering (PHF), number of days to maturity (NDM), plant height at 
maturity (PHM), lodging (L), agronomic value (AV), and grain yield (GY). The 
characteristics of insect resistance evaluated were: grain filling period (GFP), leaf retention 
(LR), percentage index of pod damage (PIPD), number of pods per plant (NPP), number of 
seeds (NS), weight of spotted seeds (WSS), healthy seed weight (HSW), and weight of a 
hundred seeds (WHS). Results from the present research show that the natural infestation of 
stink bugs allows the discrimination of resistant genotypes, and that there is substantial 
genetic variability within progenies derived from the cross between IAC-100 and CD-215. 
Except for L, the studied traits showed significant differences based on the analysis of 
variance. The cultivar IAC-100 and its progenies presented superior performances to most of 
the traits evaluated. The highest value of heritability was observed for PHM (90.02), and the 
lowest values were for L (8.25) and LR (20.60). Among the characteristics of resistance, the 
highest values were for WHS (75.00) and GFP (71.56). The highest positive correlations 
occurred between the variables HSW and GY (rG = 0.98), and NPP and NS (rG = 0.96). The 
phenotypic and genotypic correlations between the WHS and the WSS were significant and 
positive, corresponding to 0.49 and 0.50, respectively. GFP also exhibited significant 
genotypic correlation (rG = 0.66) with WHS. Thus, breeders can select genotypes for stink bug 
resistance indirectly employing the WHS associated with HSW. 
 
Keywords: Glycine max; Insect resistance; Stink bugs; Heritability; Correlation 
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HERDABILIDADE E CORRELAÇÕES ENTRE CARACTERES AGRONÔMICOS E 
DE RESISTÊNCIA A PERCEVEJOS EM UMA POPULAÇÃO F2:3 DE SOJA 
 
Resumo 

 
No Brasil, os insetos praga mais importantes que causam dano econômico à soja são 

os percevejos. Genótipos de soja com maior resistência aos percevejos têm sido obtidos via 
seleção indireta. O objetivo desta pesquisa foi avaliar parâmetros genéticos e correlações entre 
as diferentes características de desenvolvimento e produção em uma população F2:3 de soja. 
Essa população foi desenvolvida pelo cruzamento da cultivar resistente IAC-100 com a 
cultivar suscetível CD-215. Um total de 3.465 plantas, incluindo os genitores e a geração F2:3, 
foram semeadas no campo na área experimental da Escola Superior de Agricultura “Luiz de 
Queiroz”/Universidade de São Paulo, em Anhembi, São Paulo, em um delineamento em 
blocos casualizados. As unidades experimentais foram parcelas consistindo de cinco plantas 
F3 derivadas da mesma planta F2. Um total de 229 progênies F2:3 e o genitores foram avaliados 
com três repetições. O campo experimental teve infestação natural de percevejos, ou seja, sem 
o controle químico de insetos. As características agronômicas avaliadas foram: número de 
dias para o florescimento (NDF), altura da planta no florescimento (APF), número de dias 
para a maturidade (NDM), altura da planta na maturidade (APM), acamamento (AC), valor 
agronômico (VA) e produtividade de grãos (PG). As características de resistência a insetos 
avaliadas foram: período de enchimento de grãos (PEG), retenção foliar (RF), índice 
percentual de danos nas vagens (IPDV), número de vagens por planta (NVP), número de 
sementes (NS), peso de sementes manchadas (PSM), peso de sementes boas (PSB) e peso de 
cem sementes (PCS). Nesta pesquisa, verificou-se que a infestação natural de percevejos 
permitiu a discriminação de genótipos resistentes e que existe considerável variabilidade 
genética nas progênies derivadas do cruzamento entre IAC-100 e CD-215. Exceto para AC, as 
características estudadas mostraram diferenças significativas com base na análise de 
variância. A cultivar IAC-100 e suas progênies apresentaram desempenhos superiores para a 
maioria das características avaliadas. O maior valor de herdabilidade foi observado para APM 
(90,02) e os menores valores foram para AC (8,25) e RF (20,60). Entre as características de 
resistência, os maiores valores foram para PCS (75,00) e PEG (71,56). Os maiores 
coeficientes de correlação positiva ocorreram entre as variáveis PSB e PG (rG=0,98), e NVP e 
NS (0,96). As correlações fenotípicas e genotípicas entre PCS e PSM foram significativas e 
positivas, sendo de 0,49 e 0,50, respectivamente. O PEG também apresentou correlação 
genotípica significativa (rG=0,66) com PCS. Assim, melhoristas podem selecionar genótipos 
para resistência a percevejos indiretamente através do PCS associado com PSB.  
 
Palavras-chave: Glycine max; Resistência a insetos; Percevejos; Herdabilidade; Correlação 
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2.1 Introduction 
 

Soybean (Glycine max (L.)Merrill) is the most important legume crop worldwide and a 

major agricultural commodity in Brazil. The plant is attacked by many insects during its life 

cycle. In Brazil, the most important pest insects causing economic damage to soybean are 

stink bugs. The group of stink bug species most frequently causing economic losses in the 

crop is called the “stink bug complex” and consists of three species: Nezara viridula, 

Piezodorus guildinii, and Euchistus heros. These insects cause damage mainly during soybean 

reproductive stages by piercing the pod and extracting nutrients from the seed with their 

piercing/sucking mouthparts (McPHERSON; McPHERSON, 2000). 

Stink bug damage is associated with feeding punctures on seeds, as well as, with stains 

on the seeds caused by pathogen infections (mainly spots due to infection with the pathogenic 

yeast Eremothecium coryli (previously named Nematospora coryli Peglion). It is also 

responsible for the decrease of pod numbers, seed deformation and reduction of seed size, 

lower germination rates, reduction of oil content, increase in protein content, delayed 

maturation and decrease in production (PANIZZI; SLANSKY JR., 1985; GAZZONI; 

MOSCARDI, 1998). Stink bugs can be controlled by insecticides, however, insecticide usage 

has safety concerns and a high costs to growers. A preferred method of control is the use of 

resistant cultivars. Genotypes with enhanced resistance to stink bugs were obtained via 

indirect selection for shorter grain-filling periods, lower percentages of spotted seeds, lower 

hundred-seed weights, and lower indices of pod damage (GODÓI et al., 2002; PINHEIRO et 

al., 2005). According to Rossetto et al., (1995), these traits contribute to resistance 

mechanisms against stink bugs in soybean. 

Soybean breeding programs in Brazil have developed cultivars with enhanced 

resistance to stink bugs. Some of those more resistant soybean varieties are IAC-100, IAC-17 

(ROSSETTO, 1989), IAC-23 and IAC-24 (MIRANDA; LOURENÇÃO, 2002). It is, 

therefore, important to evaluate the heritability of agronomic and insect resistance traits, and 

to study correlations among these traits, in order to allow breeders to use the information in 

designing strategies and implementing selection. Heritability coefficient expresses the portion 

of the total variance attributed to the mean effect of genes, and it is an important predictive 

character using phenotypic value as a guide to genetic value (FALCONER; MACKAY, 

1996). Correlation measures a co-relation, a joint property of two variables. When variables 

are jointly affected by the same external influences, the correlation may offer the most logical 

approach to analyze the data (STEEL; TORRIE, 1980). Correlation coefficients are very 
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useful in quantifying the size and direction of trait associations. Knowledge of significant 

correlations, either positive or negative, between agronomic and quality traits may be of direct 

or indirect use in improving traits in soybean (CICEK et al., 2006).  

The objective of the current research was to evaluate genetic parameters and 

correlations among distinct development and yield traits in an F2:3 soybean population. 

 

2.2 Material and Methods 

 

2.2.1 Plant material 

 

An F2:3 population was developed by crossing the cultivars IAC-100 and CD-215. The 

resistant cultivar IAC-100 is classified into the maturity group (MG) 8 and was developed by 

Instituto Agronômico de Campinas in São Paulo, from a cross between the breeding lines IAC 

78-2318 and IAC-12 (ROSSETTO et al., 1995). The line IAC 78-2318 is a source of 

multiple-resistance genes against soybean-attacking insects (LOURENÇÃO; MIRANDA, 

1987). CD-215, a protected cultivar developed by COODETEC (Cooperativa Central 

Agropecuária de Desenvolvimento Tecnológico e Econômico Ltda), was used as stink bug 

susceptible parent. It is derived from a cross between OC88-127 and OC90-234. The crosses 

performed in order to obtain the F1 generation were made artificially in the greenhouse of the 

Genetics Department at Escola Superior de Agricultura “Luiz de Queiroz”, from the 

Universidade de São Paulo (ESALQ/USP), between November 2007 and January 2008. 

During the winter of 2008, F1 seeds were sown in the greenhouse and the F2 generation was 

obtained via natural selfing. In 2008/2009, F2 seeds were sown in an experimental field at the 

experimental station of the Genetics Department of ESALQ/USP, located in Anhembi-SP. 

The F2:3 generation was obtained via natural selfing and was used in the current study. 

 

2.2.2 Field phenotyping 

 

In order to ensure germination, F2:3 generation and parents seeds were germinated in a 

growth chamber at 28 °C, under constant light (Figure 1). The seeds were treated with a 

fungicide to minimize fungal pathogen damage during germination and emergence. The 

seedlings were transplanted in plastic cups and grown to the V1 stage, and then transplanted 

to the field (Figure 2).  
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Figure 1 - Seed germination in growth chamber 

 

 
Figure 2 - Seedlings growing in plastic cups 

 

The experimental plot was transplanted in December 19th, 2009, in an experimental 

field at the ESALQ/USP, in Anhembi, São Paulo. A total of 3,465 plants, including the 

parents and the F2:3 generation, was planted in the field in a randomized complete block 

design. The experimental units were plots, consisting of five F3 plants derived from the same 
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F2 plant. A total of 229 F2:3 progenies and the parents were tested in an experiment with three 

replicates (5 plants per plot, 231 plots, 3 replicates from a total of 3,465 plants).  

Trait measures were taken for five plants per plot. Experimental plots were 1.2 m long, 

0.4 m apart, and the plants were spaced of 0.2 m within each plot. The distance between 

experimental rows was of 1.5 m. Two border rows were sown with cultivar BR-133 between 

experimental rows (at 0.5 m spacing), as well as, 2 or 3 border rows surrounding each 

experimental field, to encourage an uniform distribution of stink bug populations among the 

plots during the reproductive period, and to protect the experimental lines from being 

accidently stepped on during evaluations. The entire experimental field was approximately 

70.8 m long and 29.5 m wide (Figures 3 and 4). 

 

 
Figure 3 - Layout of the field plot for three blocks 
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Figure 4 - Field plot 

 

The experimental field was open to natural stink bug infestation by the lack of 

chemical insect control. The experiment was planted late to increase natural infestation by 

insect migration at the final maturation or initial harvesting stages. Evaluation of stink bug 

infestation was carried out weekly, for 18 weeks from R2 to R8 stages (FEHR; CAVINESS, 

1977), by the beating-tissue method with random sampling of the experimental area 

(GAZZONI, 1998). A total of 36 beatings were made per assessment, per day, totalizing 648 

samples. 

The agronomic traits evaluated were: a) number of days to flowering (NDF) - counted 

from sowing to first flower (R1 on the scale of FEHR; CAVINESS, 1977); b) plant height at 

flowering (PHF) - plant height in the beginning of the flowering, measured from the soil-level 

base of the plant to the apex of the main stem; c) number of days to maturity (NDM) - 
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counted from the sowing to the date at which the plant exhibit 95% of its pods ripe (R8 on the 

scale of FEHR; CAVINESS, 1977); d) plant height at maturity (PHM) - measured from the 

plant base to the apex of the main stem; e) lodging (L) - evaluated at plant maturity by a 

visual score ranging from 1 to 5, with 1 corresponding to erect plants and 5, to plants laying 

down; f) agronomic value (AV) - evaluated at maturity by a visual score from 1 to 5, with 1 

corresponding to plants with no agronomic value, and 5 to plants with excellent agronomic 

characteristics; g) grain yield (GY) - total weight of seeds produced per plant, in grams. 

The characteristics of insect resistance evaluated were: a) grain filling period (GFP) - 

obtained by the difference, in days, between reproductive stages R7 and R5 (FEHR; 

CAVINESS, 1977; PINHEIRO et al., 2005); b) leaf retention (LR) - evaluated in the field by 

a scale ranging from 1 to 5, where 1 equals normal senescence, and 5, green stems and leaves 

(non-harvestable) (GODÓI et al., 2002); c) percentage index of pod damage (PIPD) - obtained 

from an estimate of the percentage of good, intermediate or flat pods, followed by 

transformation using the formula PIPD = (0.5 x % intermediate pods) + % flat pods 

(ROSSETTO et al., 1986); d) number of pods per plant (NPP) - counted for each plant after 

harvest; e) number of seeds (NS) - counted for each individual plant after harvest and seed 

processing; f) weight of spotted seeds (WSS) - spotted seed weight in grams per plant 

(spotting caused by insects or colonization by yeast Eremothecium coryli); g) weight of a 

hundred seeds (WHS) - weight from a random sample of 100 seeds after standardization of 

humidity; h) healthy seed weight (HSW) - total weight of healthy seeds, without apparent 

stink bug damage, in grams, per plant. The last characteristic was evaluated after harvest and 

processing the seeds. 

 

2.2.3 Variance and covariance analyses 

 

The analysis of variance was performed for each trait using the GLM procedure of the 

SAS software (SAS INSTITUTE, 2001).  The genetic variances of progenies ( 2ˆ
G

σ ) and the 

phenotypic variance based on means of progenies ( 2ˆ
P

σ ) estimated by equating the computed 

mean squares to their respective expectations, and solved as RQMQM EGG )(ˆ 2
−=σ  and 

RQM GP
)(ˆ 2

=σ  (SEARLE; CASELA; MACCULLOCK, 1992). Where, QMG and QME are 

the mean squares of the F2:3 progenies and the error; and R is the number of replicates. Broad-

sense heritability coefficient on a progeny-mean basis was estimated as 
222 ˆˆˆ
PGG

h σσ= , and 
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95% confidence intervals were computed for the variance components and heritability 

estimates, as described in Burdick and Graybill (1992); Knapp, Stroup and Ross (1985) 

procedures, respectively. Covariance analysis was performed to estimate the genetic 

correlation coefficients between pairs of characters, following Vencovsky and Barriga (1992). 

Genetic and phenotypic correlations between characters x and y were computed as: 

GyGxxyGxyG ovCr σσ ˆˆˆˆ )()( =  and 
yPxPxyPxyP

ovCr σσ ˆˆˆˆ
)()(

= , respectively; where 
G

σ̂  and 
P

σ̂  

are the square roots of the estimates of the genotypic and phenotypic variances. The 

significances of the genetic correlations were computed following Falconer and Mackay 

(1996), and the significance of phenotypic correlations was determined according to Steel and 

Torrie (1980). 

