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ABSTRACT
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Common bacterial blight CBB, caused by Xanthomonas axonopodis pv. phaseoli, is an
important disease of common bean (Phaseolus vulgaris L.). Genetic resistance is the most
economically-efficient, environmentally-friendly, and socially-acceptable approach to
control plant diseases including CBB. To examine the main and interaction effects of the
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previously-identified CBB-resistance quantitative trait loci (QTL), a resistant inter-cross
population of OAC Rex and HR45 was evaluated under artificial inoculation. While the
QTL on chromosome B6 of HR45 accounted for 37 to 46 % of phenotypic variation in the
field, the QTL on chromosome B4 of OAC Rex was only significant in more sensitive assays
using image analysis under controlled condition using a select number of lines, accounting
for 15% of the variation. Broad sense heritability estimates of CBB resistance and the QTL
associated with BC420 were high for severity and the area under disease progress curve,
promoting the continued use of this marker in selecting CBB resistant genotypes, which in
combination with SU91 marker on B8 seem to provide high levels of resistance.
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1. Introduction
Common bean (Phaseolus vulgaris L.) is a nutritionally and economically important
food crop grown around the world. It is a staple food in Latin American countries and a
source of income for specialty crop farmers in Canada, among other places (International
Centre for Tropical Agriculture 2011). For common bean, one of the most destructive
diseases worldwide is common bacterial blight (CBB), caused by Xanthomonas
axonopodis pv. phaseoli (syn. Xanthomonas campestris pv. phaseoli) and its fuscous
variant (var.) fuscans. CBB is an economically-important disease that can cause up to
40% yield loss in susceptible cultivars (Mutlu et al. 2005b) and is not easily controlled by
cultural practices or chemical application when disease pressure is high. Since common
bean is almost exclusively used for human consumption, genetic modification for
agronomic traits such as disease resistance is not readily accepted by consumers
(Agriculture and Agri-Food Canada 2007). Furthermore, chemical control is not efficient
to combat bacterial plant pathogens in many situations (Schwartz 1989).
2. Literature Review
A. The Host- Phaseolus vulgaris L.
i.

Taxonomy
Dry bean (syn. edible bean, common bean) is an annual legume grown in many

countries worldwide almost exclusively for human consumption. The Phaseolus genus is
within the tribe Phaseolea, subfamily Papilionideae and family Fabaceae (Benson et al.
2009). Within the Phaseolus genus there are only five species that have been
1

domesticated: P. vulgaris (common bean), P. polyanthus (year-long bean), P. coccineus
(scarlet runner bean), P. acutifolius (tepary bean), and P. lunatus (lima bean). Interspecific crossing is generally difficult due to outbreeding depression, incompatibility and
infertility of hybrids (Mejía-Jiménez et al. 1994). However, interspecific crosses are
important for introgression of desired traits from closely related species and utilizing
genetic diversity within these species (Freytag and Debouck 2002).
ii.

Domestication
Domestication of common bean has occurred over a wide area in two distinct

centers of origin in Middle America and the southern Andes. The Middle American
region encompasses southern Mexico and North Central America, and the Andean region
includes southern Peru, Bolivia and Argentina (Gepts 1998). Evidence for two distinct
centers of origin are based on several kinds of data ranging from anthropological to
molecular and more recently using proteomics, metabolomics and transcriptomics (Gepts
et al. 1988; Mensack et al. 2010). Evidence from DNA sequence analysis of phaseolin
point to P.vulgaris populations in Ecuador and Peru as the putative ancestors of the
species, which were then distributed north and south prior to domestication (Kwak et al.
2009; Kami et al. 1995). Differences in molecular markers, morphology, reproductive
isolation, and geographical and ecological adaptations, support the idea that divergence
of the wild ancestors occurred before domestication of the Middle American and Andean
landraces (Singh 1991).
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iii.

Distribution and gene-pools

Phaseolin data was used to describe the dispersal pattern of common bean to different
regions of the world including Africa, Europe and the Americas (Gepts 1998). These
routes were somewhat similar to those described for dissemination of lima bean by preColumbian trade routes in the Americas (Mackie 1943). Dissemination models based on
phaseolin sequences, in addition to cultural information in North America, indicates a
main cultivation area for each of the gene-pools: south-western USA common bean types
are characteristic of the Middle American gene-pool and the north-eastern USA is
typically Andean common bean types (Gepts 1998). The main cultivation areas in
Canada grow both Middle American and Andean beans, mainly white, black, pink, pinto,
kidney and cranberry. The Middle American landrace can be subdivided into three races:
Mesoamerica, Durango, and Jalisco and the Andean landrace can be subdivided into three
races: Chile, Nueva Granada and Peru (Singh 1991; Beebe et al. 2001). These
ecogeographical races can be distinguished from one another using molecular markers, as
well as morphological and physical characteristics (Singh 1991).
iv.

Agronomic characteristics

Developmental stages in common bean are based on morphological and physiological
traits that characterize a particular stage and are categorised into vegetative (V0-V4) or
reproductive (R5-R9) stages (Pastor-Corrales et al. 1987). The growth habit of common
bean can be characterized as determinate (I) or indeterminate (II-VI); based on growth
patterns during flowering (Pastor-Corrales et al. 1987). In plants with determinate
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growth, the upward growth of the stem stops as flowering begins. Plants with
indeterminate growth habit continue to develop new growth throughout flowering.
In Ontario, planting date depends on the crop heat units of the area and can range
from late May to early June, when soil temperature is above 15.5°C. Between 10-16
seeds/m are typically planted, depending on seed size or type, at least 1.2 cm depth into
soil moisture, in 70-75 cm wide rows or 36-56 cm narrow rows. Beans can be harvested
by direct combining or pulling and windrowing when pods are at 16-20% moisture. A
three to four year crop rotation is recommended to reduce disease build-up (OMAFRA
2009).
v.

Nutritional value

Dry beans are highly nutritious and a major source of dietary protein in Eastern
Africa and Latin America (Graham and Ranalli 1997). They are commonly as a meat
extender or substitute, because of their high protein levels. Dry beans and other pulse
crops are generally low in fat, and high in fibre, protein, slowly digested starch, vitamins
and minerals. Minerals and nutrients such as iron, phosphorus, magnesium, potassium,
calcium, zinc and folate (B vitamin) are found in dry beans and contribute to a balanced
healthy diet (Agriculture and Agri-Food Canada 2007). The high fibre content in dry
beans induces a low glycemic response which helps prevent diabetes. Dry beans also play
an important role in heart health by maintaining normal levels of blood cholesterol, blood
pressure and homocysteine (Edwards 2007). In addition to cardiovascular health,
phytochemicals such as phytates, oligosaccharides and saponins in dry beans have been
linked to cancer prevention (Mitchell et al. 2009). Saponins found in dry bean and
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soybean also possess immuno-stimulatory effects, augmenting immune system responses
in disease prevention or control (Shi et al. 2004).
vi.

Production value
Top producers of dry beans are Brazil, India, Myanmar, China and USA. Canada

ranks 16th in the world for production (FAOSTAT 2011). In 2009-2010, Canada
harvested 114,300 ha and produced 223,800 metric tonnes (MT) of dry bean at 2000
kg/ha (Statistics Canada 2011a). The major bean growing regions in Canada are Ontario
and Manitoba, and in smaller quantities in Alberta, Quebec and Saskatchewan (Pulse
Canada 2011). In 2009-2010, the import of dry beans equalled 54,800 MT and export
reached 255,800 MT (Statistics Canada 2011a). Canada‟s bean export industry was
valued at $225,885,000 in 2009 and is ranked in the top 5 bean exporting countries in the
world (Pulse Canada 2011). The majority of Canadian dry beans are exported to countries
such as the United States, the UK, Africa and Italy for human consumption (Statistics
Canada 2011b). Widely grown market classes in North America include: Great Northern,
Pink, Pinto and Small Red beans of race Durango, Yellow, Light and Dark Kidney beans
of race Nueva Granada, Navy, Small White and Black beans of race Mesoamerica and
Cranberry beans of race Chile (Singh 1991; Voysest 1991). The major market classes
grown in Canada are Navy, Pinto, Dark Red Kidney, Light Red Kidney, White Kidney,
Cranberry, Black, Small Red, Brown, Pink and Great Northern (Pulse Canada 2011).
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B. The Pathogen- Xanthomonas axonopodis phaseoli (Xap)
i.

Taxonomy

The genus Xanthomonas is within the family Xanthomonadacea and order
Xanthomonadales (Benson 2009). The genus Xanthomonas has encountered issues with
maintaining a stable taxonomic classification since it shows phytopathogenic diversity,
but maintains a homogeneous phenotype among species and pathovars (Vauterin et al.
2000). The genus consists of 27 species that can cause disease in approximately 400 host
plants and the pathogenic strains show a high degree of host specificity (Ryan et al.
2011). There have been numerous studies that attempt to dissect the genetic differences
between species and also between pathovars of the same species of Xanthomonas, yet
current taxonomical classification remains under debate.
It is impossible to visually distinguish Xap and Xap var. fuscans, the two causal
agents of CBB, since both produce indistinguishable symptoms on bean plants (Fourie
2002). Research using molecular techniques such as fluorescent amplified fragment
length polymorphisms, restriction fragment length polymorphisms (RFLP), DNA-DNA
hybridization and amplified DNA polymorphisms, identified the two pathovars as
genetically distinct (Mahuku et al. 2006; Alavi et al. 2008; Gilbertson et al. 1989; Birch
et al. 1997; Hilderbrand et al. 1990). More recently, a classification framework combined
polymerase chain reaction (PCR), enterobacterial repetitive intergenic consensus PCR
and repetitive extragenic palindromic PCR, to cluster Xanthomonas strains into distinct
groups and pathovars (Rademaker et al. 2005). Xanthomonas and its variant fuscans did
not group together using this classification framework, confirming that the two pathovars
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are genetically distinct, however, the biological and taxonomical significance of this
difference is poorly understood (Mahuku et al. 2006; Rademaker et al. 2005; Lopez et al.
2006, Mkandawire et al. 2004).
ii.

Life cycle

Xanthomonas are gram negative rod bacteria that range in size from 0.4-1.0 µm by
1.2-3.0 µm; however, cell length can vary even within strains (Agrios 2005). Cells are
motile with a polar flagellum and are surrounded by extracellular polysaccharide (EPS)
slime, xanthan (Swings et al. 1993). Minimum temperatures for growth range between
5°C and 9°C and maximum temperatures range from 30 to 39°C (Dye and Lelliot 1974).
The bacteria can progress through three main phases of growth: pathogenic, epiphytic
and survival (Stall et al. 1993). The bacteria cycles between surviving on organic matter
or tools (survival), to growing on host tissue without penetration under favourable
conditions (epiphytic), to tissue penetration and exponential growth (pathogenic) and
back again. Typically xanthomonas only cause disease in the host species they were
originally isolated from and grow more slowly in host tissue compared to other bacterial
species (Agrios 2005; Weller and Saettler 1980; Schnathorst 1966). Plant age, tissue age,
host resistance and vigour are all factors influencing bacterial growth and disease
response.
As an epiphyte, Xanthomonas can grow on the plant surface without invading internal
tissue for long periods of time. Growth can be affected by many factors including foliar
age, host physiology, weather and other microflora. Xanthomonads are generally
intolerant of sunlight and desiccation; however their EPS slime acts as a hydrophilic
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barrier, which may help tolerate unfavourable conditions (Lilly et al. 1958). The bacteria
can survive in the soil, volunteer plants, weeds, and on or in the seed itself (Stall et al.
1993; Smith 1905).
iii.

Disease development

Common bacterial blight, caused by Xap can overwinter on many different plant
tissues such as infected or healthy bean plants, buds, seeds, plant debris, in addition to
surviving on tools and in the soil (Agrios 2005; Gent et al. 2005). Overwintering can
occur in some temperate climates, but is a major problem in the tropics where Xap can
survive more easily and serve as primary inoculum in the next growing cycle (Schwartz
et al. 2005). The bacteria can be spread in the spring by rain, run-off, direct contact,
insects, tools, and humans. Seeds can also be infected internally or externally before
planting and seedlings that arise from infected seeds support the growth of large
populations of Xap, which infect cotyledons and cause systemic infection (Agrios 2005;
Schwartz et al. 2005). The bacteria can penetrate through stomata, hydathodes and sites
of injury. Heavy rain or high humidity and high temperatures, 28-32°C, promote bacterial
penetration into host tissue (Agrios 2005; Schwartz et al. 2005). After penetration, the
bacteria begin to multiply on host cells, which collapse after disruption of the host
membrane; the bacteria digest these cells, leaving large cavities between adjacent veins in
the intracellular space leaving angular disease lesions (Agrios 2005; Schwartz et al. 2005;
Rudolph et al. 1987). If bacteria infiltrate the xylem, they move quickly through the plant
and potentially ooze out of splits in the tissue or natural openings (Schwartz et al. 2005).
If the bacteria continue to spread through the vasculature of the plant, seeds can easily

8

become infected (Swings and Civerolo 1993). It takes only 10-14 days between primary
infection and secondary inoculation from bacterial exudate.
iv.

Disease symptoms

Lesions begin to form on the abaxial side of leaves as water soaked spots, which
gradually enlarge, coalesce and become necrotic. Lesions that become necrotic will give
the plant a burnt appearance and are surrounded by a yellow chlorotic halo (OMAFRA
2009). Veins often serve as a barrier against lateral spread resulting in angular lesions on
infected leaves (Swings and Civerolo 1993). Pods that become infected from bacteria in
the plant vasculature have water soaked lesions with a central yellow or cream coloured
bacterial colony and with time these lesions become sunken and dark reddish-brown.
Infected seed appears shrivelled, with yellow or brown spots throughout the seed coat or
restricted to the hilum, and have decreased vigour and reproduction (Schwartz et al.
2005; Shepphard et al. 1989). Secondary infection can occur from already infected plant
material and is spread throughout the field by the same dispersal methods described for
primary infection.
v.

Disease control

The CBB can be managed by planting disease free seed, antibiotic treatment of the
seed, proper crop rotation, application of a foliar copper bactericide, eliminating weeds
and volunteer beans, and cleaning equipment when moving between fields (OMAFRA
2009; Schwartz et al. 2005). Antibiotics are not typically used due to high cost, the
potential for development of resistance in pathogen population as well as public concern
(Sigee 1993). Bactericides are also not typically used since they are broad spectrum,
9

phytotoxic and only effective for bacteria on plant surfaces – which requires accurate
disease forecasting so application can occur before bacterial penetration but these
windows of opportunity are often missed (Agrios 2005).
In Canada, although overwintering of the disease is not common due to cold winter
temperatures, a minimum of three year crop rotation is recommended, allowing for at
least one year between susceptible crops (OMAFRA 2009). Since CBB is mainly
transmitted through the seed, seed production is done outside Canada in disease-free
environments (mainly in Idaho), which is associated with significant production cost.
More effective control can be obtained by planting resistant varieties, which are
becoming more readily available to producers.
C. The Common Bean- Xap Pathosystem
i.

General plant responses

Plants typically respond in three ways to infection of a bacterial pathogen as
established by Klement et al. (1964); compatible, saprophytic or incompatible
interactions. In the compatible (diseased) response, a delayed host cell response to the
pathogen leads to the spread of bacteria to other plant tissues, resulting in necrosis. In this
instance, the same plant cellular processes that occur in the incompatible response take
place, but at a much slower rate, allowing for bacteria populations to grow and overcome
plant defences. The saprophytic response occurs with no observable reaction when
bacteria populations grow on the plant surface but not to endemic levels, relying on
damaged or senescing tissues, pollen grains, or insect honeydew for nutrients, and
survive without causing disease (Klement 1964).
10

In the incompatible or “hypersensitive response” (HR) reaction, there is rapid cell
death of infected cells within 7-18 hrs of infection, with no bacterial spread to
surrounding tissues (Rudolph 1993). This is a general type of localized response that
allows the plant to fight off systemic infection of a wide range of pathogens. It is
triggered by a gene-for-gene interaction between the host and pathogen (Flor 1971). If a
strain or race of bacteria that normally elicits a disease response in its host but elicits a
HR response in a specific cultivar, then this cultivar is said to have race specific
resistance to the bacteria (Sigee 1993). A resistance response may also be observed as
tolerance; as a build-up of pathogenic bacteria without symptoms, as delayed necrosis or
as sustained disease without yield reduction (Swings and Civerolo 1993).
ii.