 

2.3 Results and Discussion 

 

2.3.1 Stink bug infestation 

 

As illustrated in Figure 5, the increase of the stink bug population in the soybean 

growth area was greatest during the grain-filling period (R5-R7). The stink bugs may arrive 

during the vegetative period, increase in population gradually during the reproductive phase, 

with exponential and accelerated growth at the end of the crop cycle. However, the period 

between the beginning of fruiting and the point of maximum accumulation of grain dry 

matter, is the most sensitive period of soybean to sucking insect attacks (PANIZZI et al., 

2000). In the end of the R7 period, the stink bug population increased exponentially. The 

population increase was due to the intense migration of adult insects from recently harvested 

crops, in search for better shelter, feeding and reproductive conditions. The population 

reached such a high level that it was necessary to use chemical control to ensure any harvest 

at the end of the crop cycle. The dramatic effect of the insecticide on stink bug populations at 

the R8 stage is obvious in Figure 5. 

 



 40 

 
Figure 5 - Mean number of stink bugs per sample in the soybean field during the experiment, in the period 

comprise between maturity stages R2 and R8 
 

2.3.2 Analysis of variance 

 

The results of analyses of variance for the investigated traits are presented in Tables 1 

and 2. Except for the trait lodging, the studied characteristics showed significant differences 

in the analysis of variance. The coefficient of variation (CV) is a parameter that indicates the 

data variability to the mean. Values of CV were low, indicating a homogeneous data set for 

the traits, except for healthy seed weight, which exhibit a high CV value. The observation can 

be explained by a combined effect, as the trait is directly related to stink bugs attack and 

distribution in the experimental field.  

Cultivar IAC-100 exhibited a smaller mean value for grain filling period (38.48) in 

comparison to CD-215 (43.05). The means of the progenies ranged from, approximately, 

35.80 to 46.53 days, with the average at 41.34 days. The grain filling is the most susceptible 

soybean developmental stage to stink bugs damage. When this stage is shorter, host evasion is 

more likely to occur (PAINTER, 1951), and the stink bugs damage is reduced.  

The resistant parent IAC-100 displayed a higher mean of the characters number of 

pods per plant and number of seeds, in comparison to the susceptible cultivar CD-215. Its 

weight of a hundred seeds and percentage index of pod damage were lower. Progenies mean 

was intermediate between the parents for the number of pods per plant, number of seeds, and 

percentage index of pod damage. However, for weight of a hundred seeds, the progenies were 
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more similar to the susceptible parent CD-215. Miranda et al. (1979) and Lourenção, 

Rossetto, and Miranda (1985) observed that resistant genotypes produce small seeds and a 

larger number of pods, allowing a greater percentage of seeds to remain free from stink bugs 

attack. This pseudo-resistance mechanism is called ‘damage dilution’ (ROSSETTO; LARA, 

1991) and explains the higher mean of grain yield by IAC-100. The mean of progenies for 

grain yield was closer to IAC-100 than to CD-215.  

McPherson, Buss, and Roberts (2007) confirmed the resistance of IAC-100 in a field 

experiment. These authors evaluated sixty-five soybean breeding lines, containing IAC-100 in 

their pedigree, for the traits: percentage of seed damage, weight of a hundred seeds, and total 

yield. From these evaluations, four breeding lines, with either Hutcheson x IAC-100 or IAC-

100 x ´V71-370` in their genealogy, produced the lowest stink bug-damaged seeds. Campos et 

al. (2010) also confirmed that IAC-100 carries pod and seed traits conferring resistance to 

stink bugs, in support of the findings by McPherson, Buss, and Roberts (2007). 

The cultivar IAC-100 also displayed a higher mean for healthy seed weight (24.09g), 

in comparison to CD-215 (13.71g). The means of the progenies ranged from 9.53g to 57.51g, 

with an average of 19.13g, closer to IAC-100 than to CD-215. The result shows that IAC-100, 

and the majority of the progenies were less damaged by the yeast E. coryli (previously named 

N. coryli), which is transmitted by stink bugs. According Rossetto et al. (1995), resistance to 

E. Coryli is one of the resistance mechanisms to the stink bug complex. In a recent study, 

Carlini-Garcia et al. (2011) evaluated 25 soybean populations from intraspecific hibridization 

between 11 genotypes, and observed that progenies from crosses between CD-215 and IAC-

100 had higher percentages of yeast-free seeds (87.67%). 

The parent CD-215 was more affected by leaf retention than IAC-100. According to 

Rossetto and Lara (1991), IAC-100 exhibits normal leaf senescence at harvest, under stink 

bugs attack. The means of progenies ranged from 1.00 to 2.17, with an average of 1.46, closer 

to IAC-100. The leaf retention index is considered an important component of soybean 

resistance to stink bugs, since plants maturing and going through normal senescence processes 

under insect pressure still allow mechanical harvesting (SOUZA; TOLEDO, 1995). 
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Table 1 – Summary of the analysis of variance, coefficient of variation (CV), general mean, confidence interval (CI), and variation range (VR) of means of 
progenies of eight quantitative soybean traitsa 

 

  Mean Square 
NDF PHF NDM PHM GFP Lb AVb LRb Sources of 

variation 
DF 

        
Block (B) 2 35.70 189.47 518.45 76.70 193.67 0.05 0.06 0.28 
Treatment 230 10.09** 25.73**         47.15**           65.59**          14.07**           0.04 0.02** 0.03* 
Residue 460 1.67 4.86 8.98 6.54 4.00 0.04 0.01 0.02 
          

CV (%)  2.82 7.38 2.54 7.42 4.84 16.22 5.25 12.08 
   cMeans  45.92 29.89 118.17 34.50 41.34 1.47 2.92 1.46 

CI  44.24; 47.60  27.03; 32.75 114.28; 122.06 31.18; 37.82 38.74; 43.94 0.92; 2.16 2.53; 3.33 1.04; 1.96 
VR  40.20; 51.27 22.40; 38.60 106.67; 128.73 24.37; 49.00 35.80; 46.53  1.06; 2.47 2.13; 3.87 1.00; 2.17 

          
IAC-100  52.14 26.01 126.43 34.91 38.48 1.34 2.97 1.43 

CI  50.46; 53.82 23.15; 28.87 122.54; 130.32 31.59; 38.23 35.88; 41.08 0.81; 2.00 2.58; 3.38 1.01; 1.92 
CD-215  43.06 30.54 113.67 32.03 43.05 1.45 2.88 1.60 

CI  41.38; 44.74 27.68; 33.41 109.78; 117.56 28.71; 35.36 40.45; 45.65 0.90; 2.13 2.50; 3.29 1.16; 2.11 
aNDF = number of days to flowering, PHF = plant height at flowering (cm), NDM = number of days to maturity, PHM = plant height at maturity (cm), GFP = grain filling period 
(days), L = lodging, AV = agronomic value, and LR = leaf retention. 
bdata transformed in √x 
cMean of L, AV and LR are expressed in original data, without transformation. 
* ,**, significant at 5% and 1% level of probability by F test. 
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Table 2 - Summary of the analysis of variance, coefficient of variation (CV), general mean, confidence interval (CI), and variation range (VR) 
of means of progenies of seven soybean traitsa 

    Mean Square     
Sources of 
variation 

DF NPP NS GY WHS PIPDb WSS HSW 

Block (B) 2 22825.12 178659.78 3081.21 49.52 0.18 98.89 2054.75 
Treatment 230 1645.80**        6049.27**         99.58**          5.92**           0.01**            8.89**           71.64**          
Residue 460 497.36 1892.29 28.97 1.48 0.00 5.31 21.91 
         

CV (%)  18.52 20.53 23.58 10.68 12.06 62.08 24.47 
    cMeans  120.44 211.85 22.83 11.39 26.24 3.71 19.13 

CI  91.48; 149.39 155.37; 268.33 15.84; 29.82 9.81; 12.97 19.21; 33.95 0.72; 6.70 13.05; 25.21 
VR  74.53; 261.83 120.60; 418.00 12.66; 64.18 8.24; 14.89 14.89; 39.92 1.17; 10.50 9.53; 57.51 

         
IAC-100  148.42 278.45 26.74 9.87 16.61 2.64 24.09 

CI  119.46; 177.37 221.97; 334.93 19.75; 33.73 9.97; 13.13 10.85; 23.32 0.00; 5.63  18.02; 30.17 
CD-215  89.27 143.09 15.94 11.55 34.22 2.23 13.71 

CI  60.31; 118.22 86.61; 199.57 8.95; 22.92 8.29; 11.45 26.48; 42.39 0.00; 5.22 7.63; 19.79 
aNPP = number of pods per plant, NS = number of seeds, GY = grain yield (g/plant), WHS = weight of a hundred seeds (g), PIPD = percentage index of pods 
damage, WSS = weight of spotted seeds (g), and HSW = healthy seed weight (g).    
bdata transformed in arc sin √x/100 
cMean of L, AV and LR are expressed in original data, without transformation. 
* ,**, significant at 5% and 1% level of probability by F test 
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2.3.3 Heritability 

 

According to Brogin, Arias, and Toledo (2003), heritability values are considered 

small when they are smaller than 30%; intermediate, if between 30% and 60%; and high when 

higher than 60%. Traits with heritability estimates higher than 30% allow genetic gains by 

selection at initial endogamy generations; such as, the F3 generation. For the population 

evaluated in the current study, heritability was generally observed to range from intermediate 

to high, showing that, for the most assessed traits, the variance was basically genetic in nature 

(Table 3). The heritability values were high for eleven traits (number of days to flowering, 

plant height at flowering, number of days to maturity, plant height at maturity, grain filling 

period, lodging, number of pods per plant, number of seeds, grain yield, weight of a hundred 

seeds, and healthy seed weight); intermediate, for two traits (percentage index of pod damage 

and weight of spotted seeds); and low, for other two traits (lodging and leaf retention). The 

highest value of heritability was observed for plant height at maturity (90.02), and the lowest 

values, for lodging (8.25) and leaf retention (20.60). Among the characteristics of resistance, 

the highest values were for weight of a hundred seeds (75.00) and grain filling period (71.56). 

The estimated heritabilities for grain filling period (71.56) and percentage index of pod 

damage (53.14) were similar to the heritability coefficient in the broad sense found by Godói 

and Pinheiro (2009) (GFP=74.7% and PIPD=49.6%). According to these authors, the best 

strategy to obtain stink bug resistant genotypes is selection based on the percentage index of 

pod damage trait, at early generations (F3 or F4), followed by selection for grain filling period, 

leaf retention and weight of spotted seed, in following generations with higher endogamy 

levels. 
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2.3.4 Correlation 

 

Correlation coefficients were calculated for each pairwise combination of traits from 

F2:3 means. The highest positive correlations occurred between the variables healthy seed 

weight and grain yield (rG = 0.98), and number of pods per plant and number of seeds (rG = 

0.96).  

The phenotypic and genotypic correlations between the weight of a hundred seeds and 

the weight of spotted seeds were significant and positive, corresponding to 0.49 and 0.50, 

Table 3 - Estimates of phenotypic ( 2ˆ
P

σ ), progenies (
2ˆ
Gσ ) and environmental ( 2ˆ

Eσ  ) variance, heritability 

( 2ˆ
G

h ), and confidence interval of fifteen soybean traitsa 

Traita 2ˆ
P

σ  2ˆ
Gσ  2ˆ

Eσ  (%)ˆ 2

G
h   

NDF 
3.36 

(2.82; 4.07) 
2.80 

(2.27; 3.54) 
1.67 

(1.47; 1.91) 
83.41 

(79.15; 86.69) 

PHF 
8.58 

(7.20; 10.39) 
6.96 

(5.61; 8.85) 
4.86 

(4.32; 5.61) 
81.12 

(76.27; 84.85) 

NDM 
15.71 

(13.20; 19.03) 
12.72 

(10.26; 16.20) 
8.98 

(7.92; 10.26) 
80.96 

(76.07; 84.72) 

PHM 
21.86 

(18.36; 26.48) 
19.68 

(16.21; 24.40) 
6.54 

(5.77; 7.48) 
90.02 

(87.46; 91.99) 

GFP 
4.69 

(3.94; 5.68) 
3.36 

(2.63; 4.44) 
4.00 

(3.53; 4.57) 
71.56 

(64.25; 77.17) 

L 
0.014 

(0.012; 0.017) 
0.001 

(0,000; 1.184) 
0.039 

(0.034; 0.044) 
8.25 

(-15.30; 26.37) 

AV 
0.007 

(0.006; 0.009) 
0.004 

(0.003; 0.006) 
0.008 

(0.007; 0.009) 
63.17 

(53.71; 70.44) 

LR 
0.009 

(0.007; 0.011) 
0.002 

(0.001; 0.008) 
0.021 

(0.019; 0.024)  
20.60 

(0.21; 36.28) 

NPP 
548.60 

(460.67; 664.48) 
382.81 

(297.86; 510.31) 
497.36 

(438.86; 569.46) 
69.78 

(62.02; 75.75) 

NS 
2016.42 

(1693.25; 2442.36) 
1385.66 

(1074.55; 1855.34) 
1892.29 

(1669.71; 2162.79) 
68.72 

(60.69; 74.90) 

GY 
33.19 

(27.87; 40.20) 
23.53 

(18.39; 31.20) 
28.97 

(25.57; 33.12) 
70.90 

(63.43; 76.65) 

WHS 
1.97 

(1.66; 2.39) 
1.48 

(1.17; 1.93) 
1.48 

(1.30; 1.69) 
75.00 

(68.58; 79.94) 

PIPD 
0.003 

(0.002; 0.004) 
0.001 

(0.001; 0.002) 
0.004 

(0.004; 0.005) 
53.14 

(41.10; 62.39) 

WSS 
2.96 

(2.49; 3.59) 
1.19 

(0.77; 2.09) 
5.31 

(4.68; 6.06) 
40.33 

(25.01; 52.12) 

HSW 
23.88 

(20.05; 28.92) 
16.58 

(12.88; 22.13) 
21.91 

(19.33; 25.04) 
69.42 

(61.57; 75.46) 
a NDF - number of days to flowering; PHF - plant height at flowering (cm); NDM - number of days to maturity; PHM - 
plant height at maturity (cm); GFP - grain filling period (days); L -  lodging; AV - agronomic value; LR - leaf retention; 
NPP - number of pods per plant; NS - number of seeds; GY - grain yield (g/plant); WHS – weight of a hundred seeds (g); 
PIPD - percentage index of pods damage; WSS - weight of spotted seeds (g); HSW - healthy seed weight (g). 
1 Confidence interval α =  95% level of probability. 
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respectively. Thus, breeders are able to indirectly select lines for stink bug resistance via 

selection for the weight of a hundred seeds. A similar result was found by Lopes et al., 1997. 

This value (rG = 0.50) indicates that the lines with smaller seed sizes were more resistant to 

stink bug infestation, probably due to the presence of a proportionally greater number of seeds 

with lower weight of spotted seeds, diluting the effect of the damage, as proposed by Rossetto 

and Lara (1991). Panizzi et al. (1986) also concluded that genotypes exhibiting the small-seed 

trait displayed, in general, lower weight of spotted seeds. 

Significant genotypic correlation for grain filling period (rG = 0.66) was solely 

observed for the weight of a hundred seeds, indicating that shorter grain filling periods result 

in lower weights of a hundred seeds. The occurrence of shorter grain filling period is desirable 

because it represents lower exposure of soybean plants to stink bug during its critical period 

of damage (R5-R7) (PINHEIRO, 1993). The shorter grain filling periods result in impaired 

seed development, and, thus, small seed size, one of the main characteristics of resistant 

cultivars to stink bug. A positive genotypic correlation was also found between number of 

days to maturity and the weight of a hundred seeds (rG = 0.52), reinforcing discussed 

previously.  