Plant-pathogen interaction

As previously indicated, HR mediated resistance is facilitated by a gene-for-gene
system between the host and pathogen, which means for every pathogen encoded elicitor
there is a host encoded receptor (Agrios 2005). Pathogen-host recognition is initially
mediated by bacterial avirulence (avr) gene products, also known as effectors or elicitors.
In the HR response, bacterial released effectors are recognized by receptors encoded by
plant resistance (R) genes (Ryan 2011; Buttner and Bonas 2010; Jones and Dangl 2006).
The effector proteins can interact directly with R gene products, or interact with plant
cellular components or processes causing a change in the host (Agrios 2005). Effector
proteins are exported by the type-III secretory system (T3S) encoded by the
hypersensitive and pathogenicity (hrp) gene cluster. Recognition of effectors activates
expression of plant defense responses (Van der Hoorn 2008; Buttner and Bonas 2010)
and the range in susceptibility or resistance of the host depends on the number and
11

variation of R genes present in the host and interaction with the environment (Agrios
2005).
The avr gene products can elicit HR in incompatible hosts and assist in virulence in
compatible hosts. Although to date there are few examples of effectors contributing to
virulence, from an evolutionary standpoint there must be an additional role for avirulent
factors to be maintained in pathogenic bacteria (Agrios 2005). According to Buttner and
Bonas (2009) and Alfano et al. (2004) there is accumulating evidence that specific
effector proteins counteract the innate plant immune response that is triggered by
pathogen recognition. Effector proteins in Xanthomonas may also play a role in
interfering with host cellular responses, including interfering with signalling pathways
and transcriptional regulation (Angot 2007; Buttner 2010; Kim 2008).
iii.

Plant biochemical and physiological changes

Contact between plant cells and pathogenic bacteria trigger a cascade of cellular
events that ultimately lead to programmed cell death (Sigee 1993). Almost identical
physiological and biochemical changes occur in host and non-host plants but are delayed
in the compatible (host) reaction leading to disease (Klement 1982). Morphological
changes occur on the surface of leaf surfaces as bacterial penetration is occurring. Cells
in the stomata, such as the guard and subsidiary cells, become withered and shrunken
upon infection with Xap (Carvalho et al. 2011). Pseudomonas possess a substrate that
induces stomatal pore re-aperture in its host, facilitating pathogen entry into the stomatal
pore. This mechanism has also been observed in host infection with Xap, although no
specific substrate has been identified (Carvalho et al. 2011; Melotto et al. 2008).
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Degeneration of the plant cell appears to begin at the plasmalemma with production
of oxygen radicals and lipid peroxidation. In cotton and common bean, infection of
bacteria into plant tissue caused an increase in production of hydrolases which release
fatty acids from the cell wall, in addition to an increase in oxidase production for
membrane lipid oxidation (Croft et al. 1990; Slusarenko et al. 1991). After cell wall
degradation begins, there is a drop in membrane potential and an increase in electrolyte
leakage and membrane permeability (Sigee 1993; Keppler and Novacky 1987; Rao and
Nayudu 1979). Areas of necrosis originally form as water soaked tissue due to extensive
leakage from cells into the intracellular space (Sigee 1993), which provides bacteria with
more water and nutrients for growth.
Bacterial infection in common bean also causes an increase in metabolism resulting in
increased production of peroxidases, isoflavenoids, various polypetides, and activation of
resistance response genes (Slusarenko et al. 1991). Additional changes occur in the rate
of DNA and RNA synthesis, cellular respiration, thickening of the cell wall and changes
in mesophyll structure, but these changes have been studied in only a few plant species
with limited bacterial species (Sigee 1993; Al-Issa and Sigee 1982; Sigee and Epton
1976; Hodson et al. 1995).
iv.

Virulence and pathogenicity factors

The EPS slime produced by all species of Xanthomonas is important for virulence and
pathogenicity. EPSs also play a role in virulence by prevention of bacterial cell
recognition by the plant, by masking surface receptors, sequestering carbohydrates for
use in EPS production, restricting water movement in the plant cell, inhibiting
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agglutination and adding protection from bacteriostatic compounds (Sigee 1976; Rudolph
1993; Rudolph 1987).
Variation in lipopolysaccharide type may also allow bacteria to evade host
recognition but can also induce plant defense responses; however this variation does not
correlate with differences in host or tissue specificity (Lu 2008; Ojanen et al. 1993; Dow
et al. 2000). Adhesins also play a role in bacterial virulence by facilitating bacterial
attachment to its host (Das et al. 2009). Various combinations of adhesins have been
observed in Xanthomonas, which may relate to host tissue preferences of pathogens,
although this has not yet been studied (Ryan et al. 2011).
The Hrp genes are one of the major pathogenicity determinants of most pathogenic
bacteria (Darsonval 2008). Mutant hrp- Xanthomonas have limited ability to colonize
plant tissue, elicit disease symptoms in host plants and initiate HR in non-hosts (Lindgren
1988; Bonas 1991). Hrp gene expression is controlled by a key regulator HrpG which is
highly upregulated when bacteria enter the host apoplast (Wengelnik 1999; Buttner
2010). HrpG controls the expression of many virulence genes which include avr effectors
and T2S substrates. Few studies have been conducted on hrp gene expression in
Xanthomonas and what has been completed points towards a complex relationship
between expression of virulence genes and various signalling pathways (Buttner 2010;
Noel 2001).
The type-II secretory system (T2S) is the major protein exporter from the bacteria
periplasm to the extracellular space. It secretes many proteins such as proteases, lipases,
cell wall degrading enzymes, which all may contribute to bacterial virulence (Sandkvist
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2001). The T2S system is regulated by quorum sensing (QS), a type of signalling system
involving pathogen released small diffusible signal molecules that regulate gene
expression as population size increases and the signal molecules accumulate (Agrios
2005; Buttner and Bonas 2010;Miller and Bassler 2001).
Regulation of virulence and pathogenicity in Xanthomonas is also regulated by twocomponent signalling and cyclic di-GMP. In two component signalling, a receptor on the
bacterial surface perceives an external stimulus which is transduced to the inside of the
cell activating the expression of target genes (Ryan et al. 2011; Qian et al. 2008). Cyclic
di-GMP has also been indicated as an important signal molecule in pathogen virulence;
however, few regulators that are involved in QS, two-component and cyclic di-GMP
signalling have been identified and studied in depth in Xanthomonas (Ryan et al. 2006).
D. Breeding for Resistance
i.

History of breeding for CBB resistance

Breeders have long utilized the genetic diversity in common bean gene-pools to
introgress sources of disease resistance. In addition to wild populations, there are three
Phaseolus gene-pools exploited for breeding purposes. The primary gene-pool consists of
P. vulgaris and its wild progenitors, the secondary gene-pool consists of P. coccineus, P.
costaricenis, and P. polyanthus, and the tertiary gene-pool consists of P. acutifolius and
P. parvifolius (Singh and Schwartz 2010 ; Singh 1999). Breeding attempts between
different gene-pools encounter several challenges. Crossing efforts between the primary
and tertiary gene-pools typically requires embryo rescue (Singh and Schwartz 2010;
Parker and Michaels 1986). However, embryo rescue is not needed for crossing between
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primary and secondary gene-pools but F1 hybrids occasionally experience dwarfism,
partial sterility and an increase in outcrossing (Singh and Schwartz 2010; Singh et al.
2009; Shii et al. 1982). The highest levels of genetic resistance to CBB are found in P.
acutifolius, followed by P. coccineus then P. vulgaris (Singh et al. 2001; Singh and
Munoz 1999; Miklas et al. 2006).
Although low to moderate levels of resistance have been introgressed from P.
coccineus, more work has been done to introgress resistance from P. acutifolius (tepary
bean) into common bean. Important interspecific crosses between tepary and common
bean were carried out to create several different breeding lines and cultivars; OAC 88-1
(Scott and Michaels 1992), VAX 1 and VAX 2 (Singh and Munoz 1999), XAN 159,
XAN 160 and XAN 161 (Beebe et al. 1981; McElroy 1985), all of which had higher
levels of resistance than previously reported at the time. Germplasm lines HR45, HR67,
and VAX 3-6 also show high levels of CBB resistance from interspecific crosses with
tepary bean and these lines can be used in breeding programs as sources of resistance
(Singh et al. 2001; Park and Dhanvantari 1994). Only one example of higher levels of
CBB resistance derived from a Phaseolus source has been reported in the landrace
cultivar Montana No.5 (Miklas et al. 2003).
The germplasm line XAN 159 was developed from an interspecific cross between P.
vulgaris and P. acutifolius (PI 319443) at UC Riverside and tested for CBB resistance at
the International Center for Tropical Agriculture (CIAT) (Thomas and Waines 1984).
This line has been used in white and coloured bean breeding programs in both the US and
Canada due to its high levels of CBB resistance (Liu et al. 2008). At the Agriculture and
Agri-Food Canada Greenhouse and Processing Crops Research Centre, resistance from
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XAN 159 was transferred to two lines HR45 and HR67 (Park and Dhanvantari 1994;
Park et al. 2007). These lines are highly resistant to CBB and resistant/tolerant to other
diseases such as white mold. Recently, HR67 has been used to transfer CBB resistance to
white bean cultivar Apex. This high yielding cultivar is moderately resistant to CBB and
scored higher than checks on organoleptic tests (Agriculture and Agri-Food Canada).
Breeding efforts at the University of Guelph resulted in the development of white bean
cultivar OAC Rex. It resulted from the cross between a germplasm line from AAFC and a
selection from crosses involving tepary bean accession PI 440795, which provided
resistance to CBB (Michaels et al. 2006). More recently, a cross between OAC Rex and
Kippen, a descendent of HR45, resulted in the development of the high yielding white
bean variety Rexeter, which has higher bacterial blight resistance than OAC Rex (Smith
et al. unpublished). Rexeter is currently the only registered variety to have both tepary
bean accessions (PI 319443 and PI 440795) that have been used as sources of CBB
resistance in the Canadian navy bean breeding program in its parentage.
ii.