A positive genotypic correlation between healthy seed weight and the number of pods 

per plant (rG = 0.83) was also observed, indicating that greater numbers of pods per plant 

correspond to greater numbers of seeds free of stink bug attack , consequently, leading to 

larger grain yields. This is showed by the high, positive correlation between healthy seed 

weight and grain yield (rG = 0.98). 

Results showed that the percentage index of pods damage is significantly and 

negatively correlated to the number of days to flowering, number of days to maturity, plant 

height at maturity, agronomic value, number of pods per plant, grain yield, and healthy seed 

weight. It was positively and significantly correlated only to number of seeds. 

Significant genotypic correlations were found for number of days to flowering with 

plant height at flowering, number of days to maturity, and plant height at maturity. Similar 

results were found by Alliprandini and Vello (2004), indicating that populations with later 

flowering show greater height at flowering/maturity, and also had longer life cycles.
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Table 4 - Estimate and significance of genotypic )ˆ( Gr (diagonal above) and phenotypic (
P

r̂ ) (diagonal below) correlation coefficients 

for fifteen soybean traits 
Traits a  NDF PHF NDM PHM GFP L AV NPP GY WHS LR NS PIPD WSS HSW 
NDF .. 0.41* 0.78** 0.76** -0.17 ns 0.75** 0.58** 0.73** 0.73** 0.13 ns -0.08 ns 0.82** -0.71** 0.55** 0.72** 
                
PHF 0.33** .. 0.45** 0.85** 0.03 ns 0.57* 0.76**  0.56** 0.58** 0.38* 0.07 ns 0.53** -0.32 ns 0.81**  0.47** 
                
NDM 0.71** 0.39** .. 0.66** 0.35ns 0.66** 0.39* 0.70** 0.84** 0.52** 0.04ns 0.71** -0.52** 0.66** 0.82** 
                
PHM 0.69** 0.82** 0.61** .. -0.12ns 0.87** 0.83** 0.77** 0.74** 0.25ns 0.00ns 0.80** -0.58** 0.86** 0.64** 
                
GFP -0.13* 0.05 ns 0.42** -0.08ns .. -0.28ns -0.27ns 0.00ns 0.20ns 0.66** 0.43ns -0.13ns 0.31ns 0.24ns 0.18ns 

                
L 0.18** 0.13* 0.17** 0.25** -0.04ns .. 0.67** 0.55* 0.50ns -0.10ns -0.60ns 0.66** -0.35ns 0.37ns 0.51ns 

                
AV 0.42** 0.65** 0.24** 0.70** -0.20** 0.01ns .. 0.80** 0.66** -0.01ns 0.22ns 0.82** -0.44* 0.58** 0.62** 
                
NPP 0.58** 0.52** 0.60** 0.68** 0.06ns 0.15* 0.69** .. 0.87** 0.08ns 0.13ns 0.96** -0.43* 0.74** 0.83** 
                
GY 0.60** 0.53** 0.71** 0.65** 0.23** 0.11ns 0.60** 0.87** .. 0.47** 0.17ns 0.85** -0.51** 0.75** 0.98** 
                
WHS 0.14* 0.33** 0.56** 0.24** 0.66** -0.06ns 0.03ns 0.18** 0.49** .. 0.24ns -0.01ns 0.00ns 0.50** 0.40* 
                
LR  0.00 ns 0.05ns 0.10ns 0.03ns 0.18** 0.01ns -0.01ns 0.11ns 0.06ns 0.11ns .. -0.01ns 0.24ns 0.11ns 0.16ns 

                
NS 0.64** 0.49** 0.57** 0.69** -0.05ns 0.16* 0.72** 0.94** 0.87** 0.08ns 0.02ns .. 0.68** 0.83** -0.29ns 

                
PIPD -0.50** -0.24** -0.31** -0.41** 0.23** -0.03ns -0.39** -0.34** -0.47** -0.01ns 0.16* 0.54** .. -0.29ns -0.53** 
                
WSS 0.37** 0.54** 0.55** 0.59** 0.24** 0.06ns 0.36** 0.64** 0.61** 0.49** 0.18** 0.57** -0.18** .. 0.62** 
                
HSW 0.57** 0.43** 0.64** 0.55** 0.19** 0.12ns 0.58** 0.79** 0.96** 0.40** 0.01ns 0.82** -0.49** 0.37** .. 

a NDF - number of days to flowering; PHF - plant height at flowering produção de grãos; NDM - number of days to maturity; PHM - plant height at 
maturity; GFP - grain filling period; L -  lodging; AV - agronomic value; LR - leaf retention; NVP - number of pods per plant; NS - number of seeds; 
GY - grain yield; WHS - weight of a hundred seeds; PIPD - percent index of pods damage; WSS - weight of spotted seeds; HSW – healthy seed weight. 

*;** Significance at the 5% and 1% level of probability by t test, respectively. 
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2.4 Conclusions 
 

• The increase in stink bug population in the investigated soybean growth area was 

greatest during the grain filling period (R5-R7). 

• Except for lodging, the studied traits show significant differences in the analysis of 

variance. 

• The cultivar IAC-100 and its progenies displayed superior performances to the 

majority of traits evaluated. 

• Heritability was generally observed to be intermediate to high, showing that, for the 

most assessed traits, the variance was basically genetic in nature. Among the 

characteristics of resistance, the highest values were found for weight of a hundred 

seeds and grain filling period, indicating that selection for these traits is likely to be 

effective for the current population. 

• Weight of a hundred seeds presented significant and positive genotypic correlation 

with weight of spotted seeds and grain filling period. 

• Based on the results from analyses of variance, heritability coefficient, and correlation 

among traits; indirect selection for weight of a hundred seeds associated with healthy 

seed weight can be successfully employed to obtain stink bug resistant genotypes.  
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3 QTL ANALYSIS OF STINK BUG RESISTANCE AND AGRONOMIC TRAITS IN 
SOYBEAN 
 
Abstract 
 

The group of stink bug species most frequently causing economic losses in soybean is 
called stink bug complex and consists of: Nezara viridula, Piezodorus guildinii, and Euchistus 

heros. These sucking insects damage the pods, affecting yield and quality of soybean seeds. 
Soybean breeding programs in Brazil are making an effort to develop cultivars resistant to the 
stink bug complex. However, the genetic mechanisms underlying the traits are not well-
studied. Therefore, the objective of the current project was to map QTL associated to 
resistance to the stink bug complex, in a population developed from the cross IAC-100 
(resistant) x CD-215 (susceptible), considering the strategy of selective genotyping. 
Segregants were grouped in extreme phenotypic classes for the traits grain filling period 
(GFP), weight of a hundred seeds (WHS), healthy seeds weight (HSW), and leaf retention 
(LR). The F2 generation was genotyped with SSR, SNP, AFLP and TRAP markers, and the 
F2:3 generation was also evaluated for agronomic traits [number of days to flowering (NDF), 
plant height at flowering (PHF), number of days to maturity (NDM), plant height at maturity 
(PHM), lodging (L), agronomic value (AV), and grain yield (GY)], as well as for others traits 
associated with stink bug resistance [percentage index of pod damage (PIPD), number of pods 
per plant (NPP), number of seeds (NS), and weight of spotted seeds (WSS)]. In the present 
study, 337 SNP, 28 SSR, 13 TRAP, and 41 AFLP markers were mapped to 20 linkage groups, 
and the total map length was 1,475 cM. The number of markers by linkage group ranged from 
4 to 50, and the distance between two markers, from 0.1 cM to 32.4 cM. The map generated 
was used to conduct whole genome scans to identify stink bug resistance QTL, with the 
subset of 84 lines, since genotyping problems occurred in 10 of the 94 lines presented. 
Fourteen QTL were found using the restricted multiple QTL model and Kruskal-Wallis 
analyses. These QTL were localized on linkage groups (LGs) C1, A1, C2, M, F, E, J, D2, L, 
and I. The number of QTL per trait varied from one, for LR and WSS, to four, for GFP, NDF, 
WHS, PHM, and GY. The majority of the QTL were detected for more than one trait. A major 
QTL for WHS, with R2 of 40.6%, was detected on Chr15-LGE. However, the most part of the 
loci underlying resistance to stink bug consisted of genes with minor effects. Many agronomic 
traits QTL mapped in this study were consistent with those found in others similar studies.  

 
Keywords: QTL Mapping; Molecular marker; Stink bug; Soybean 
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ANÁLISE DE QTL DE RESISTÊNCIA A PERCEVEJOS E CARACTERÍSTICAS 
AGRONÔMICAS EM SOJA 
 
Resumo 
 

O grupo de espécies de percevejos que mais frequentemente causa perdas econômicas 
para a soja é chamado de complexo de percevejos e é composto por: Nezara viridula, 
Piezodorus guildinii e Euschistus heros. Estes insetos sugadores causam danos nas vagens, 
afetando o rendimento e a qualidade dos grãos de soja. Programas de melhoramento de soja 
no Brasil têm se esforçado para desenvolver cultivares resistentes ao complexo de percevejos. 
Entretanto, os mecanismos genéticos que controlam estas características ainda são pouco 
estudados. Assim, o objetivo deste projeto foi mapear QTL associados à resistência ao 
complexo de percevejos em uma população desenvolvida a partir do cruzamento IAC-100 
(resistente) x CD-215 (suscetível) considerando a estratégia de genotipagem seletiva. 
Segregantes foram agrupados em classes fenotípicas extremas para os caracteres período de 
enchimento de grãos (PEG), peso de cem sementes (PCS), peso de sementes boas (PSB) e 
retenção foliar (RF). A geração F2 foi genotipada com marcadores SSR, SNP, AFLP e TRAP 
e a geração F2:3 foi avaliada também para as características agronômicas [número de dias para 
o florescimento (NDF), altura da planta no florescimento (APF), número de dias para 
maturidade (NDM), altura da planta na maturidade (APM), acamamento (AC), valor 
agronômico (VA) e produtividade de grãos (PG)], assim como para outras características 
associadas à resistência aos percevejos [índice percentual de dano nas vagens (IPDV), número 
de vagens por planta (NVP), número de sementes (NS) e peso de sementes manchadas 
(PSM)]. Nesse estudo, 337 SNP, 28 SSR, 13 TRAP e 41 AFLP foram mapeados em 20 
grupos de ligação e o tamanho total do mapa gerado foi de 1.475 cM. O número de 
marcadores por grupo de ligação variou de 4 a 50 e a distância entre dois marcadores, de 0,1 
cM a 32,4 cM. Este mapa foi usado para conduzir a varredura completa do genoma, visando 
identificar QTL de resistência a percevejo no subconjunto de 84 progênies, já que 10 das 94 
apresentaram problemas de genotipagem. Quatorze QTL foram encontrados usando o modelo 
restrito de múltiplos QTL e análise de Kruskal-Wallis. Estes QTL foram localizados nos 
grupos de ligação C1, A1, C2, M, F, E, J, D2, L e I. O número de QTL por característica 
variou de 1 para RF e PSM a 4 para PEG, NDF, PCS, APM e PG. A maioria dos QTL foi 
detectada para mais de uma característica. Um QTL de efeito maior para PCS, com R2 de 
40,6%, foi detectado sobre Cr15-GLE. Entretanto, a maior parte dos locos controlando 
resistência a percevejos foi composta de genes com menor efeito. Muitos QTL associados a 
características agronômicas mapeados neste estudo foram consistentes com QTL encontrados 
por outros estudos similares. 
 
Palavras-chave: Mapeamento de QTL; Marcador molecular; Percevejo; Soja 
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3.1 Introduction 

 

Stink bugs are the major pest insect of soybean in Brazil, and three species are 

economically important: Nezara viridula (Linnaeus, 1758), Piezodorus guildinii (Westwood, 

1837), and Euschistus heros (Fabricius, 1794) (Heteroptera: Pentatomidae). These insects 

feed primarily on pods, causing irreversible direct damage to developing seeds, such as, poor 

germination, low vigor, reduced oil content, and increased protein content (CORRÊA-

FERREIRA; AZEVEDO, 2002). Along with the direct damage to soybean seeds, the 

transmission of microorganisms by these phytophagous pentatomids may also occur. A 

disease commonly associated with stink bug injury is the yeast spot disease, caused by 

Eremothecium coryli (previously named Nematospora coryli Peglion). In addition, plants 

attacked by stink bugs may have prolonged leaf retention, resulting in delayed maturation and 

poor harvest (BOETHEL et al., 2000).  

Stink bug control is usually accomplished by pesticide spraying. However, a more 

economical and environmentally safe control approach would be the use of resistant cultivars. 

Host resistance to insect pest can occur by three means: antixenosis, antibiosis or tolerance 

(PAINTER, 1951). Antixenosis resistance affects insect behavior, and is expressed as the non-

preference of the insect for certain plants. Antibiosis describes insect resistance, in which 

feeding on the plant results in disruption of the insect growth, development, or physiology. 

Tolerance is the ability of plants to withstand or recover from the damage caused by insect 

activities.  

The genetics of insect resistance in soybean can be readily studied by the use of DNA 

markers in distinct plant materials. This genetic tool has proven to be useful in marker-

assisted selection (MAS) for insect-resistant individuals in breeding populations, reducing the 

need of phenotype-based selection (BOERMA; WALKER, 2005). However, before carrying 

out MAS, the knowledge of the precise location of quantitative trait loci (QTL) controlling 

resistance is a prerequisite, since it is essential to know what markers should be used 

(PANTHEE et al., 2007). More recent studies of soybean resistance to insect pests have 

concentrated on mapping resistance QTL. Several studies have been published identifying 

QTL controlling resistance to soybean insect defoliators (RECTOR et al., 2000; TERRY et 

al., 2000; BOERMA; WALKER, 2005; KOMATSU et al., 2005; ZHU et al., 2006; 

YESUDAS; SHARMA; LIGHTFOOT, 2010) and aphids (ZHANG; GU; WANG, 2009). 

However, in the literature a single report on mapping genes/QTL associated with soybean 

resistance to stink bugs is available. Möller (2010) used an F2 population, obtained from 



 56 

crosses of IAC-100 and CD-215, probed with AFLP (Amplified Fragment Length 

Polymorphism), TRAP (Target Region Amplification Polymorphism), and SNP (Single 

Nucleotide Polymorphism) markers to identify loci associated with resistance to stink bugs, 

identifying 14 QTL by the composite interval mapping method. In the current research, the 

AFLP and TRAP markers identified by Möller (2010), in addition to SSR (Single Sequence 

Repeat) and novel SNP markers, will be used to fine map stink bug resistance QTL. 

Various studies focusing stink bugs in soybean have been conducted in Brazil, and 

stink bug resistance cultivars, such as: IAC-100, IAC-17 (ROSSETTO, 1989), IAC-23 and 

IAC-24 (MIRANDA; LOURENCÃO, 2002), have been developed. Although improved 

cultivars with enhanced resistance can be successfully obtained, only a few studies have been 

carried out aiming to reveal the genetic mechanisms underlying these traits and the genetic 

parameters associated with them. Therefore, the objective of the current study was to map 

QTL associated to resistance to the stink bug complex, in a F2:3 population developed from the 

cross IAC-100 (resistant) x CD-215 (susceptible), considering the strategy of selective 

genotyping. Segregants were grouped in extreme phenotypic classes for the traits grain filling 

period (GFP), weight of a hundred seeds (WHS), healthy seeds weight (HSW), and leaf 

retention (LR). 

 

3.2 Material and Methods 

 

3.2.1 Plant material 

 

A total of 229 F2:3 progenies were developed from a cross between the resistant 

cultivar IAC-100 and the stink bug-susceptible cultivar CD-215. All 229 plants were used for 

phenotyping. For genotyping, the F2:3 phenotypic results (grain filling period, weight of a 

hundred seeds, healthy seed weight, and leaf retention) were used to choose extreme 

phenotypic classes for these traits. Thus, a selective genotyping was employed consisting of 

12 resistant and 12 susceptible individuals for three of these four traits (GFP, WHS, and 

HSW), and 11 resistant and 11 susceptible for the trait LR. DNA from these 94 plants, along 

with DNA from the original parents, was used for genotyping, with AFLP, TRAP, SSR and 

SNP markers.  
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3.2.2 Field trial 

 

The parents and F2:3 progenies were evaluated for stink bug resistance during the 

2009/2010 growing season at an experimental field at ESALQ/USP, in the city of Anhembi, 

São Paulo, Brazil. The experimental plot was arranged in a randomized complete block design 

(five F2 offspring were planted together for each plot), consisting of 231 plots with three 

replicates (five plants per plot, 231 plots, three replicates for a total of 3,465 plants). Trait 

evaluation was done for all five plants per plot. Experimental plots were 1.2 m long, 0.4 m 

apart, and the plants were spaced at 0.2 m, within each plot. The distance between 

experimental rows was 1.5 m. Two border rows were sown with cultivar BR-133 between 

experimental rows (at 0.5 m spacing), as well as two or three border rows surrounding each 

experimental field to encourage an uniform distribution of stink bug populations among the 

plots during the reproductive period, and to protect the experimental lines from being 

accidently stepped on during evaluations. The entire experimental field was approximately 

70.8 m in length and 29.5 m in width. 

The experimental field was open to natural stink bug infestation via the absence of 

chemical insect control. In order to increase natural crop infestation by insect migration 

during the final maturation or initial harvesting stages, the experiment was planted in 

11/30/2009, several weeks after the neighboring fields. In this manner, the insects would be 

more attracted to plants of this experiment as the neighboring plants would senesce earlier. 

Evaluation of stink bug infestation was carried out weekly, from R2 to R8 stages, by the 

beating-tissue method with random sampling of the experimental area (GAZZONI, 1998). 

The overall mean of stink bug populations during the observed period was 1.8 insects per 

meter of row. A maximum population equivalent to nine stink bugs per meter was reached 

during stage R7.  

The agronomic traits evaluated were: a) number of days to flowering (NDF) - counted 

from sowing to anthesis of the first flower; b) plant height at flowering (PHF) - plant height in 

the beginning of the flowering, measured from the plant base (at the soil line) to the apex of 

the main stem; c) number of days to maturity (NDM) - counted from the sowing to the date 

when 95% of the pods were mature; d) plant height at maturity (PHM) - measured from the 

plant base to the apex of the main stem; e) lodging (L) - evaluated at plant maturity by a 

visual score from 1 to 5, with 1 corresponding to erect plant, and 5 to plants laying down; f) 

agronomic value (AV) - evaluated at maturity by a visual score from 1 to 5, with a 1 
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corresponding to plants with no agronomic value and a 5 to plants with excellent agronomic 

characteristics; g) grain yield (GY) - total weight of seeds produced in grams per plant. 

The characteristics of insect resistance evaluated were: a) grain filling period (GFP) - 

obtained by calculating the difference in days between reproductive stages R7 and R5 (FEHR; 

CAVINESS, 1977; PINHEIRO et al., 2005); b) leaf retention (LR) - evaluated in the field 

based on a scale ranging from 1 to 5, where 1 was equal to normal senescence and 5, to stems 

and green leaves (harvesting impaired) (GODÓI et al., 2002); c) percentage index of pod 

damage (PIPD) - obtained from estimating the percentage of pods in good, intermediate or flat 

conditions, followed by transformation using the formula PIPD = (0.5 x % intermediate pods) 

+ % flat pods (ROSSETTO et al., 1986); d) number of pods per plant (NPP) - counted for 

each plant after harvest; e) number of seeds (NS) - counted for each individual plant after the 

harvest and processing of seeds; f) weight of spotted seeds (WSS) - spotted seed weight 

(caused by insects or colonization by the pathogenic yeast Eremothecium coryli); g) healthy 

seed weight (HSW) - total weight of healthy seeds, without apparent stink bug damage, in 

grams per plant; h) weight of a hundred seeds (WHS) - weight from a random sample of 100 

seeds after standardization of humidity.   

 

3.2.3 DNA markers analysis 

 

3.2.3.1 DNA extraction 

 

Young leaflets were collected from each parent and individual F2 plants and then 

transferred to the laboratory, where they were stored at -20ºC until the tissue could be freeze-

dried in a lyophilizer, and subsequently ground to a fine powder. The DNA extraction was 

performed individually from parents and F2 individuals by the CTAB (hexadecyltrimethyl 

ammonium bromide) method (DOYLE; DOYLE, 1990). The DNA was run on 1% (w/v) 

agarose gels stained with SYBR Safe™ to check DNA quality and to determine the 

approximate concentration by comparison to λ DNA standards of known concentration. 

 

3.2.3.2 AFLP markers 

Identification of AFLP markers was previously conducted (MÖLLER, 2010) and the 

markers were used in mapping in this Ph.D. project.  The AFLP markers were identified 

essentially according to Vos et al. (1995). About 250 ηg of total genomic DNA was digested 

in a reaction with 2.5 U of each enzyme EcoRI (Invitrogen) and MseI (Invitrogen) in 1X 
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buffer (50 mM Tris-HCl pH 8.0 and 10 mM MgCl2). The mixture was incubated for 3 hours 

at 37°C and placed for 15 minutes at 70°C to inactivate the enzyme. The reaction products 

were visualized on 1% agarose gels stained with SYBR Safe™ for confirmation of the 

digestion. Subsequently, restriction fragments were ligated to double-strand adaptors EcoRI 

(5´-CTCGTAGACTGCGTACC and 5´-AATTGGTACGCAGTC) and MseI (5´-

GACGATGAGTCCTGAG and 5´-TACTCAGGACTCAT) using 0.5 U of T4 DNA ligase 

(Invitrogen) in a reaction with 1X buffer [10 mM Tris–HCl (pH 7.5), 50 mM KCl, 1 mM 

dithiothreitol (DTT), 50% (v/v) glycerol], 0.17 mM ATP, 0.83 µM MseI adaptors, and 0.083 

µM EcoRI adaptors. The mixture was incubated for 2 hours at 37°C, and then for 16 hours at 

16°C.  

Pre-amplification was performed with primers annealing to either the MseI adaptor 

(GACTGCGTACCAATTC) or the EcoRI adaptor (GATGAGTCCTGAGTAA), with no 

selective nucleotides, in a total volume of 15 µL containing 2 µL of 6X diluted digestion–

ligation DNA template, 1X PCR buffer (50 mM KCl, 10 mM Tris–HCl, pH 8.9), 0.2 mM of 

each dNTP, 2.0 mM MgCl2, 3.33 µM EcoRI primer, 3.33 µM MseI primer and 1U of Taq 

DNA polymerase (Fermentas). The pre-amplification was performed in a thermocycler Bio-

RAD (MyCycler, Bio-RAD, USA) using the following program: 30 cycles of 94ºC for 30 

seconds, 60ºC for 30 seconds and 72ºC for 1 minute. The PCR products were verified on a 

1% agarose gel stained with SYBR Safe.  

The selective amplification was performed with primers annealing to the restriction 

enzyme adaptors, added of three selective nucleotides at the 3’ end. The amplification used 14 

primer combinations, as determined by pre-screening conducted in the parents, where 'E' is 

the EcoRI primer and 'M' is the MseI primer: E-ACC/M-CTG, E-ACC/M-CTC, E-ACT/M-

CTG, E-ACT/M-CTC, E-ACT/M-CAT, E-AAC/M-CTT, E-AAC/M-CAT, E-AAC/M-CAG, 

E-AAG/M-CTG, E-AAG/M-CTC, E-AAG/M-CAA, E-AAG/M-CTA, E-AAG/M-CAG, and 

E-ACA/M-CAT. The selective PCRs were carried out in a total volume of 15 µl, containing 

1.5 µl 10X diluted pre-amplification product, 1X PCR buffer, 0.2 mM of each dNTP, 2.0 mM 

MgCl2, 1.33 µM of an EcoRI adaptor+3 primer, 1.33 µM of an MseI adaptor+3 primer, and 1 

U of Taq DNA polymerase (Fermentas). PCR was performed with a thermocycler employing 

the following touchdown program: 13 cycles of 94ºC for 30 seconds, 65ºC (-0.7ºC/cycle) for 

30 seconds and 72ºC for 1 minute, followed by 23 cycles of 94ºC for 30 seconds, 56 ºC for 30 

seconds, and 72ºC for 1 minute, with a final extension at 72ºC for 8 minutes. The PCR 

products were separated under denaturing conditions on 7% polyacrylamide gel. Bands were 

detected by silver staining following Merril et al. (1981) with modifications proposed by 
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Creste, Tulmann-Neto, and Figueira (2001) (Figure 1). The AFLP fragments were scored 

based on 0 (absence) and 1 (presence). 

 

Figure 1 – AFLP polyacrylamide gel. Rows: polymorphic bands 

 

3.2.3.3 TRAP markers 

 

Identification of TRAP markers was conducted previously (MÖLLER, 2010) and the 

markers were used in mapping in this Ph.D. project. To generate TRAP markers for map 

construction, eight fixed primers (Table 1) related to genes involved in the metabolic 

pathways of plant resistance to insects were used in conjunction with five arbitrary primers 

obtained from the literature (Table 2).  

Amplification reactions were carried out in a total volume of 15 µl, containing 100 ηg 

DNA, 1X PCR buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 0.8 µM fixed primer, 0.8 µM 

arbitrary primer and 1.5 U of Taq DNA polymerase (Fermentas).  A Bio-RAD thermocycler 

(MyCycler, Bio-RAD, EUA) was used with the following program: 94ºC for 2 minutes; 5 

cycles of 94ºC for 45 seconds, 35ºC for 45 seconds and 72ºC for 1 minute; 35 cycles of 94ºC 

for 45 seconds, 50ºC for 45 seconds, 72ºC for 1 minute, with a final extension at 72ºC for 8 

minutes. The PCR products were separated under denaturing conditions on 7% 

polyacrylamide gels. Bands were detected by silver staining following Merril et al. (1981) 
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with modifications proposed by Creste, Tulmann-Neto, and Figueira (2001). The TRAP 

fragments were scored based on 0 (absence) and 1 (presence). 

 

 

 

 

 

 

 

 

 

 

 

3.2.3.4 SSR markers 

 

Identification of SSR markers was conducted previously (M. MÖLLER, unpublished 

data) and the markers were used in mapping in this Ph.D. project. A group of 43 SSR markers 

was selected based on the availability and parental polymorphism. PCR reactions were made 

in a total volume of 15 µl, using 20 ηg of template DNA, 0.3 µM of Forward primer (IR-Dye 

700 or 800), 0.16 µM of Forward primer with M13 tail, 0.2 µM of Reverse primer, 0.15 mM 

each dNTP, 1X PCR buffer (50 mM KCl; 10 mM Tris–HCl, pH 8.9), 2.0 mM MgCl2, 1X 

BSA and 1 U of Taq DNA polymerase. 

PCR amplifications were performed on a BioRad thermocycler and the cycling 

conditions consisted of an initial step of 94ºC for 1 minute, followed by 10 cycles of 

denaturing of  94ºC for 1 minute, annealing of 50ºC for 1 minute, with a decrease of 1ºC per 

cycle, and extension at 72°C for 1 minute, and 30 cycles of denaturing of  94ºC for 40 

seconds, annealing of 40ºC for 40 seconds, and extension at 72°C for 1 minute, followed by a 

final extension step at 72°C for 10 minute. Electrophoresis separation of the SSR markers was 

Table 1- Fixed TRAP primers (MÖLLER, 2010) 
Code Sequences 5’-3’ 

KB10 GATGATTGGGTTCTGTGTCG 

KB16 ATCCTCTTCCCAAACAAAGC 

KB40 TCTGTCGTTTGTTCTCTTGATC 

KB44 ACACTGAATGGCTGGTGAAG 

KB53 CTCGTTTGGTTCCATTGTTGT 

KB56 CACTGAATGGCTTCTGAAGG 

KB65 TGTGCCACTTAGGTCACCAG 

KB66 AAGCTGTAGCCCGTTCCA 

Table 2 - Arbritary TRAP primers 
Code Sequences 5’-3’ Reference 

Ga5 GGAACCAAACACATGAAGA LIU et al. 2005 

Odd-26 CTATCTCTCGGGACCAAAC ZHI-WEI et al. 2007 

Arbi 2 GACTGCGTACGAATTGAC ALWALA et al. 2006 

T04 CGTAGTGATCGAATTCTG LIU et al. 2005 

T03 CGTAGCGCGTCAATTATG LIU et al. 2005 
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made with a Li-Cor® 4300 DNA analyzer (LI-COR Biosciences) and the alleles size was 

estimated using a marker with known molecular weights (Li-Cor IRDye 50-350 bp) (Figure 

2).  

The SSR markers were scored co-dominantly as ‘A’ = homozygous for the marker 

allele from the resistant parent, ‘H’ = heterozygous for the marker, or ‘B’ = homozygous for 

the marker allele from the susceptible parent. The missing or ambiguous data were 

represented as a dash (-). 

 

 
Figure 2 - Electrophoresis of the SSR marker SATT030 with a Li-Cor® 4300 DNA analyzer 

 

3.2.3.5 SNP markers 

 

The resistant (IAC-100) and susceptible (CD-215) parents were used, along with the 

most resistant and susceptible selected F2 plants in a 1,536 SNP analysis. The GoldenGate 

assay was performed at the Cregan and Hyten Laboratories, at the USDA Agricultural 

Research Center (Beltsville, MD) as the manufacturer’s protocol, according to the 

methodology and principles described in Fan et al. (2003) and Fan et al. (2006). The Illumina 

BeadStation 500G (Illumina Inc., San Diego, CA) was used to determine genotypic 
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differences subsequent to the GoldenGate assay. Based on the intensities detected from the 

two channels for the two respective alleles of each SNP, the automatic allele calling for each 

locus was done using GenCall software (Illumina Inc., San Diego, CA). A genotype that is 

homozygous for one or the other SNP alleles will display a signal in either the Cy3 or Cy5 

channel, whereas a genotype that is heterozygous will display a signal in both channels 

(Figure 3). An “A”, “B”, and “H” genotype coding scheme was used, where ‘A’ = 

homozygous for the marker allele from the resistant parent, ‘H’ = heterozygous for the 

marker, and ‘B’ = homozygous for the marker allele from the susceptible parent. A dash (-) 

was used for ambiguous or missing genotype calls. The data were also manually checked. A 

SNP marker was considered to be associated to the stink bug resistance when it was identified 

as polymorphic between the two parents, and the data from the 47 resistant and 47 susceptible 

F2 plants clustered tightly with the resistant (IAC-100) and susceptible (CD-215) parents, 

respectively, considering the traits grain filling period, leaf retention, weight of a hundred 

seeds, and healthy seeds weight. 