Inheritance of CBB resistance

CBB resistance in common bean is inherited quantitatively (Coyne and Schuster
1973; Zaiter 1984) and heritability of resistance can vary from low to moderately high,
depending on the study and mapping populations used (Singh and Schwartz 2010).
Molecular marker studies have identified at least 22 QTL for resistance to CBB spread
across all 11 chromosomes (Miklas et al. 2006) in different bean lines. Expression of
these QTL is influenced by environmental conditions, genetic background, disease
pressure and certain agronomic characteristics (Miklas et al. 2006). CBB resistance is
quantitatively controlled, usually by one major large effect allele and additional minor
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small effect alleles (Singh and Schwartz 2010; McElroy 1985; Tar‟an et al. 2001).
Negative epistatic interactions between QTL for resistance have been reported
(Vandemark et al. 2009), in addition to negative associations between agronomic traits
and resistance QTL (O‟Boyle et al. 2007). Breeding for CBB resistance is difficult due to
a variety of factors including: pathogen variability, variation in host-pathogen
relationship, variation in QTL expression, linkage drag and different genes controlling
resistance in multiple plant tissues (Yu et al. 2004; Mutlu et al. 2005a).
iii.

Molecular markers and major QTL

Sequence characterized amplified region (SCAR) markers SAP6, SU91 and BC420,
located on bean chromosomes B10, B8 and B6, respectively, are linked to major CBB
QTL and accounted for 35%, 14-17% and 62% of phenotypic variation in CBB resistance
response in their original mapping populations (Miklas et al. 2003; Mutlu et al. 2005;
Park et al. 1999; Yu et al. 2000). SAP6 is linked to a QTL for resistance derived from P.
vulgaris great northern landrace Montana 5 (Miklas et al. 2003), whereas SU91 and
BC420 are linked to QTL of tepary origin (Miklas et al. 2003; Pedraza et al. 1997; Yu et
al. 2000). Miklas et al. (2003), however, reported the presence of these markers in both
resistant and susceptible tepary bean accessions. These two QTL, although of tepary
origin, may not be linked to CBB resistance in P. acutilfolius but are indicative of
resistance in P. vulgaris. A major QTL, which accounted for 42% of phenotypic variation
in CBB resistance response on B4 in OAC Rex is of tepary origin and can be detected
using SSR marker PVctt001 (Tar'an et al. 2001; Tar'an et al. 2002). Additionally, two
QTL were also identified on B2 and B3 in the same mapping population used to identify
the QTL on B4 in OAC Rex (Tar'an et al. 2001). Also, a QTL was identified near the
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phaseolin locus on B7 in three independent studies using different molecular markers and
mapping populations (Jung et al. 1996; Miklas et al. 1996; Nodari et al. 1993).
Early mapping studies typically used RFLP and RAPD and more recently SSR
markers to generate genetic linkage maps in Phaseolus, which differ depending on the
mapping population used (Nodari et al. 1993; Freyre et al. 1998; Vallejos et al. 1992;
Blair et al. 2003). Association mapping has also been used to detect QTL-marker linkage
in advanced breeding populations and breeding programs using single nucleotide
polymorphism (SNP) genotyping (Shi et al. 2011b). Comparative mapping, which
exploits the syntenic relationship between soybean and common bean, is also under
investigation for non-disease related characteristics (Xie et al. 2010). Syntenic analysis
between soybean and common bean showed a mosaic pattern of syntenic regions, with
one region on common bean corresponding to two regions in soybean, where analysis
between other genomes showed fewer syntenic regions (Galeano et al. 2009). In addition
to several different mapping techniques, candidate gene approaches have also been used
to identify specific genes underling CBB resistance in common bean (Shi et al. 2011a).
Pyramiding multiple CBB QTL in a common background may result in higher levels
of longer-lasting resistance and the application of marker assisted selection (MAS) may
allow breeders to reduce the number of lines required for direct screening and does cost
significantly less than phenotpying alone (Yu et al. 2000). However, breeding strategies
that combine MAS and phenotypic evaluation have proven to be the most effective in
developing lines resistant to CBB (Yu et al. 2004; Kelly and Miklas 1998). Phenotypic
selection is required to retain minor effect QTL and select for epistatic interactions that
improve resistance that may be overlooked by MAS alone (Miklas et al. 2006).
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E. Objectives and Hypothesis
The objectives of this research were to: (1) study the segregation of CBB resistance
response in a resistant inter-cross population between OAC Rex and HR45; (2) evaluate
the effects of CBB QTL of B4 and B6, which have been introgressed from two distinct
sources of resistance from tepary bean to OAC Rex and HR45, respectively, and their
interaction effects on resistance; and (3) investigate the relationship between image
analysis and growth room visual screening for CBB resistance. I hypothesize that RILs
with both QTL on B4 and B6 will have the highest levels of resistance among the
different genotypic groups under field conditions and that image analysis will be superior
to visual screening in detecting small genotypic differenence due to underlying QTL. A
demonstration of an additive interaction between the QTL would support the possibility
of pyramiding the two QTL in a common background. Additionally, a strong relationship
between image analysis and visual screening for CBB would promote the use of an
automated disease screening system.
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3. QTL Analysis of CBB Field Resistance in a Resistant Intercross Population of
Common Bean
A. Introduction
Common bean (Phaseolus vulgaris L.) is a nutritionally and economically important
food crop grown around the world. It is a staple food for Latin American countries and a
source of income for specialty crop farmers in Canada, among other places worldwide
(International Centre for Tropical Agriculture 2011). Common bacterial blight (CBB),
caused by Xanthomonas axonopodis pv. phaseoli (syn. Xanthomonas campestris pv.
phaseoli) and its fuscous variant (var.) fuscans is one of the most destructive diseases of
common bean, globally. Common bacterial blight is an economically-important disease
that can cause significant yield loss in susceptible cultivars (Mutlu et al. 2005b) and is not
easily controlled by cultural practices or chemical application when disease pressure is
high (Schwartz et al. 2005). Genetic resistance is the most efficient, environmentallyfriendly, and socially acceptable approach to control plant diseases including CBB and
therefore is of great importance and interest to plant breeders. Common bean is not
typically resistant to CBB; however, resistance has been introgressed to common bean
from several tepary bean (Phaseolus acutifolius L.) accessions (Miklas et al. 2003;
Pedraza et al. 1997; Yu et al. 2000). In Canadian common bean germplasm, CBB
resistance in navy bean has been introgressed from two distinct sources of P. acutifolius:
PI440795, from which OAC Rex was developed (Michaels et al. 2006) and PI319443,
from which germplasm lines HR67 and HR45 were developed (Park and Dhanvantari
1994). A major CBB resistance QTL, associated with the microsatellite marker PVctt001,
was mapped on linkage group B5 in OAC Rex (Tar'an et al. 2001), however, recent
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results from Perry et al. (unpublished) and the original microsattelite mapping study (Yu
et al. 2000) positioned PVctt001 on chromosome B4. Another major CBB resistance
QTL, associated with the SCAR marker BC420, was mapped on linkage group B6 in
HR67 and HR45 (Yu et al. 2000). The objective of this research was to study the
segregation of CBB resistance response in a resistant inter-cross population between
OAC Rex and HR45 and evaluate the effects of CBB QTL of B4 and B6 and their
interaction effects on resistance. The potential of pyramiding these sources of resistance
into a common genetic background could provide higher levels of resistance to this
destructive disease in common bean.
B. Materials and Methods
i.