 

 
Figure 3 - Cluster separation using the average separation between the two homozygote clusters 
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3.2.4 Statistical analysis 

 

Broad-sense heritability coefficient on a progeny-mean basis was estimated as 

222 ˆˆˆ
PGG

h σσ= , and 95% confidence intervals were computed for the heritability estimates 

following procedures by Knapp, Stroup, and Ross (1985). Molecular markers and phenotypic 

data were used to construct a genetic map with lines from IAC-100 x CD-215 population. 

Linkage analysis was performed with JoinMap® 3.0 (VAN OOIJEN; VOORRIPS, 2001) 

using the Kosambi mapping function. A logarithm (base 10) of the odds (LOD) score of ≥ 3.0 

was used as a threshold to place markers into linkage groups. The maps were drawn using 

MapChart (VOORRIPS, 2002). Stink bug resistance QTL were mapped by the restricted 

multiple QTL model (MQM) and Kruskal-Wallis procedures in MapQTL® 4.0 (VAN 

OOIJEN et al., 2002) for traits with or without normal distribution, respectively. The 

restricted multiple-QTL model uses markers as cofactors in a multiple-QTL model. The QTL 

were determined by comparing the cofactor LOD with the LOD generated by a permutation 

test at 95% significance. Cofactor markers were selected by the automatic cofactor selection 

option (α = 0.010) to identify a set of cofactors. For the Kruskal-Wallis procedure, a p-value ≤ 

0.005 for each marker-trait association test was used as recommended by Van Ooijen and 

Maliepaard (1996). 

The marker closest to the peak for each significant QTL was tested in a multivariate 

ANOVA with PROC GLM (SAS INSTITUTE, 2001). All two- and three-way interactions 

among significant markers were tested. The R2 values from the multivariate models are 

estimates of the total phenotypic variance explained by the genes or QTL and their 

interactions. These R2 values were used to estimate the portion of the genotypic variance 

explained by the QTL using the ratio R2/h2 (SCHÖN et al., 1994).  

 

3.3 Results and Discussion 

 

Significant differences among progenies were observed for all traits, except lodging. 

Therefore, for almost all traits the mean of progenies was intermediate between the resistant 

and susceptible parent, except for leaf retention, weight of spotted seeds, and weight of a 

hundred seeds. Heritability estimates varied from a low figure of 0.08 for lodging to a high, of 

0.90, for plant height at maturity (Table 3).  
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Table 3 - Estimates of means, ranges, broad-sense heritabilities (h2), portion of phenotypic variation explained in quantitative 
trait loci (QTL) models (R2) with and without the interaction effect, and portion of genetic variance explained by 
the QTL and interactions 

  Mean     

Traita Population 
range 

Population IAC-100 CD-215 h2b R2 without 
interaction 

R2 with 
interaction 

R2/h2c 

Resistance          
GFP 35.80-46.53 41.70 38.48 43.05 0.71 (0.64, 0.77)d 0.41 NSe 0.57 
LR 1.00-2.17 1.39 1.43 1.60 0.21 (0.00, 0.36) 0.13 - 0.62 

PIPD 16.23-36.46 26.90 16.61 34.22 0.53 (0.41, 0.62) 0.30 NS 0.57 
NPP 77.93-261.83 122.67 148.42 89.27 0.70 (0.62, 0.76) 0.28 NS 0.40 
NS 123.13-418.00 208.33 278.45 143.09 0.69 (0.61, 0.75) 0.43 NS 0.62 

WSS 1.17-9.86 3.40 2.64 2.23 0.40 (0.25, 0.52) 0.16 -  
WHS 8.26-14.89 11.73 9.87 11.55 0.75 (0.68, 0.80) 0.60 NS 0.80 
HSW 10.84-57.51 19.20 24.09 13.71 0.69 (0.61, 0.75) 0.31 NS 0.45 

L 1.06-2.47 1.18 1.34 1.45 0.08 (-0.15, 0.26) - - - 
Agronomic         

NDF 42.60-50.40 45.42 52.14 43.06 0.83 (0.79, 0.87) 0.59 NS 0.71 
PHF 22.67-35.53 30.13 26.01 30.54 0.81 (0.76, 0.85) 0.40 NS 0.49 

NDM 109.80-128.73 117.93 126.43 113.67 0.81 (0.76, 0.85) 0.39 NS 0.48 
PHM 24.37-49.00 33.78 34.91 32.03 0.90 (0.87, 0.92) 0.48 NS 0.53 
AV 2.13-3.86 2.93 2.97 2.88 0.63 (0.54, 0.70) 0.51 NS 0.81 
GY 12.66-64.18 22.63 26.74 15.94 0.71 (0.63, 0.77) 0.36 0.52 0.73 

a GFP - grain filling period (days);  LR - leaf retention;  PIPD - percent index of pods damage;  NPP - number of pods per plant; NS - 
number of seeds;  WSS - weight of spotted seeds (g);  WHS – weight of a hundred seeds (g); HSW - healthy seed weight (g);  NDF - 
number of days to flowering; PHF - plant height at flowering (cm); NDM - number of days to maturity; PHM - plant height at maturity 
(cm); AV - agronomic value; GY - grain yield (g/plant);  
b h2, broad-sense heritability. 
c Portion of genetic variation explained with QTL model and interactions. 
d Confidence interval at α = 95% level of probability. 
e NS – no significant interaction. 
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Frequency distributions of the means of each trait in the F2:3 population were tested for 

normality by Shapiro and Wilk test statistic W (PROC Univariate, SAS, 2001). A probability 

of P < 0.05 was used to indicate absence of fitting.  The population segregated quantitatively 

with normal distribution for grain filling period, number of days to flowering, plant height at 

flowering, number of days to maturity, and agronomic value. The population did not 

segregated with normal distribution for leaf retention, percent index of pods damage, number 

of pods per plant, number of seeds, weight of spotted seeds, weight of a hundred seeds, 

healthy seed weight, plant height at maturity or grain yield. The absence of normal 

distributions in some traits was most likely due to the use of the most susceptible and most 

resistant lines for analyses, which represented extreme scores. 

In this study, 337 SNP, 28 SSR, 13 TRAP and 41 AFLP markers were mapped onto 

20 linkage groups and the total map length was 1,475 cM (Figure 4). The Chr8-LGA2 was the 

shortest (34.4 cM), and Chr15-LGE, the longest (119.80 cM). The number of markers by LG 

ranged from 4 to 50, and the distance between two markers from 0.1 cM (Chr9-LGK: 

ss107923460 – ss107922655, Chr14-LGB2: ss107923311 – ss107926963, and Chr20-LGI: 

ss107925758 – ss107925746) to 32.4 cM (Chr5-LGA1: ss107913925 – ss107916669). The 

map was used to conduct a whole genome scan to identify stink bug resistance QTL with a 

subset of 84 lines, as 10 of the 94 lines had genotyping problems. 

Significant QTL in the restricted MQM and Kruskal-Wallis analyses are reported in 

Tables 4 and 5, respectively.  According to these results, fourteen QTL were detected in ten 

linkage groups. Among these, three QTL were detected on Chr4-LGC1. The QTL linked to 

the SNP marker ss107920596 (0.0 cM) was detected for number of days to flowering, number 

of seeds, healthy seeds weight, and grain yield; the QTL linked to ss107917456 (17.2 cM) 

was detected for number of days to maturity and explained 14.4% of the variation; and the last 

QTL linked to ss107914748 (73.2 cM) was detected for grain filling period and weight of a 

hundred seeds. For all traits, the allele with greater value is from the resistant parent IAC-100.
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Figure 4 – Mapping of soybean QTL associated to stink bug resistance and agronomic traits using restricted 

multiple-QTL and Kruskal-Wallis analyses. The LG is represented on the left and the graphic 
representation of LOD values, on the right. Lettering corresponds to that in Tables 4 and 5 

  
(Continues) 

 



 68 

 

 

 
 
Figure 4 – Mapping of soybean QTL associated to stink bug resistance agronomic traits using restricted 

multiple-QTL and Kruskal-Wallis analyses. The LG is represented on the left and the graphic 
representation of LOD values, on the right. Lettering corresponds to that in Tables 4 and 5 
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Table 4 - Quantitative trait loci (QTL) for soybean resistance to stink bug complex based on restrict multiple QTL 
mapping 

Traits LGa 
Map position 

(cm) 
Marker nearest to 

the QTL peak 
LODb R2c addd 

QTL 
positione 

Resistance traits        
4-C1 73.2 ss107914748 2.74 13.8 1.316 c 
15-E 78.1 ss107923785 2.62 13.1 1.467 i 

17-D2 23.6 ss107914703 2.76 13.8 -1.358 l 
GFP  
Grain Filling Period  

20-I 29.6 ss107926125 6.53 29.5 -1.790 n 
Agronomic traits        

4-C1 0.0 ss107920596 4.11 20.4 1.040 a 
16-J 35.3 ss107927503 3.46 17.4 -1.121 k 
19-L 66.9 ss107913116 3.14 15.7 1.074 m 

NDF  
Number of Days  to 
Flowering 

20-I 24.3 T4 4.62 22.5 1.090 n 
        

15-E 62.4 ss107913532 3.20 13.6 1.710 i 
17-D2 23.6 ss107914703 2.41 11.3 -0.998 l 

PHF  
Plant Height at 
Flowering  20-I 24.3 T4 4.01 19.6 1.493 n 
        

4-C1 17.2 ss107917456 2.89 14.4 2.211 b 
5-A1 19.9 ss107912607 3.17 15.7 -2.423 d 

NDM  
Number of days to 
Maturity 15-E 62.4 ss107913532 4.33 20.8 3.225 i 
        

6-C2 58.0 ss107930961 5.05 21.8 0.171 f 
15-E 107.4 Satt263 2.78 14.9 -0.001 j 

AV  
Agronomic Value 

20-I 29.6 ss107926125 5.62 24.2 0.100 n 
a  Linkage group  
b Likelihood of odds (LOD) at QTL peak 
c Percentage of phenotypic variation explained by a QTL 
d Additive effect of an allele substitution equivalent to the difference between the means of the two homozygous classes divided by 
two. 
e QTL position on map 
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Table 5 - Quantitative trait loci (QTL) for soybean resistance to stink bug complex based on Kruskal-Wallis 
analysis 

Traits LGa Map position 
(cm) 

Marker nearest to 
the QTL peak Kb R2c Addd 

QTL 
positione 

Resistance traits        
LR 
Leaf Retention 

13-F 7.8  ss107929729 11.145 12.5 0.0098 h 

16-J 
35.3 

(34.0-36.6) 
ss107927503 14.671 15.8 0.035 k 

PIPD 
Percentage Index of 
Pod Damage  

20-I 
29.0 

(29.0-39.9) 
ss107919194 15.768 18.5 -0.033 n 

6-C2 
61.1 

(58.0-83.0) 
ss1079128441 17.442 15.8 16.937 f 

NPP 
Number of Pods 
per Plant 

20-I 
29.0 

(29.0-29.6) 
ss107919194 13.501 15.1 12.84 n 

4-C1 0.0 ss107920596 10.806 11.7 25.392 a 

6-C2 
60.6 

(58.0-83.0) 
ss107924183 16.570 16.8 33.728 f 

NS 
Number of Seeds 
per Plant 

20-I 
29.0 

(29.0-29.6) 
ss107919194 16.844 21.4 32.376 n 

WSS 
Weight of Spotted 
Seeds per Plant 

15-E 
62.4 

(58.1-81.3) 
ss107913532 17.278 15.4 1.083 i 

4-C1 73.2 ss107914748 13.151 16.4 0.970 c 

7-M 
38.9 

(33.4-38.9) 
ss107926222 12.031 13.6 -0.7114 g 

15-E 
58.1 

(48.1-95.4) 
ss107912757 34.293 40.6 1.744 i 

WHS 
Weight of Hundred 
Seeds per Plant 

17-D2 
23.6 

(1.8-28.4) 
ss107914703 15.253 20.1 -1.042 l 

4-C1 0.0 ss107920596 11.807 9.8 2.792 a 

6-C2 
60.6 

(60.2-62.8) 
ss107924183 12.083 9.3 2.983 f 

HSW 
Healthy Seed 
Weight 

15-E 
58.1 

(48.7-62.4) 
ss107912757 12.629 15.4 3.917 i 

Agronomic traits        
5-A1 28.2 ss107913925 11.408 15.0 -2.380 e 
15-E 62.4 ss107913532 11.017 11.0 2.821 i 

16-J 
35.3 

(34.0-35.3) 
ss107927503 17.772 22.5 -3.901 k 

PHM 
Plant Height at 
Maturity 

20-I 
29.6 

(29.0-29.6) 
ss107926125 18.353 25.0 3.455 n 

4-C1 0.0 ss107920596 10.915 9.3 3.150 a 
6-C2 62.6 ss107917577 11.809 10.3 3.596 f 

7-M 
33.9 

(32.1-34.5) ss107921198 11.53 12.9 -3.641 g 

GY 
Grain Yield per 
Plant 

15-E 
58.1 

(48.7-58.1) 
ss107912757 15.795 18.4 4.990 i 

a Linkage group 
b Kruskal-Wallis coefficient (significance level of at least 0.5% of probability). 
c Percentage of phenotypic variation explained by the QTL 
d Additive effect of an allele substitution, equivalent to the difference between the means of the two homozygous classes 
divided by two.  
e  QTL position on map 
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In order to better understand the QTL for grain filling period and weight of a hundred 

seeds detected on Chr4-LGC1 at 73.2 cM, it is important to know that the most sensitive 

period for stink bug damage is between the beginning of pod development and the point of 

maximum dry matter accumulation in the grain (grain filling period). When the grain filling 

period is shorter, host evasion occurs and the pods are less damaged by stink bugs. As the 

resistant cultivar IAC-100 has a shorter grain filling period, its seeds are smaller, resulting in a 

smaller weight of a hundred seeds. According to Lourencão, Rossetto, and Miranda (1985), 

those resistant plants have small seeds and a large number of pods, allowing a greater number 

of seeds free of stink bug attack. This mechanism is called ‘dilution of damage’. A possible 

explanation for the QTL for number of days to flowering, number of seeds, healthy seeds 

weight, and grain yield mapped on the Chr4-LGC1 at 0.0 cM is that an increase in the number 

of days to flowering will allow the plants an increased vegetative growth and greater grain 

yield. The increased number of seeds would allow more seeds to be free of stink bug attack, 

and increase the overall seed health, weight and yield. 

On Chr5-LGA1, two QTL were detected. The first one was detected for number of 

days to maturity, and is linked to ss107912607 (19.9 cM, R2 = 15.7). The second one was 

detected for plant height at maturity, and is linked to ss107913925 (28.2 cM, R2 = 15.0). 