Plant material
Plant material comprised of a total of 225 treatments, including 218 recombinant

inbred lines (RILs), the two parental lines of the population, four near isogenic lines
(NIL), and the susceptible cv. Dresden. The RIL population was derived from the
reciprocal cross between OAC Rex and HR45 made at the Agriculture and Agri-Food
Canada Greenhouse and Processing Crops Research Center (AAFC-GCPRC) in Harrow,
ON. The progeny were advanced to F4 by single seed descent and bulked to create an F4:5
RIL population.
OAC Rex was developed from the cross HR20-728/MBE 7 made in 1988. HR20728 was used to provide upright architecture with high podding and narrow canopy and
was selected from the cross Ex Rico 23-Are/Midnight at AAFC-GCPRC, Harrow ON
(Michaels et al. 2006). MBE7 was used to provide resistance to CBB, selected from the
22

cross ICA Pijao/PI 440795//Ex Rico 23. Natural resistance to CBB in MBE7 was
introgressed from an accession of P. acutifolius (PI 440795) through an interspecific
cross to ICA Pijao followed by embryo rescue and backcrossing to P. vulgaris cv. Ex
Rico 23 (Figure 1). OAC Rex is resistant to CBB and is a high yielding, white seeded
variety. HR45 was developed from the cross HR13-621*2//XAN159/HR13-621
(Figure1), where the original single cross XAN159/HR13-621 was conducted in 1986
(Park and Dhanvantari 1994). The line XAN159 is resistant to CBB and was selected at
the International Center for Tropical Research CIAT from multiple interspecific crosses
with a different accession of P. acutifolius (PI 319443). XAN159 has determinate growth
habit and small grey kidney shaped seed. HR13-621 was developed from the cross Ex
Rico/NEP-2 and has upright architecture, small white navy bean seed and slow rate of
CBB infection on leaves. HR45 is highly resistant to CBB and has dull white seeds.
Also included in the field trials were four near isogenic lines (NIL) homozygous
for presence/absence of two CBB QTL (associated with markers BC420 and SU91)
(Vandemark et al. 2008). The NILs were derived from multiple backcrosses to a
susceptible cv. Teebus, provided by Dr. Phil Miklas (ARS-USDA). The NIL BBSS is
present for both BC420 and SU91, bbSS is present for SU91 only, BBss is present for
BC420 only and bbss has neither marker.The cv. Dresden, a relatively early full season,
high-yielding bush white bean cultivar in addition to the parental lines of the RIL
population were used as susceptible and resistant checks.
ii.

Experimental design
The CBB field trials were conducted in two years (2009 and 2010) at AAFC-

GCPRC in Harrow, Ontario which is rated as a 3560 Ontario Crop Heat Unit Zone.
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Fertilizer (10-20-30 NPK) was applied at a rate of 40 kg N ha-1 prior to planting in both
years.
The CBB field trials were arranged in a 15 × 15 unbalanced square lattice design
with two replications using Agrobase®99 software. Each trial evaluated 218 RILs plus
parental genotypes, cv. Dresden and four NILs (BC420/SU91). Field trials were planted
on June 12 and 21, in 2009 and 2010 respectively. Each experimental unit consisted of a
hill plot, planted with a row spacing of 0.6 m, hill spacing of 0.76 m and planting depth
of 3.8 cm. In 2009, five to seven seeds were planted per hill and were not thinned. In
2010, seven to nine seeds were planted per hill and thinned to five plants per hill after
emergence. In both years, hill plots with less than five plants were noted. Each trial was
flanked on both sides with solid rows of the susceptible check cv. Dresden to promote the
spread of the pathogen throughout the field. In 2009, Cygon (1 L ha-1) was applied for
leaf-hopper control and Pusuit (0.065 kg ha-1) + Dual (1.4 kg ha-1) as herbicide. In 2010,
Cygon (1 L ha-1) was applied for leaf-hopper control and Guthion 240SC (2.25 L ha-1) for
leaf hopper and Japanese beetle control. In 2010 fields were irrigated for three hrs. 17
days after planting (DAP) and for four hrs. 22 DAP by overhead irrigation.
iii.

Disease inoculation
The CBB field trials were inoculated with four isolates, two fuscans isolates (nos.

12 and 18) and two non-fuscans isolates (nos. 98 and 118) of Xanthomonas axonopodis
pv. phaseoli (Xap). 1750mL of each isolate, adjusted to 15 Klett® Units (~106cfu/mL)
using a Klett-Summerson Photoelectric Colorimeter (Klett Manufacturing Company, Inc.
New York, USA) and red filter (640-700 millimicrons), was added to a 40 gallon tank of
water (J. and N. 1987). The inoculum was sprayed at 200 psi at 3.22km hr-1 with XR
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TEEJET 11002VS drop nozzles. Pressure was sufficient to produce water soaking marks
on leaves. Both field experiments were inoculated after first flower at 33 and 41 days
after planting in 2009 and twice 31 days after planting in 2010.
iv.

Visual rating
Evaluation of CBB severity in the field was conducted using a 0-5 visual scale

based on the percentage of plot leaf area with disease symptoms (0=no visible symptoms;
1=1-10%; 2=11-30%; 3=31-50%; 4=51-80 %; 5 >80%) (Yu et al. 2000) (Figure 2).
Evaluations began approximately 2-weeks after inoculation, when the susceptible check
showed disease symptoms, and weekly thereafter until plants reached maturity. In 2009,
four severity ratings (S1 to S4) were conducted 12 days after inoculation (DAI)(S1), 19
DAI (S2), 25 DAI (S3) and 33 DAI (S4), and in 2010, 14 DAI (S1), 22 DAI (S2), 29 DAI
(S3) and 36 DAI (S4). The area under the disease progress curve (AUDPC) was
calculated for each RIL in each year separately as:
4
 X  X i 

AUDPC    i 1
ti 1  ti 
2

i 1 


(1)

Where, Xi is the severity rating of the host tissue damaged at the ith rating, ti is the time in
days after inoculation at ith rating.
v.

DNA extraction
Leaf tissue was taken from unifoliate leaves of bean seedlings when three hole-

punches (discs) per plant could be obtained. DNA was extracted from each RIL using a
modified FastPrep® (Sigma) extraction method. Three leaf discs per genotype, taken
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from different plants of each RIL, were placed in a screw-cap tube between a small
grinding bead and a large grinding bead with 600 μL of extraction buffer (200 mM Tris
pH 7, 250 mM NaCl, 250 mM EDTA pH 8.0, 0.5% SDS, H20). Tubes were homogenized
for 20 s in a FastPrep® (Sigma) grinding machine and placed on ice until foaming
subsided. The homogenate was pipetted into a 1.5 mL tube and centrifuged for 5 min at
13.2x103 rpm. 400 μL of supernatant was transferred to a new 1.5 mL tube with 400 μL
cold isopropanol. Tubes were inverted gently and placed at room temperature for 5 min
and centrifuged for 5min at 13.2 x103 rpm. Supernatant was discarded and DNA pellets
were dried by inversion for 15 min and 10 min by vacuum. Tubes were placed at 4°C
overnight in 500 μL of ddH20. The following day, tubes were centrifuged for 1 min at
13.2 x103 rpm and 480 μL of supernatant was collected and stored at -20°C
vi.

Molecular marker analyses
PCR reactions were carried out in 200 μL thin walled tubes in a 25 μL reaction

mixture containing 1x PCR buffer (100 mM Tris-HCL, pH 8.3, 500 mM KCl), 2 mM
Mg, 40 μM dATP, 40 μM dCTP, 40 μM dGTP, 40 μM TTP, 0.2 μM forward primer, 0.2
μM reverse primer, 1 unit of Sigma Jumpstart™ Taq DNA polymerase, ddH20 and 25 ng
DNA. PCR thermal cycling conditions and product size-fractionation on agarose gel for
each marker is found in Appendix B.
The RIL population was genotyped with the CBB resistance SCAR marker
BC420, known to be associated with a CBB-resistance QTL on chromosome B6 in HR45
(Yu et al. 2000) and the SSR marker Pvctt001 known to be associated with CBB
resistance QTL in OAC Rex (Tar'an et al. 2001;Tar'an et al. 2002). The markers SSR6,
SSR1, SSR2, Gene3, Gene4, Gene9, Gene10a, Gene10b, Gene14, and Gene15, which
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were designed based on the sequence of a 70kb BAC clone flanking BC420 (Shi et al.
2011a; Yu et al. 2010) and markers RexP1, RexP2, RexP3, RexP4, and RexP5, which
were designed based on the sequence of a 300kB BAC clone sequence flanking PVctt001
(Perry et al., unpublished) were also used for genotyping the RIL population.
Additionally, the RIL population was also genotyped with markers NBSLR, Tet, Salt Tol
TF, and CDPK, which were designed as gene specific primers in the QTL area of interest
on B4 (Perry et al., Unpublished). Even though the population does not seem to be
segregating for the CBB QTL associated with the marker (Liu et al. 2008), the markers
SU91-P1, SU91-P2, SU91-P3, SU91-P4 and SU91-P5, which were designed to detect
multiple copies of the SU91 allele in this population (Shi et al., Unpublished) were also
used to genotype the population. Additional SNP markers were also used to genotype the
RIL population. These SNPS were those that were found polymorphic between HR45
and OAC Rex in the study by Shi et al (2011).The SNP genotyping was facilitated by
Genome Quebec following in house protocol and markers g774, g680_B, g893_B,
g1808, g1925, g1333_B, g2531, g487, g2221, g2521_B, g1676, g503, g134, g1320,
g1168 and g2467 were tested on a random subsample of the population (n=192) (Shi et
al. 2011b). Additional information for all markers tested in this population is provided in
Appendix B.
vii.

Statistical analysis
Statistical analyses were performed using SAS 9.2 (SAS Institute Inc., Cary,

N.C). Each year‟s data was separately subjected to analysis of variance (ANOVA) in
PROC MIXED procedure, with RIL as a fixed effect and Rep and Block(Rep) as random
effects. A Bartlett test (Bartlett 1937) was used to test homgenetity of variance between
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years. Data from each year was combined and subjected to ANOVA in PROC MIXED,
with RIL as a fixed effect and Year, Rep(Year), Block(Rep×Year) and RIL×Year as
random effects. The Bartlett test (Bartlett 1937) for homogeneity of variance was only
significant for AUDPC (P < 0.01) and not CBB severity ratings. Normality of residuals
in single year and combined analyses was tested using the Shapiro-Wilk test (Shapiro and
Wilk 1965) in the PROC UNIVARIATE procedure. For both the separate and combined
analyses, least square means (lsmeans) were generated for RILs using the LSMEANS
statement in PROC MIXED. Population minima, maxima, means, and confidence limits
(P < 0.05) for each year separately and combined were generated in PROC MEANS
procedure.
For each year, AUDPC estimates of the reciprocal cross OAC Rex/HR45 were
tested using a t test in PROC TTEST to determine if there were any significant
differences due to the direction of the cross. The lsmean value of AUDPC was estimated
for different genotypic classes of presence/absence of the two CBB QTL, PVctt001 and
BC420, for AUDPC estimates in each year were generated in a different analysis of
variance using PROC MIXED procedure. Genotypic class B_PP is present for both
BC420 and PVctt001, B_pp is present for BC420 only, bbPP is present for PVctt001 only
and bbpp is absent for both makers.
Correlation analyses for separate years were conducted for each phenotypic
parameter on estimates of lsmeans using PROC CORR to generate Pearson‟s correlation
coefficient (r). The rating with highest contribution in AUDPC was determined in a
stepwise regression analysis for each year separately. This was done using PROC REG
procedure with AUDPC estimates as the dependent variable and the individual ratings as
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independent variables. The coefficient of determination (R2) was generated as a measure
of the proportion of variance accounted for by each regression line. Additionally, Akiak‟s
Information Criterion (AIC), Bayes' Information Criterion (BIC), Mallows' Cp statistic,
and the mean square of error were requested in PROC REG and used as criteria for
selecting the most appropriate regression model.
Single marker effects were tested separately for each year in PROC GLM, with
AUDPC estimates as the dependent variable and marker genotype as the independent
variable. For each analysis, R2p was computed as a measure of the proportion of
phenotypic variance accounted for by the marker. Additive effects of each marker were
calculated as half the difference of the lsmean estimate of the two homozygous genotypic
groups. The effect of PVctt001 in the absence of BC420 was tested in PROC GLM
procedure only with inclusion of RILs in which BC420 was absent, with each phenotypic
parameter as a dependent variable and PVctt001 as the independent variable. The R2p was
computed as a measure of the proportion of phenotypic variance accounted for by
PVctt001 in the absence of BC420. For each year, interactions between all markers on
chromosome 4 and 6 were tested in a two-way analysis of variance using PROC GLM
procedure, with AUDPC estimates as the dependent variable and marker and marker
interactions as the independent variables. For each analysis, R2p was computed as a
measure of the proportion of phenotypic variance accounted for by the model and R2Q1×Q2
was computed as the proportion of the phenotypic variance accounted for by the
interaction effect.
Variance component analysis was conducted on all phenotypic parameters for
combined years using the REML algorithm in PROC VARCOMP, with RIL as a fixed
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effect and Year, Rep(Year), Block×Rep(Year), QTL, QTL×Year, RIL(QTL), and
Year×RIL(QTL) as random effects. Variance components were generated to calculate
broad sense heritability (H2) and the proportion of genetic variance explained by the QTL
on chromosome 6. Broad sense heritability and the heritability of the QTL (h2QTL) was
computed across years as:

(2)

(3)

Where σ2G is the genotypic variance, σ2G x Year is the genotype × year variance, σ2E is the
residual variance and r and y are the number of replicates and years respectively. Genetic
variance due to the QTL (σ2QTL) was computed and the proportion of the genotypic
variance accounted for by the QTL was estimated as the ratio of σ2QTL to σ2G (Bernier et
al. 2007).
viii.

QTL analysis
Linkage analysis was performed using JoinMap® 4 (Stam 1993). Two RILs

(39466 and 39589) were excluded from the analysis due to missing marker information
and marker g1676 was excluded due to distorted allele frequencies. Chi square (χ2) test
results were generated for each marker to test the conformity of segregation ratios at each
marker locus with the expected Mendelain ratios (1:1 allele frequencies). Grouping of
markers was based upon the test for independence with a LOD score as a test statistic
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with increasing stringency. The regression algorithm was used to place markers in three
linkage groups corresponding with chromosomes 4, 6 and 8 of common bean, with three
markers remaining unlinked.
MQM mapping (Jansen, R.C. and Stam, P. 1994) was performed using
MapQTL®6 (Van Ooijen 2009). The 3 linkage groups created using JoinMap® 4 were
analyzed for QTL for AUDPC in each year separately. Only linkage group 6 was suitable
for creation of a QTL likelihood map. BC420 was chosen as a co-factor for MQM
mapping for both years. The minimal LOD value required to declare a QTL was obtained
empirically from 1000 permutation tests (Churchill and Doerge 1994) in MapQTL®6. A
minimal LOD value of 2.3 was calculated for each year. MapChart® (Voorrips 2002)
was used to create QTL likelihood plots with an inner 1-LOD interval and outer 2-LOD
interval.
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ix.

Figures

Figure 1. Ancestry of OAC Rex and HR45. Intersecting diagonal lines represent
crossing, while numbers followed by X on diagonal lines represent the number of
backcrosses made to the variety (or line) at the tip of the diagonal line.
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0 – No visible symptoms

1 – 1% to 10%

2 – 11% to 30%

3 – 31% to 50%

4 – 51% to 80%

5 – Greater than 80%

Figure 2. Various field hill-plots in CBB disease nursery, depicting examples of the CBB severity 0-5 visual scale based on
the percentage of plot leaf area with disease symptoms.
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C. Results
i.

Phenotyping
In 2009, CBB severity estimates at four different DAI ranged from 0 to 3.96 and