These QTL exhibit additive effects of -2.42 and -2.38, showing that they received the higher 

allele from the susceptible cultivar CD-215. 

One QTL was detected on Chr6-LGC2 for the traits: agronomic value, number of pods 

per plant, number of seeds, healthy seeds weight, and grain yield. Although the LOD peaks 

were not in the same position in the test for each trait, the peaks were within 4.6 cM, which is 

sufficiently close to indicate that the same genomic region is most likely controlling the traits. 

For all traits, the allele with the greater value is from IAC-100. A stink bug resistant soybean 

plant is expected to produce a higher number of pods per plant, and consequently, a higher 

number of seeds, resulting in higher weight of healthy seed, grain yield, and agronomic value. 

The same proximity of peaks was also observed on Chr7-LGM, Chr15-LGE, and 

Chr20-LGI. On Chr7-LGM, QTL were detected for weight of a hundred seeds and grain yield 

within 5 cM of each other. On Chr15-LGE, QTL were detected for grain filling period, plant 

height at flowering, number of days to maturity, weight of spotted seeds, weight of a hundred 

seeds, healthy seeds weight, plant height at maturity, and grain yield, within a 20 cM region. 

On Chr20-LGI, QTL were detected for grain filling period, number of days to flowering, plant 

height at flowering, agronomic value, percent index of pods damage, number of pods per 

plant, number of seeds and plant height at maturity, within a 5.3 cM interval. The allele 
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contributing with greater values for the QTL on Chr7-LGM was from CD-215, whereas the 

allele of greater values for the QTL on Chr15-LGE was from IAC-100. For the QTL on 

Chr20-LGI, the additive effect varied from -1.79 to 32.38 among the traits.  

A QTL for resistance to corn earworm (Helicoverpa zea Boddie) (RECTOR et al., 

2000) and two QTL, linked to each other, for resistance to common cutworm (Spodoptera 

litura Fabricius) (KOMATSU et al., 2005) were found on LG M. These QTL and the QTL for 

weight of a hundred seeds found in this study were mapped at a similar position. A resistance 

gene to soybean aphid (Aphis glycines Matsumura), Rag1, was mapped between the SSR 

markers Satt540 and Satt463 on LGM (LI et al., 2007). Later, Kim et al. (2010) performed 

fine mapping on the gene in Dowling (PI 548663) and the region containing the Rag1 locus 

was defined by SNP markers 46169.7 and 21A. In addition, a QTL for resistance to the 

soybean cyst nematode (Heterodera glycines Ichinohe) was also mapped on linkage group M 

(WEBB et al., 1995). 

On Chr15-LGE, a QTL linked to Satt263 (107.4 cM, R2 = 14.9%) was detected to be 

associated with agronomic value, and a single QTL was detected on Chr13-LGF for leaf 

retention, linked to ss107929729 (7.8 cM). 

For Chr16-LGJ, a QTL was detected for the number of days to flowering, percent 

index of pods damage, and plant height at maturity, and it is linked to ss107927503 (35.3 

cM). The additive effect for number the days to flowering was of -1.12, 0.03 for percent index 

of pods damage, and -3.90 for plant height at maturity. A QTL at the same region was found 

for resistance to corn earworm (RECTOR et al., 2000). In Chr17-LG2, a QTL linked to 

ss107914703 (23.6 cM) was detected for grain filling period, plant height at flowering and 

weight of a hundred seeds.  For the three traits, the allele conferring a greater value is from 

the parent CD-215. On Chr19-LGL, one additional QTL was detected in relation to the 

number of days to flowering and it is linked to ss107913116 (66.9 cM). This QTL explained 

15.7% of the phenotypic variation. 

Markers linked to QTL and all possible two-way interactions were added to a 

multivariate SAS model (Table 3). A single significant interaction was revealed, 

corresponding to the interaction between ss107921198 and ss107912757 for grain yield. The 

QTL, along with the significant interaction, explained 52% of the total variation for grain 

yield. The proportion of the genetic variation explained by the QTL and the interactions 

ranged from 0.40 to 0.81, showing that for almost all traits the mapped QTL control most of 

the genetic variance for stink bug resistance (Table 3). 
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Nine QTL for seed filling period have been described on Soybase, but none at LG C1, 

E, D2 or I. Therefore, the four QTL detected in the present population are likely to be novel. 

A QTL for the number of days to flowering near Satt380 located on LG J has been previously 

detected in a population of ‘PI317336’ x ‘Corsoy’ (TASMA et al., 2001) and is located 7.7 

cM from ss107927503, the marker used to map the QTL in the current population. Moreover, 

three QTL for number of days to flowering were mapped on LG L near Satt113 (ORF et al., 

1999), A385_1/G173_1 (MANSUR et al., 1993), and Satt166 (ORF et al., 1999) in other 

populations. The first two QTL are 0.4 cM and 1.3 cM from the marker ss107913116, used to 

map the QTL in this study. The QTL near Satt166 maps between 65.50 and 67.50 cM. These 

QTL were detected in the same genome region, further indicating that this is an important 

region controlling the number of days to flowering in soybean. 

For plant height at maturity, the QTL positions detected in the current population are 

very close to QTL previously detected on LG A1, E, J and I, near Satt382 (KABELKA et al., 

2004), Satt321 (SPECHT et al., 2001), B166_1 (LEE et al., 1996), and Satt127 (SEBOLT; 

SHOEMAKER; DIERS, 2000), respectively. The QTL on LG A1 is 0.78 cM from 

ss107913925, the QTL on LG E is 6.83 cM from ss107913532, the one on LG J is 5.38 cM 

from ss107927503, and the one on LG I is 4.75 cM from ss107926125. 

Among the QTL previously reported for the number of days to maturity and grain 

yield, only one of them is located in the same region as the QTL mapped in the current 

population originated from a cross between IAC-100 and CD-215. On LG A1, one QTL for 

the number of days to maturity near Satt382 (KABELKA et al., 2004) was detected in a 

population of ‘BRS101’ x ‘LG82-8379’, and it is, at least 5.52 cM, from ss107912607, which 

is the marker used to map the QTL in the current study. Moreover, a QTL for grain yield on 

LG M near Satt567/463 (WANG et al., 2004) was detected in a population of ‘IA2008 x 

PI468916’, and is located from 33.4 cM to 50.10 cM, whereas ss107921198 detected in the 

study is located in the range from 32.1 to 34.5 cM, with peak at 33.9 cM.  

 

3.4 Conclusions 
 

Little is known about the mechanisms of insect resistance in soybean. Therefore, in the 

current research, the QTL underlying fifteen traits were studied in a population of 84 F2:3 lines 

developed from a cross between IAC-100 and CD-215. The parents greatly differ for the traits 

studied in the present work.  
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The results showed fourteen QTL underlying six agronomic and eight stink bug-

resistance traits. The numbers of QTL detected for each trait varied from one for leaf retention 

and weight of spotted seeds to four for grain filling period, number of days to flowering, 

weight of a hundred seeds, plant height at maturity, and grain yield. 

The majority of the QTL were detected for more than one trait. For example, two QTL 

affecting four agronomic traits, and four traits related to stink bug resistance were detected on 

Chr15-LGE and Chr20-LGI. A major QTL for weight of a hundred seeds, explaining 40.6% 

of the phenotypic variance, was detected on Chr15-LGE, and its peak is near the SNP marker 

ss107912757. However, the most part of the loci underlying resistance to stink bug consisted 

of genes of minor effects. The QTL for weight of a hundred seeds found in this study, on LG 

M, maps almost at the same position at regions underlying resistance to Helicoverpa zea and 

Spodoptera litura. 

The results were partially consistent with previous studies for agronomic traits, 

suggesting that, although the mapping population size was small, real QTL were mapped.  
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4 EXPRESSION PROFILE OF SOYBEAN RESISTANCE RESPONSE TO  
STINK BUG 
 
Abstract 
 

The genome-wide expression approach is especially promising for cases where 
defense-related genes are difficult to map precisely, such as when resistance is governed by 
many genes and each gene has a minor contribution to the defense response. Therefore, the 
present study takes advantage of modern genomic techniques to perform a transcript profile 
analysis of stink bug resistant and susceptible soybean cultivars to evaluate the plant defense 
response to the pest insects. In the present work, a pilot experiment was developed to 
determine the timing of the most significant gene expression changes in soybean in response 
to stink bug feeding using microarray analysis. Subsequently, a field trial of insect feeding 
was carried out to identify genes associated with the resistance responses by comparing the 
differential expression between resistant and susceptible soybean cultivars with RNA-seq. 
Additionally, gene expression from resistant and susceptible plants in the absence of stink 
bugs was examined to identify genes exhibiting constitutive differential regulation. For the 
pilot experiment, pods of the highly susceptible soybean cultivar CD-215 were infested with 
insects of the species Nezara viridula and Euschistus heros in the greenhouse. Pods were 
collected at time points 5.5, 21, 24, and 41 hours post-infestation. Pods used for time points 
5.5 and 21 hours were infested with insects previously starved for 24 hours. Microarrays were 
used to characterize gene expression changes at the four time points with both species of 
insects. A clear differential expression was observed for the samples at time points 21, 24, and 
41 hours infested with P. guildinii. For the field experiment, pods were infested with P. 

guildinii and samples were taken at time points 0, 8, 24, and 46 hours. However, due to 
limited financial resources, sequencing was only carried out for RNA obtained from the 24 
hour time point, since it generated the best results in the pilot experiment along with the 41 
hour sample. As the field experiment was carried out at the end of September in 2011, 
samples were not ready to be sent for RNA-seq analysis until the beginning of November. 
Thus, RNA-seq results will be available after the submission of the thesis. The resistant 
cultivar showed 39.4% of the genes with higher expression levels (fold change > 2.0 up) and 
11.68%, with lower expression (fold change > 2.0 down) in comparison to the susceptible 
cultivar in the RNA-seq analysis performed on pods without treatment. 
 
Keywords: cDNA microarray; RNA-seq; Gene expression; Plant resistance; Stink bug; 

Soybean  
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4 PERFIL DE EXPRESSÃO DA RESPOSTA DE RESISTÊNCIA DA SOJA A 
PERCEVEJOS 
 
Resumo 
 

A abordagem de expressão gênica de genomas completos é especialmente promissora 
para casos onde genes relacionados à defesa são difíceis de mapear precisamente, tal como 
quando a resistência é governada por muitos genes e cada gene apresenta uma pequena 
contribuição para a resposta de defesa. Assim, o presente estudo tira proveito de técnicas 
modernas de genômica para fazer uma análise do perfil transcricional de cultivares de soja 
resistente e suscetível a percevejo, visando avaliar a resposta de defesa da soja a estes insetos-
praga. Neste trabalho, um experimento piloto foi desenvolvido para determinar o tempo em 
que ocorrem as maiores mudanças na expressão gênica em soja em resposta à alimentação de 
percevejo, usando análises de microarranjo. Em seguida, foi realizado um estudo de 
alimentação do inseto no campo para identificar genes associados à resposta de resistência 
pela comparação da expressão gênica diferencial entre materiais de soja resistente e 
suscetível, empregando o sequenciamento de RNA (RNA-seq). Adicionalmente, foi 
investigada a expressão gênica de plantas resistente e suscetível na ausência dos percevejos 
para identificar genes com diferenças constitutivas de expressão. Para o experimento piloto, 
vagens da cultivar de soja suscetível ao percevejo, CD-215, foram infestadas com insetos das 
espécies Nezara viridula e Euschistus heros em casa de vegetação. Foram coletadas vagens às 
5.5, 21, 24 e 41 horas após infestação. Vagens usadas para 5.5 e 21 horas foram infestadas 
com insetos que estavam previamente sem alimentação por 24 horas. Microarranjos foram 
usados para caracterizar as mudanças na expressão gênica nos quatro tempos de infestação e 
com ambas as espécies de insetos. Foi observada uma clara expressão diferencial para as 
amostras infestadas às 21, 24 e 41 horas com P. guildinii. Para o experimento de campo, 
vagens foram infestadas com P. guildinii e amostras coletadas 0, 8, 24 e 46 horas após 
infestação. Entretanto, devido aos recursos financeiros para o projeto serem limitados, 
somente RNA da amostra coletada após 24 horas foi sequenciado, já que 24 e 41 horas foram 
os tempos de infestação que geraram os melhores resultados no experimento-piloto. Como o 
experimento de campo foi realizado no fim de setembro de 2011, as amostras não estavam 
prontas para serem enviadas para a análise de RNA-seq até o início de novembro. Assim, os 
resultados de RNA-seq estarão disponíveis após a submissão da tese. A cultivar resistente 
apresentou 39,4% dos genes com expressão induzida (duas vezes maior) e 11,68% de genes 
com expressão reprimida (duas vezes menor) em comparação com a cultivar suscetível na 
análise de RNA-seq realizada em vagens na ausência de infestação.  
 
Palavras-chave: Microarranjo de cDNA; Sequenciamento de RNA;Expressão 

gênica;Resistência vegetal; Percevejo; Soja 
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4.1 Introduction 

 

Recent advances in sequencing technologies have greatly enhanced the understanding 

of the structural and functional aspects of plant genomes (VARSHNEY; GRANER; 

SORRELLS, 2005). Genomics is the study of genomes, which includes the study of all 

coding and non-coding regions of a genome. An important element of genomics is the 

determination of the expression profile of all genes in response to environmental and 

developmental factors. These great advances in genomics are providing valuable information 

to assist researchers in modern breeding in the pursuit of improved crop performance.  

The advent of lost-cost, whole-genome sequencing has led to the sequencing of the 

complete genome of hundreds of organisms. In order to take advantage of the large and 

rapidly increasing sequence information, new technologies are constantly being developed. 

Several tools and analyses now exist to conduct expression profiling to aid the investigation 

of how an organism responds to environmental changes, or in response to a specific stimulus. 

For example, one of the first methods to examine genome-wide gene expression was the 

closed-format hybridization technology called 'microarrays', which consists of thousands of 

oligonucleotides or cDNA corresponding to all known genes of an organism (SCHENA et al. 

1995). 

Microarrays are typically used to directly compare samples from two different sources 

(control and treatment) to determine gene expression ratios. In two-color microarray 

technology, two RNA samples are labeled separately with distinct fluorescent tags [for 

example, cyanine 3 and cyanine 5 (Cy3, Cy5)], hybridized to a single microarray and scanned 

to generate fluorescent images from the two fluorescent channels. A two-color graphical 

overlay can then be used to visualize genes that are activated or repressed, and specific 

softwares are used to express numerical data of the fluorescence levels, which are 

proportional to mRNA levels (STEARS; MARTINSKY; SCHENA, 2003).  

Although very informative, microarray technology is limited by the requirement of 

having the known sequence of a gene to be able to quantify the mRNA level of that gene. On 

the other hand, the recent development of next-generation massively parallel sequencing of 

RNA, called “RNA-seq” (RNA sequencing), allows quantitative determination of RNA 

levels, comparable to microarrays, with the added benefit that the entire transcriptome is 

surveyed without any a priori knowledge of the transcribed regions (WILHELM; LANDRY, 

2009). In general, in an RNA-seq assay a population of RNA is converted to a library of 

cDNA fragments with adaptors attached to one or both ends. Each molecule is then sequenced 
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in a high-throughput manner to obtain short sequences. The sequencing reads are typically 30-

400bp, depending on the DNA sequencing technology. Following sequencing, the resulting 

reads are aligned to a reference genome or transcript, or assembled de novo without the 

genomic sequence to produce a genome-scale transcription structure and/or level of 

expression for each gene (WANG; GERSTEIN; SNYDER, 2009). 

The use of high-throughput gene expression technologies can bring insights into how 

an organism responds to abiotic and biotic stresses, as hundreds or even thousands of genes 

may respond, representing many metabolic reactions. For example, plants have been shown to 

express many thousands of genes during interactions with pests, whereas under non-stressed 

conditions, these same genes might not be expressed. Several studies have provided clues as 

to how plants are defending themselves against insect feeding. Li et al. (2008) identified 140 

genes in soybean showing specific responses to aphids (Aphis glycines Matsumura), including 

genes related to cell wall, defense, DNA/RNA, secondary metabolism, signaling, and other 

processes. Casteel et al. (2008) showed a decrease in the levels of defense-associated genes in 

soybean grown under elevated CO2, and that the plants were more susceptible to Japanese 

beetle (Popillia japonica) herbivory. Kempema et al. (2007) identified that distinct defense 

pathways were triggered by phloem feeding and chewing insects in Arabidopsis thaliana. 

The genome expression approach is especially promising for cases where defense-

related genes are difficult to map precisely, such as, when resistance is governed by many 

genes (QTLs, or quantitative trait loci) and each gene has a minor contribution to the defense 

response (CLOUGH; VODKIN, 2004). For example, Calla et al. (2009) identified several 

defense-related genes, such as PR5, located within a disease resistance QTL and also 

significantly differentially expressed. 

The present study takes advantage of modern genomic techniques to perform a 

transcript profile analysis of soybean cultivars that are either resistant or susceptible to stink 

bugs in order to evaluate the soybean defense response to these pest insects. Stink bugs are 

considered the most important pest insect attacking soybean (Glycine max) in Brazil and are 

also becoming a serious problem in the United States. The group of stink bug species most 

frequently causing economic losses in Brazil is called the “stink bug complex” and is 

composed of three species: Nezara viridula (Linnaeus), Piezodorus guildinii (Westwood) and 

Euchistus heros (Fabricius) (Heteroptera: Pentatomidae). The most susceptible period of the 

soybean life cycle to stink bug damage is the pod-filling period, when the stink bugs extract 

nutrients from seeds using their piercing and sucking mouth. The impact of stink bug feeding 

may be significant losses in soybean yield, quality, and germination potential. Moreover, stink 
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bugs are also associated with the transmission of the yeast Eremothecium coryli (previously 

named Nematospora coryli Peglion), and other diseases (CORRÊA-FERREIRA; AZEVEDO, 

2002). 

In this present work, a pilot experiment was developed to determine how early one can 

detect gene expression changes in soybean in response to stink bug feeding using microarray 

analysis. Subsequently, an insect feeding study in the field was carried out to identify genes 

associated with resistance responses by comparing the differential gene expression between 

resistant and susceptible soybean employing RNA-seq. Additionally, we examined gene 

expression patterns in resistant and susceptible plants in the absence of stink bugs to identify 

genes with constitutive expression differences between the cultivars used. 

 

4.2 Material and Methods 

 

4.2.1 Plant material 

 

Soybean cultivars IAC-100 and CD-215 were used in the present study. IAC-100 is 

partially resistant to stink bugs, is classified in maturity group 8, and was developed by 

Instituto Agronômico de Campinas in São Paulo, Brazil.  It is derived from the cross between 

IAC 78-2318 and IAC-12 (ROSSETTO et al., 1995). The line IAC 78-2318 is a source of 

multiple-resistance genes against soybean-attacking insects (LOURENÇÃO; MIRANDA, 

1987). The cultivar CD-215, a protected plant developed by COODETEC (Cooperativa 

Central Agropecuária de Desenvolvimento Tecnológico e Econômico Ltda), from the state of 

Paraná, Brazil, was used as the stink bug susceptible parent and is derived from a cross 

between the OC88-127 and OC90-234. 

 

4.2.2 Pilot experiment 

 

The stink bug susceptible soybean cultivar CD-215 was grown during the second 

semester of 2010 in a stink-bug-free greenhouse at the University of Illinois, Urbana campus, 

to early pod fill (stage R5). Insects of the species Nezara viridula and Piezodorus guildinii 

were obtained from USDA-ARS entomologist Dr. Clint Allen, in Stoneville, Mississippi, and 

allowed to feed on pods within attached small bags surrounding an individual pod (Figure 1). 

The manipulations for both insect species were similar.  
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Pods were collected at time points 5.5, 21, 24, and 41 hours post-infestation. Pods 

used from time points 5.5 and 21 hours were infested with insects previously starved for 24 

hours. An empty bag was wrapped around a pod at a similar growth stage, on a separate plant, 

to serve as controls for each insect-infested sample from the same time point. Biological 

replicates were not done, because the goal of the pilot experiment was simply to determine 

how early after feeding one could detect changes in gene expression using the soybean oligo 

microarrays. Harvested pods were placed immediately in liquid nitrogen after removal from 

the plants to rapidly stop gene expression activity. Subsequently, samples were stored at -

80ºC until RNA extraction. 

 

 
Figure 1 - A nylon bag wrapped around a single pod containing stink bugs 

 

4.2.3 Field trial 

 

The field study was conducted at the USDA-ARS experiment station in Stoneville, 

Mississippi, in the USA in collaboration with entomologist Dr. Clint Allen. Seeds of IAC-100 

and CD-215 were planted in four separate 6-foot by 24-foot plots, each covered with a 6-foot 

high cage covered with a nylon mesh to restrict the entry of herbivores into the plots (Figure 

2). However, it was difficult to completely eliminate tiny insects, such as whiteflies, during 

plant development.  
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Figure 2 - Cages covering field plots in Stoneville, Mississippi, USA 

 

Plantings were on June 2nd, 20th, and 30th 2011 to ensure that plants of distinct 

genotypes and maturity groups were at the same developmental stage at the time of sampling. 

One of the cages was blown over by strong winds resulting in many lodged plants. However, 

this fact did not derail the experiment as plants recovered and produced healthy seed pods, 

and treated and control plants were obtained from within the same plot. Infestations were all 

done on the same day, when a sufficient number of plants of both genotypes had seed pods at 

the R5 stage. On that day, September 22nd, 2011, the cages were removed and individual pods 

were covered with small nylon bags with or without two insects, similar to our pilot 

experiment. Infestations were performed at each of the four plots, each plot representing one 

experimental block consisting of three control and three infested pods per treatment. The 

treatments were 0, 8, 24, and 46 hours post-infestation. Adult stink bugs of the species 

Piezodorus guildinii used in the study were obtained from soybean fields in southeast Texas 

and fed with green beans for two to three days prior to the day of infestation. The experiment 

schedule is described in Table 1. Pods were harvested at each time point and placed 

immediately in a plastic pouch and into a dry ice/ethanol bath, and then on dry ice to remain 

frozen until transferred to -80ºC, several hours later. During the approximate 10-hour return 

trip to Urbana, samples were kept deep frozen within a large ice chest of dry ice, and then, 

stored again at -80ºC in Urbana, Illinois until RNA extraction. 
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Table 1 - Summary of the field experiment 
 Date 

Hours 09/22/2011 09/23/2011 09/24/2011 
8a.m.   

9 a.m. 

Insects placed in 
vials without food 

 (2 insects/vial) 
  

10 a.m.   
11 a.m. 

Set up T8h 
 Collected T46h 

12 p.m. Set up T24h Collected T24h Verified stink bugs still alive 
1p.m. Set up T46h Verified stink bugs still alive  
2p.m. Collected T0h   
6p.m. Collected T8h   

7p.m. 
Verified stink 
bugs still alive 

  

 

4.2.4 RNA extraction 

 

For RNA extraction, pods frozen in liquid nitrogen were ground to a powder and total 

RNA isolated by treatment with Fruit-mate (Takara, Japan) followed by extraction with 

TRIzol reagent (Invitrogen, Carlsbad, CA) in tubes containing Phase Lock Gel-Heavy 

(Brinkmann Instruments, Inc., Westbury, NY). Subsequently, the supernatants were 

transferred to new centrifuge tubes and extracted with chloroform. Following chloroform 

extraction, RNA in the aqueous phase was precipitated with isopropyl alcohol, washed with 

ethanol, and suspended in water. RNA samples were checked using a BioAnalyzer 2100 

(Agilent Technologies, Palo Alto, CA) to verify RNA integrity, and the concentrations were 

determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE). 

 

4.2.5 Microarray analysis 

 

RNA from the pilot study was analyzed using soybean oligonucleotide microarrays 

from Dr. Lila Vodkin (University of Illinois). RNA labeling was conducted essentially 

according to Zou et al. (2005), with some modifications. Each purified total RNA (RNeasy 

kit, Qiagen, Valencia, CA) was reverse-transcribed into cDNA incorporating aminoallyl-

dUTP (aa-dUTP; Sigma, St. Louis, MO). The reverse transcription reaction was performed 

using 30 µg of total RNA concentrated to an 11 µl volume under vacuum centrifugation. A 

sample of 11 µl RNA and 2 µl oligo d(T)25 (3 µg/µl) was mixed and heated at 70oC for 10 

minutes and immediately chilled on ice for 10 minutes. Following centrifugation for 30 s at 
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13,000 × g, 29.5 µl of the reverse transcription master mix (2.5 mM each of dATP, dCTP, and 

dGTP; 1.5 mM dTTP; 1.0 mM aminoallyl-dUTP [all nucleotides from Sigma]; 0.1 M 

dithiothreitol [DTT] [Invitrogen]; 1000 units of Superscript III reverse transcriptase 

[Invitrogen]; and 5× FS reaction buffer [Invitrogen]) were added to a total volume of 42.5 µl. 

After a 3-hour incubation at 50°C, RNA was hydrolyzed by addition of 13 µl 1M NaOH and 

13 µl 0.5 M EDTA (pH8.0) and incubated for 15 minutes at 65°C. Samples were neutralized 

with 13 µl 1 M HCl. Newly synthesized cDNA was purified using QiaQuick PCR purification 

columns (Qiagen, Valencia, CA, U.S.A.) with modified Tris-free buffers (50 ml of wash 

buffer: 10 ml of nuclease-free H2O, 40 ml of ethanol; 50 ml of elution buffer: 0.19 ml of 1M 

K2HO4, 0.01 ml of 1 M KH2PO4, 49.80 ml of nuclease-free H2O). Successful reverse 

transcription was verified by measuring light absorption at 260 nm with a NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies) and observing a cDNA yield 

corresponding to at least 2% total RNA. Samples were dried by vacuum centrifugation, 

followed by suspension in 4.5 µl of 0.1 M sodium carbonate buffer (1 M NaHCO3 made fresh 

monthly and adjusted to pH 9.0 with concentrated HCl). For the addition of 4.5 µl of Cy3 or 

Cy5 monofunctional dye [#PA23001 and #PA25001 (Amersham Pharmacia)], each tube of 

dye was suspended with 73 µl of anhydrous dimethyl sulfoxide [(Aldrich, Milwaukee, WI, 

U.S.A.), pipetted in single-use aliquots and stored at –80°C], and added to each sample. 

Labeling reactions were incubated for 1 h at room temperature in the dark. Unincorporated 

dyes from Cy3 and Cy5 reactions were removed using QiaQuick PCR purification columns 

(Qiagen). The column eluates were combined and the fluorescent labeling was verified using 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Light absorption at 260, 

550, and 650 nm was measured to determine the concentration of cDNA, incorporation of 

Cy3 and Cy5, respectively. 

Hybridization, washing, scanning, image analysis, and data acquisition were 

performed as previously described (ZOU et al., 2005). The purified labeled probe 

(concentrated to 40 µl), 4 µl Poly d(A)50 (25 µg/µl) was added and the solution was placed 

into just-boiled (95 to 99°C) water for 3 minutes. After centrifugation at 13,000 × g for 30 

seconds, 44 µl of 2× hybridization solution (50% formamide, 10× SSC [1× SSC is 0.15 M 

NaCl plus 0.015 M sodium citrate], 0.2% sodium dodecyl sulfate, preheated to 42°C) was 

added. The solution was then pipetted onto one slide containing half the oligonucleotide set, 

and subsequently, the slide containing the remaining half was gently placed on top. This 

'sandwich' hybridization was incubated in a sealed chamber within a 42°C water bath for three 
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days, and then, washed (HEGDE et al., 2000) and scanned for fluorescence emission using a 

Perkin-Elmer (Foster City, CA, U.S.A.) ScanArray Express Microarray Scanner. 

Images were analyzed with the software GenePix version 5.0 (Axon Instruments, 

Union City, CA, U.S.A.) to generate fluorescent intensity and background values for each 

spot in both Cy3 and Cy5 channels. Single spots or areas of the array with obvious blemishes 

were flagged and excluded from subsequent analyses. Images in the TIFF format and GenePix 

result data files were uploaded into GeneTraffic (Iobion, La Jolla, CA, U.S.A.) for data 

storage, visualization and analysis. The response variable studied was the log2 of the 

normalized, background-subtracted, fluorescence intensity. Hierarchical clustering was 

applied to both axes using the similarity metrics method based on Pearson correlation with the 

flavor correlation (centered), as implemented in the program Cluster (M. Eisen; 

http://www.eisenlab.org/eisen/?page_id=42) (EISEN et al., 1998). The results were analyzed 

with TreeView (M. Eisen; http://www.eisenlab.org/eisen/?page_id=42) (EISEN et al., 1998). 

 

4.2.6 RNA sequencing 

 

Purified (RNeasy kit, Qiagen, Valencia, CA) total RNA from pods (see methods in 

4.2.1.4) were treated by DNAseI in a reaction containing 28 µg RNA, 10 x buffer, and 

DNaseI, and incubated at 37 ºC for 20 minutes. The products were purified using RNeasy 

MinElute Cleanup Kit (50) (Qiagen, Hilden, Germany). For the investigation of constitutively 

differentially expressed genes in the absence of insect treatment, RNA from pods of 

greenhouse-grown plants was used and RNA from three replicates were mixed for each 

cultivar and submitted to RNA-seq analysis. For the field study, RNA was extracted from 

individual pods, with three pods being collected per treatment per time point per plot. The 

three replicates of each treatment at each time point were pooled prior to submitting to RNA-

seq analysis. 

The high-throughput RNA sequencing (RNA-seq) was performed at the Keck Center 

of the University of Illinois, using the Illumina HiSeq2000 sequencer. For sequencing, the 

cDNA from different samples were marked with tag sequences to differentiate one sample 

from the other by sorting with the added tag. These RNA-seq libraries were prepared with 

Illumina's 'TruSeq RNA-seq Sample Prep kit'. The libraries were quantified by qPCR and 

pooled in equimolar concentrations of two samples. It was possible to sequence two samples 

per lane using a TruSeq SBS sequencing kit version 5, with a sequence target of 100 

nucleotides per sequence, and about 40-50 million sequence reads per sample. Analyses were 
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made using the pipeline version 1.8. The sequence reads were aligned to the soybean 

reference genome (http://www.phytozome.net/soybean) using the software Tophat, which 

uses the ultra high-throughput short-read aligner Bowtie. The aligned RNA-seq reads were 

run through a second software called Cufflinks that assembles the alignments into a 

parsimonious set of transcripts. Subsequently, Cufflinks software estimates the relative 

abundances of the transcripts based on how many reads support each one, taking into account 

biases in the library preparation protocols. The end-result was a table of Glycine max (Glyma) 

IDs and frequencies of how often each gene was represented by transcripts in the samples.  