AUDPC estimates ranged from 0 to 59.90. In 2010, similar results were obtained for
CBB severity estimates, which ranged from 0 to 3.95 and AUDPC estimates from 0 to
60.15 (Table 1). The effect of genotype (RILs, parental lines and checks) was highly
significant in both years and combined over years (P < 0.0001, except 35 DAI 2010 P =
0.001) (Table 1). However, no significant year × RIL interaction for AUDPC or for the
final CBB severity rating was observed. Parental genotypes in both years showed
resistance responses, with HR45 showing no disease symptoms at any time, while OAC
Rex CBB severity estimates ranged from 0 to 2.42 across years and had AUDPC
estimates of 6.25 and 24.36 in 2009 and 2010, respectively. This was not significantly
different from HR45 in 2009 but was significantly (P < 0.0001) higher than HR45 in
2010. Average AUDPC estimates for HR45 and OAC Rex were -0.2 ± 10.05 and 6.2
±10.05 in 2009, and -0.9 ± 7.35 and 24.4 ± 6.0 in 2010. The susceptible check cv.
Dresden had the highest AUDPC estimates in both years, 101.05 ± 10.05 and 81.55 ±
7.35 in 2009 and 2010, respectively.
The frequency distribution of AUDPC estimates for the RIL population showed
continuous variation with presence of significant transgressive segregation and with
population means shifted toward resistance in both years (Figure 5). The average
AUDPC estimate for the RIL population in 2009 was 15.86 (CL = ± 1.15) and 13.96 (CL
= ± 1.05) in 2010. No significant differences were observed between the reciprocal cross
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group means (α = 0.05) indicating that the direction of the cross between parental
genotypes was not significant for AUDPC in the RIL population in either year. Check
genotypes were spread across the frequency distribution. The NILs showed a range of
CBB severity estimates and AUDPC estimates from resistant (BBSS) to highly
susceptible (bbss). The most resistant NIL was BBSS, with CBB final disease severity
estimate of 1.07 ± 0.64 and 0.18 ± 0.68 in 2009 and 2010, respectively (Table 1). The
AUDPC estimates for BBSS were also very low at 7.85 ± 10.05 in 2009 and -0.54 ± 7.35
in 2010. The NILs BBss and bbss had statistically similar CBB severity estimate ranges
and AUDPC estimates in both years. In 2009, BBss and bbss had final CBB severity
estimates of 4.43 ± 0.64 and 4.04 ± 0.64, respectively. Similar results were observed in
2010, BBss and bbss had final CBB severity estimates of 2.72 ± 0.69 and 4.2 ± 0.69. The
AUDPC estimates in 2009 and 2010 for BBss were 80.70 ± 10.05 and 60.57± 7.35,
which were again similar to estimates for bbss of 75.77± 10.05 and 79.27± 7.35 in both
years, respectively. The NIL bbSS was only measured in 2010 and showed a moderately
resistant response with final CBB severity estimate of 1.10 ± 0.7 and an AUDPC estimate
of 31.54 ± 7.35 (Table 1; Fig. 6).
Correlations between AUDPC estimates and all four CBB severity ratings were
highly significant (P < 0.0001) in 2009 and 2010. The highest correlation coefficients
were associated with ratings at 25 DAI (r = 0.98) and 21 DAI (r = 0.91) in 2009 and
2010, respectively. Stepwise regression for each year separately, with AUDPC as the
dependent variable and CBB severity ratings as independent variables, included all CBB
severity ratings in the model, with ratings at 25 DAI in 2009 (R 2= 0.96) and 21 DAI in
2010 (R2 = 0.85) having the highest contribution in AUDPC in their respective year.
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ii.

Genotyping
Segregation of genotypic frequencies of markers were tested against normal

Mendelian expected ratios with a normal classification of genotypes using a Chi-square
(χ2) test and all markers, with exception of three SNPs, were segregating outside of the
normal Mendelian expected ratios (P < 0.05 and P < 0.01) (Table 2). In general, markers
had a higher proportion of alleles originating from HR45 as opposed to OAC Rex.
However, markers designed from a BAC clone sequence of chromosome 4 from OAC
Rex, near PVctt001, had a higher proportion of alleles originating from OAC Rex. In
addition, VSTS was the only other marker to have a higher proportion of alleles
originating from OAC Rex and not HR45.
Partial linkage maps of chromosomes 4, 6 and 8 of common bean were
constructed using Joinmap software (Figure 7). The chromosome 4 map consisted of four
markers and spanning 15.1cM, with the closest marker to PVctt001 being g2467 located
4.3 cM from PVctt001. The chromosome 6 map consisted of 16 markers covering 32.0
cM; however the region surrounding BC420 contained 9 of 16 markers for that linkage
group and spanned 7.8 cM. Four markers (RexP1, RexP2, RexP4 and RexP5) developed
from a BAC clone sequence from OAC Rex, near PVctt001 on chromosome 4, colocalized to the end of chromosome 6 near VSTS. The chromosome 8 map consists of
only two markers for putative alleles of SU91which mapped 0.9 cM apart. Four SNP
markers remained unlinked and non-significant for AUDPC in both years; three of these
SNPs (g134, g503, g1676) followed expected Mendelian segregation ratios.
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iii.

QTL analysis
Single marker QTL analysis for AUDPC identified only markers on B6 as