 

4.3 Results and Discussion 

 

4.3.1 Pilot experiment 

 

Microarrays were used to characterize gene expression changes for four time points 

(5.5, 21, 24 and 41 hours after infestation) with both species of insects (P. guildinii and N. 

viridula). Schematically, pods with feeding stink bugs were compared to those without insects 

at each time point (Figure 3). Two sets of soybean cDNA microarray slides, each with 19,000 

gene oligonucleotides, were used totaling 38,000 screened genes. 

 

 
Figure 3 - Schematic representation of the microarray analyses to determine gene expression changes for each 

time point investigated 
 

For each time point, fluorescent cDNA probes, labeled with Cy5 dye, were prepared 

from each mRNA sample extracted from pods infested with insects. Reference cDNA probes, 

labeled with Cy3, were prepared from mRNA obtained from pods without feeding insect. 

Each Cy5-labeled experimental cDNA probe was combined with Cy3-labeled reference probe 

and the mixture was hybridized to the microarray. The fluorescence ratio was quantified for 

each gene and reflected the relative abundance of transcripts corresponding to the given gene 

in each experimental sample in comparison to the reference mRNA. Data was uploaded to an 



 94 

in-house microarray analysis database, GeneTraffic, and the differentially expressed genes 

were selected based on the fold-change ratio (> 3x). 

Figure 4 provides an overview of the variation in gene expression throughout the 

samples. A hierarchical clustering algorithm was used to group genes based on the similarity 

of expression patterns among the samples. The data are shown in a matrix format, with each 

row representing the hybridization results for a single cDNA element of the array, and each 

column representing the measured expression levels for each gene in a single treatment 

comparison. To visualize the results, the expression level of each gene was color-coded, with 

black representing no change in expression; red, upregulation due to feeding; and green 

representing downregulation due to feeding.  The color intensities reflect the magnitude of the 

change. 

 

 
Figure 4 - Hierarchical clustering of the relative gene expression levels of soybean pods across four time points 

(5.5, 21, 24 and 41 hours after infestation) and two species of insects (Nezara viridula and Euchistus 

heros). Rows represent cDNA clones and columns, the treatments. Treatments: 41hP (41 hours, P. 

guildinii), 24hP (24 hours, P. guildinii), 21hP(s) (21 hours, starved P. guildinii), 5.5hP(s) (5.5 hours, 
starved P. guildinii), 41hN (41 hours, N. viridula), 24hN (24 hours, N. viridula), 21hN(s) (21 hours, 
starved, N. viridula), 5.5hN(s) (5.5 hours, starved, N. viridula) 
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Gene expression results from GeneTraffic allowed the observation that some of the 

most strongly induced genes for the different samples were genes typically associated with 

insect defense, such as proteinase inhibitors and lipoxygenases (Figures 5 and 6). However, 

looking at gene expression throughout the different samples, a lot of variation was observed 

(Figure 4); and since only one replication was performed, conclusions on soybean gene 

expression responses to stink bug feeding will be made only from the RNA-seq analysis of the 

field study. The pilot experiment served mainly to identify when detection of differential gene 

expression could be made. Results from the clustering analyses of the pilot experiment data 

from all treatments indicated that there was a clear differential expression among the samples 

from time points 21, 24, and 41 hours with P. guildinii. Focusing on consistently differentially 

expressed genes, it was noted that some typical defense-responsive genes were induced 

(Figure 7). Taking together these results, and the observation that the differential expression 

was increasing over time, we concluded that gene expression changes detected in the pilot-

experiment were related to soybean response to insect feeding, and that differential gene 

expression can be detected within 24 hours after application of the insects.  

In the pilot experiment, pods infested with P. guildinii induced greater changes in gene 

expression (Figure 4), and it was noticed that P. guildinii was the more active of the two 

species tested. Therefore, we used P. guildinii for the field study and collected samples at 

time points 0, 8, 24 and 46 hours. Due to limited financial resources for the project, only RNA 

from the 24 hour samples was submitted for RNA-seq analysis. The RNA extracted from 

samples taken at 0, 8 and 48 hours were stored at -80ºC and will be used in future studies. 
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Figure 5 - Output from GeneTraffic software showing gene expression changes in pods 24 hours post-

infestation with Piezodorus guildinii 

 
 

 
Figure 6 - Output from GeneTraffic software showing gene expression changes in pods 24 hours post-infestation 

with Nezara viridula 

 



 97 

 
Figure 7 - Genes exhibiting the most significant differential expression levels in pods 24 and 41 hours post-

infestation with Piezodorus guildinii. Star (*) represents defense-response genes 

 

4.3.2 Constitutively differentially expressed genes between IAC-100 and CD-215 under 

greenhouse conditions 

 

RNA-seq analysis was performed on RNA extracted from pods of plants grown in the 

absence of the insects in order to compare possible constitutive gene expression differences 

between the resistant (IAC-100) and susceptible (CD-215) cultivars. In the comparison, the 

resistant cultivar showed 39.4% of genes with higher expression levels (fold change > 2.0 up) 

and 11.68% of genes with lower expression (fold change > 2.0 down) in contrast with the 

levels observed in the susceptible cultivar. 

Genome location of SNP [identified by USDA-ARS at the Beltsville Area Research 

Center, (BARC)] and SSR markers for stink bug resistance QTL identified in the current 

study were obtained from “Soybase and the Soybean Breeder’s Toolbox” 

(http://soybase.org/gb2/gbrowse/gmax1.01/). Genes located within 500 kb downstream and 

500 kb upstream the markers were investigated. Gene annotations were obtained from 

Phytozome (http://www.phytozome.net/soybean) and NCBI (http://www.ncbi.nlm.nih.gov/). 

The lg2 IAC/CD values for these genes ranged from -8.39 to 10.29. 

Genes in the vicinity of the identified QTL are listed in Tables 2-15 and were 

classified into functional groups: cell development / division, defense, DNA / RNA, energy, 

lipids, membrane, miscellaneous, no hits, oxidation, oxidative state, primary metabolism, 

protein, secondary metabolism, signaling, stress, and unknown. Gray highlighted genes 

correspond to putative defense-related genes. Among these genes, the lg2 IAC/CD values 
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ranged from -5.95 (protease inhibitor/seed storage protein) to 9.75 (pathogenesis-related 

protein Bet v I family). 

 

Table 2 - Genes in the vicinity of the QTL identified on chromosome 4 at position 0.0cM 
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Table 3 - Genes in the vicinity of the QTL identified on chromosome 4 at position 17.2cM 
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Table 4 - Genes in the vicinity of the QTL identified on chromosome 4 at position 73.2cM 
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Table 5 - Genes in the vicinity of the QTL identified on chromosome 5 at position 19.9cM 
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Table 6 - Genes in the vicinity of the QTL identified on chromosome 5 at position 28.2cM 
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Table 7 - Genes in the vicinity of the QTL identified on chromosome 6 at position 58-62.6cM 

(Continues) 
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Table 7 - Genes in the vicinity of the QTL identified on chromosome 6 at position 58-62.6cM 

 
(Conclusion) 
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Table 8 - Genes in the vicinity of the QTL identified on chromosome 7 at position 33.9-38.9cM 

 
(Continues) 
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Table 8 - Genes in the vicinity of the QTL identified on chromosome 7 at position 33.9-38.9cM 

 
(Conclusion) 
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Table 9 - Genes in the vicinity of the QTL identified on chromosome 13 at position 7.8cM 

 
 
 
 
 
 
 
 
 
Table 10 - Genes in the vicinity of the QTL identified on chromosome 15 at position 107.4cM 
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Table 11 - Genes in the vicinity of the QTL identified on chromosome 15 at position 62.4cM 

 
(Continues) 
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Table 11 - Genes in the vicinity of the QTL identified on chromosome 15 at position 62.4cM 

 
(Conclusion) 
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Table 12 - Genes in the vicinity of the QTL identified on chromosome 16 at position 35.3cM 
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Table 13 - Genes in the vicinity of the QTL identified on chromosome 17 at position 23.6cM 
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Table 14 - Genes in the vicinity of the QTL identified on chromosome 19 at position 66.9cM 
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Table 15 - Genes in the vicinity of the QTL identified on chromosome 20 and position 24.3-29.6cM 

 
 

Plants possess a vast arsenal of defenses to protect them against insect damage 

(WALLING, 2000). Defenses include physical and chemical approaches, some induced upon 

insect attack, others constitutively present. In this study, several genes that might be 

associated with defense based on their annotations, were constitutively differentially 

expressed between the resistant and susceptible cultivars within QTL associated with 

resistance. Some of these genes will be discussed below.  

Chemical defenses are well known in plants. One such chemical class consists of the 

terpenes, which have been associated with pathogen and insect resistance (GERSHENZON; 

DUDAREVA, 2007). A protein family that might play a role in terpene metabolism, are the 

oxysterol-binding proteins. A gene encoding for an oxysterol-binding proteins, was identified 

within a QTL on chromosome 17. On chromosome 16, there is a QTL containing a gene 

encoding an alliinase-like protein, an enzyme that synthesizes alliin, a sulfoxide known to be 

toxic to many insects as well as to microbes (DUGRAVOT et al., 2005). Transcripts for both 

of these putative defense related genes were present at levels approximately 20-40 fold (log2 

4.4 and 5.6) in the resistant genotype versus the susceptible.  

Constitutive defenses also include physical barriers like the cell wall that are very 

important for protection against pathogen and insect pests. In this study, several genes related 

to the cell-wall category were differently expressed at least 2 fold between parents. These 

differentially expressed genes included ones encoding a rhamnogalacturonate lyase, a 

hydroxyproline-rich glycoprotein family protein, and a pectin lyase-like superfamily protein.  

RNA sequencing of the two parents identified 54 genes that were classified as DNA or 

RNA related that had a strong (log2≥2 or ≤-2) differential expression between the two 
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genotypes, with 47 of these genes showing a higher expression in IAC-100 than in CD-215. 

Among these upregulated genes, one was a MYB-related transcription factor and two were 

homologs to WRKY transcription factors. Genes involved in production of jasmonic acid, a 

well known inducer of defenses against insects (FARMER; RYAN, 1990) may be regulated 

by WRKY type transcription factors, and a gene encoding a putative WRKY was found to be 

expressed about 4 fold (log2 2.1) higher in the resistant genotype on chromosome 15. In 

addition to identifying these genes that are related to DNA and RNA, the study also identified 

42 genes related to signal transduction, any of which could be having an effect on defense 

levels. 

Of the differentially expressed genes that were located within the QTLs, 16 of them 

had functional annotations suggesting that they are related to defense and also showed a 

higher abundance (fold change > 2) in resistant IAC-100 than in CD-215. These genes were 

annotated as being homologous to leucine rich repeat (LRR) proteins, metaxin, amine 

oxidase, harpin-induced protein 1 (Hin1), protease inhibitor/seed storage/LTP family, and 

pathogenesis-related protein Bet v I family. LRR domains are often found in resistance (R) 

genes and are believed to trigger apoptosis or a hypersensitive-type resistance reaction in 

response to microbe-specific stimuli known as effector proteins. The majority of R genes 

encode a nucleotide binding site (NBS) in addition to the LRR domains. LRRs are multiple, 

serial repeats of a motif of approximately 24 amino acids in length. LRRs contain leucines or 

other hydrophobic residues at regular intervals and can also contain regularly spaced prolines 

and asparagines (BENT, 1996). The first cloned insect resistance gene belongs to the NBS-

LRR class of R gene. The Mi-1 gene is from wild tomato (Lycopersicon peruvianum) and 

confers resistance to some isolates of the potato aphid (Macrosiphum euphorbiae) and 

silverleaf whitefly (Bemisia tabaci) (ROSSI et al., 1998; NOMBELA; WILLIAMSON; 

MUNIZ, 2003). The soybean aphid resistance gene, Rag1, may also be an LRR type R gene 

as the region that Rag1 is fine mapped to, is full of LRR proteins (KIM et al, 2010). 

Supporting that Rag1 might be an LRR-type R gene was the study by Li et al. (2008) where 

the authors examined gene expression from aphid (A. glycines) resistant (Dowling) and 

susceptible (Williams 82) soybean cultivars without insect treatment to identify genes with 

constitutive expression differences. At the start of the experiment (T0), 68 genes showed 

higher expression in resistant (R) than in susceptible (S) cultivar. However, only five genes 

showed constitutively higher expression in R than in S throughout the three time points (0, 6, 

and 12 hours post-application). Among these genes, in addition to a MYB factor homolog, 

was a homolog of the soybean NBS-LRR type resistance gene RPG1-b.  
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Another class of proteins typically associated with insect resistance in plants are the 

protease inhibitors (RYAN, 1990), which are antidigestive proteins that influence herbivore 

performance by inhibiting insect digestive enzymes (KESSLER; BALDWIN, 2002). Six 

protease inhibitor/seed storage/LT family genes were differentially expressed between the two 

genotypes. Three of these six were downregulated in the resistant genotype, while three were 

upregulated. The upregulated protease inhibitors were located within the same QTL on 

chromosome 17.  

A total of 190 genes were categorized as having unknown function, making it the 

largest category. Genes were placed in this category if they failed to match any sequences 

from the Phytozome and NCBI or matched to sequences whose functions have not yet been 

characterized. Some of these genes were expressed to a much higher level in the resistant 

IAC-100 than in CD-215. Another 111 genes were classified as miscellaneous, as they had 

either multiple possible annotations, or encoded for proteins with multiple functions making 

them difficult to categorize precisely. Moreover, six genes did not have significant homology 

with any record on the databases, so they were classified as no hits.  

 

4.3.3 Differentially expressed genes between IAC-100 and CD-215 infested with stink 

bug under field conditions  

 

RNA from the field experiment was collected, purified, DNase treated, and sent for 

sequencing in November 2011. However, due to a back-log of sequencing requests, the 

sequencing center was not able to begin processing the samples until January 2012. Therefore, 

results from these analyses will not be available to include in this thesis, but instead will be 

incorporated into a manuscript describing this study.  

 

4.4 Conclusions 

 

• Gene expression responses can be detected in soybean within 24 hours of insect 

feeding. 

• Piezodorus guildinni induced a stronger gene expression response than did Nezara 

viridula. 

• Candidate defense related genes were found that were differentially expressed and 

located within 500 kb upstream or downstream of known QTL markers. 



 

 

116 

• Genes related to terpenes, alliin, R genes, protease inhibitors, MYBs, and WRKYs are 

the best candidate defense-related genes associated with the mapped QTL for 

resistance.  

• RNA-seq expression data from the field experiment could not be processed in time to 

be included in this thesis, and will be analyzed at a later date. 
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