significant in both years, with BC420 accounting for the highest proportion of phenotypic
variance (Table 2). All markers on chromosome B6 were significant (P < 0.01) with the
proportion of the phenotypic variance accounted for by the markers (R2p) ranging from
0.16 to 0.37 in 2009 and 0.16 to 0.46 in 2010. In each year the marker BC420 had the
highest R2p (0.37 and 0.46) and additive values (10.08 and 10.69) associated with the
favourable allele originating from HR45. Markers on chromosome 4 had additive effects
ranging from -1.26 to -1.91 in 2009 and -0.56 to -1.30 in 2010, with the favourable allele
originating from OAC Rex; however these effects were not statistically significant.
Furthermore, the effect of marker PVctt001 in the absence of BC420 was not significant
(data not shown). Additive, but non-significant effects were also observed for markers on
chromosome 8 and unlinked markers, for the most part, had no significant effect.
The proportion of the phenotypic variance accounted for by the interaction effect
(R2Q1× Q2) of significant markers on chromosomes 4 and 6 for AUDPC varied in 2009 and
2010 (Table 3). Significant interactions in 2009 were between markers on chromosome 6
(BC420, SSR2 and SSR1) and PVctt001 on chromosome 4 (P < 0.05). In 2010,
significant interactions were between different markers on chromosome 6 (SSR6,
Gene15, Gene10a and RexP5) and g2467 on chromosome 4 (P < 0.05). Interaction
effects between markers on different chromosomes were small, ranging between 0.02 and
0.03.
Disease severity estimates at different DAI of various BC420 and
PVctt001genotypic groups of 218 RILs, indicated that lines positive for the BC420
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marker had lower disease severity scores than lines absent for the marker, regardless of
the status of PVctt001 (Figure 6). Consistently between years, lines positive for BC420
(B_PP and B_pp) had 35.4 % or 23.94 % lower final severity ratings than lines without
BC420 (bbPP and bbpp). The parental genotype HR45 remained at no incidence of
disease throughout the field trials, which was much lower than all genotypic groups and
OAC Rex showed a resistant phenotype in both years.
Since BC420 was the most significant marker in both years for field AUDPC, it
was used as a co-factor for MQM mapping for chromosome 6 in MapQTL®6 (Van
Ooijen 2009). The minimal LOD value required to declare a QTL was obtained
empirically from 1000 permutation tests which were completed independently for each
year (Churchill and Doerge 1994). In both years, a QTL was detected well above the
minimal LOD threshold, 2.3 for both years, as computed in the permutation tests (Figure
8). At the highest peak, LOD scores reached 21.77 and 30.07 in 2009 and 2010,
respectively. The QTL intervals, with an inner 1-LOD interval and outer 2-LOD interval,
included the marker BC420. No QTL were detected for chromosome 4 in either year
with IM or MQM.
Variance partitioning of the RIL population for CBB severity ratings (S1 to S4)
and AUDPC, combined over years, indicated that the genetic variance was always more
important than the environmental and genotype by environment interaction variances.
From the genetic variance, the portion that was due to the QTL associated with the SCAR
marker BC420 was more important, accounting for a large proportion of the genetic
variance for individual ratings (58.5 % to 83.2 %) and AUDPC (76.75 %)(Table 4). The
phenotypic variance explained by BC420 for CBB severity ratings ranged from 18.88 %
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to 31.92 % for individual ratings and was highest for AUDPC at 32.43 %. Broad sense
heritability (H2) estimates were high for all parameters (range= 0.71 to 0.88) with the
highest estimates of 0.86 for S2 and 0.88 for AUDPC. The proportion of variance
explained by genotype × year was always very small for CBB severity (range=0.00 to
0.06) and AUDPC (8.48).
D. Discussion
To develop superior plant varieties, breeders attempt to combine desirable traits in
common genetic backgrounds through inter-crossing of parental lines with traits of
interest, followed by phenotypic and in some cases genotypic selection. To examine the
feasibility of combining QTL from two distinct sources of resistance to CBB in a
common background, a resistant by resistant cross between OAC Rex and HR45 was
evaluated. Transgressive segregants for CBB response were observed outside of parental
ranges in 2009 and 2010 field trials for individual severity ratings as well as AUDPC,
evidence that additional levels of CBB resistance can be acheieved by pyramiding the
two sources of resistance. The phenomenon of transgressive segregation is quite common
in hybrid plant populations as shown in a comprehensive review of 113 studies that
reported phenotypic variation in segregating hybrid populations under greenhouse
conditions, where 97% of these studies reported extreme phenotypes and 68% reported
transgressive segregation (Rieseberg et al. 1999). Furthermore, Rieserberg predicted that
the more similar the parental phenotypes, the more likely transgressive segregation will
be observed in the F2, which would subsequently decrease in further generations. In the
population studied here, while 218 RILs consistently had average CBB severities higher
than the parental lines, the population mean was shifted towards resistance and
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approaching severity levels observed for parental genotypes. The frequency distribution
of RILs compared to the parental lines suggest that while OAC Rex and HR45 carry the
same gene(s) for resistance to CBB in common, there are additional genes of additive
effect that are different between the two parental lines.
In an attempt to reduce the amount of time needed for disease screening in the
field, it would be beneficial to determine which severity rating is most indicative of
disease progress over time. The highest contributor to AUDPC in 2009 and 2010 were
the severity ratings 25 and 21 DAI, respectively. This was when the susceptible check,
cv. Dresden, had reached a rating of 4 or 5 on the 0-5 scale, in 2009 and 2010,
respectively. Both severity ratings were highly correlated to AUDPC and accounted for
major portions of variation in AUDPC in their respective years, indicating that severity
ratings around 20 DAI are important for accurate disease screening. In other crops and
diseases it has been shown that, for disease progressions that follow a sigmoidal curve,
AUDPC can accurately be predicted by as as few as two data points corresponding to a
severity rating near disease onset and one near the height of disease peak (Haynes and
Weingartner 2004). These results hold true in quantitatively controlled diseases, where
only two assessments may provide as much information as repeated sequential
assessments (Jeger and Viljanen-Rollinson 2001). Based on the results of this study and
from reports in literature, we can recommend that for CBB evaluations, the two critical
ratings for accurate phenotyping of bean germplasm, whether for breeding purpose or for
genetic studies, are one when CBB rating on the susceptible check has reached 31-50 %
disease area (3 on a 0 to 5 scale) and a second rating when the susceptible check is 100%
infected (5 on a 0 to 5 scale) and leaves have started to fall off the plants.
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In an attempt to evaluate the effects of the two QTL on B4 and B6 and their
interaction, the population was screened with selected makers to target the previously
identified genomic regions (Yu et al. 2000; Yu et al. 2000). Among the markers, 88 %
were segregating outside of the expected Mendelian ratios, with the majority of loci
favouring alleles originating from HR45. The genomic regions harboring resistance to
CBB were originally introgressed through interspecific crosses between P. acutifolius
and P. vulgaris, with the resistance genes transferred from P. acutifolius (Miklas et al.
2003; Pedraza et al. 1997; Yu et al. 2000). Segregation distortion (SD) is not uncommon
for interspecific crosses e.g., in an interspecific cross between common and tepary bean,
segregation ratios for isozyme loci in more than half of the BC1F2 families deviated
significantly from expected Mendelian ratios (Garvin et al. 1997). In BC1 plants of an
interspecific cross between common and tepary bean, Pratt et al. also found similar
deviation from expected segregation ratios (Pratt and Gordon 1994). Additionally, Guo et
al. observed segregation distortion between a common and tepary bean BC1 population
where 64 % loci exhibited non-Mendelian ratios (Guo et al. 1994).
In an interspecific cross between Solanum lycopersicoides and S. lycopersicum,
segregation for 46% of loci was distorted due to an excess of alleles from the recurrent
parent (S.lycopersicum). Furthermore lines homozygous for introgression regions were
typically sterile (Chetelat and Meglic 2000). Interspecific crosses in Coffea sp. showed a
SD rate of 30% with an allelic ratio of 3:1 favoring one parent (Ky et al. 2000).
Additionally intraspecific crosses in Medicago sp. have been reported to have up to 40%
of markers depart from Mendelian expectations (Jenczewski et al. 1997). Although the
percentage of SD reported here is much higher than other studies described in literature,
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it is most likely due to the fact that all markers screened were targeted towards specific
introgression regions from P. acutifolius in P. vulgaris backgrounds. It is reasonable to
assume that if markers were randomly distributed across the P. vulgaris genome, then the
frequency of markers with SD would decrease. This is supported by the normal
segregation of three of four SNP markers that were used to genotype the population.
These markers remained unlinked and fell outside the known introgression regions.
Segregation distortion of markers has been described in previous genetic mapping studies
of Vigna spp. such as mungbean, cowpea and azuki bean, with the level of SD ranging
from 12 to 30.8% (Kaga et al. 2005).
Few studies have specifically looked at the effect of SD on QTL mapping. One
study by Xu et al. demonstrated that loci experiencing SD are beneficial to mapping
additive QTL in 44 % of cases when SD of the locus is random (Xu 2008). Additionally,
Zhang et al. (2010) determined that SD affects detection power of QTL when QTL and
distorted markers or loci are closely linked, but generally SD will not have a significant
impact on the estimation of QTL position and effect when populations are large and SD
is not extreme. Although the frequency of markers with SD is quite high in this study
(88%), the presence of SD is expected to have little effect on the construction of linkage
maps and the results of QTL analyses, in general (Hackett and Broadfoot 2003).
Skewed marker allele frequencies tended to favor alleles from HR45, with the
exception of markers designed from the OAC Rex sequence in close proximity to
potential resistance genes (Perry et al. unpublished). Multiple studies that discuss SD,
report a tendency of markers to be skewed toward one parent when located on the same
chromosomal region (Xu et al. 1997; Lu et al. 2002). This would account for the markers
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on B4, B8 and the majority of markers on one end of B6 to favor HR45 and the group of
markers at the other end of B6 to favor OAC Rex. The reason for alleles to favor one
parent versus the other could be due to preferential genetic elements at those locations or
deleterious factors in the non-favored parent. It has also been reported that regions
expressing SD and preferential alleles from one parent may hold factors responsible for
selective elimination of alleles (Xu et al. 1997).
In a previous study, PVctt001 mapped to the end of linkage group B5 (Tar'an et
al. 2001). While there has been some debate to the location of this marker, the distal
portion of B4 seems to be the more likely position of this marker (Yu et al. 2000). This
region of B4 is also associated with a large resistance gene cluster (David et al. 2009).
The markers RexP1, RexP2, RexP4 and RexP5 were designed from a 300kB BAC clone
of OAC Rex sequence in close proximity to potential resistance genes on B4, containing
the PVctt001 marker (Perry et al. unpublished), but in this study were mapped to the end
of B6 near VSTS. On the other hand, the markers SSR6, SSR1, SSR2, Gene3, Gene4,
Gene9, Gene10a, Gene10b, Gene14, and Gene15, which were designed based on the
sequence of a 70kb BAC clone flanking BC420 (Yu et al. 2010) . The alignment of
markers designed based on the sequence information from the two parental lines on the
same linkage group in a 5.2 cM region may point to the presence of a shared
introgression region in OAC Rex and HR45 from the original, but distinct, interspecific
crosses with tepary bean.
Pyramiding multiple CBB QTL in a common background may result in higher
levels of longer-lasting resistance. The QTL of interest in this study were the CBB
resistance QTL on B4 in OAC Rex and on B6 in HR45, while the QTL associated with
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SU91 is common between the two parental lines. The QTL associated with the marker
BC420 accounted for the highest amount of phenotypic variation in AUDPC in both
years. However, in contrast to its original mapping population, PVctt001 was not
significantly associated with resistance in this population. The interaction between the
two QTL was significant in some cases, but not repeatable across years and only
accounted for a small portion of phenotypic variance. Additionally, when tested in the
absence of BC420, PVctt001 was still not significant, indicating a negative epistatic
interaction between the two QTL is unlikely. In general, genotypic groups possessing
BC420 (B_PP and B_pp) had lower final severity than groups lacking the marker (bbPP
and bbpp) regardless of the status of PVctt001.
On the other hand, to verify the interaction of SU91 (B8) and BC420 (B6) QTL,
the NILs, homozygous for presence/absence of the two CBB QTL were included in our
evaluations. The responses of these NILs to CBB were compared to different genotypic
groups of RILs, which were segregating for QTL on B4 and B6, but were all
homozygous for the B8 QTL. The NILs with the lowest final severity ratings in both
years were lines positive for both BC420 and SU91 (BBSS). The NIL with only SU91
(bbSS) was also considered resistant; however NILs lacking SU91 (BBss and bbss) were
moderately resistant to susceptible. These results support previous findings from
Vandemark et al. (2008) of a negative epistatic interaction between SU91 and BC420 and
the QTL they are associated with. Furthermore, HR45 carries the same QTL as the NIL
BBSS but in a different genetic background and both lines were highly resistant in 2009
and 2010 with respect to individual severity ratings and AUDPC. Moreover, OAC Rex
carries similar QTL as the NIL bbSS, with the addition of the putative QTL on
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chromosome 4 in OAC Rex and although the NIL bbSS was absent from the 2009 field
trial, OAC Rex and bbSS preformed similarly under field conditions in 2010. Contrary to
its performance in 2010, OAC Rex was not significantly different from HR45 for severity
or AUPDC. In our experience, OAC Rex generally has higher levels of CBB compared to
HR45 under field and controlled conditions. This could be in part due to the fact that
OAC Rex, if in fact PVctt001 is not a significant source of resistance, is only carrying
SU91 and the associated QTL on B8, to our knowledge. In contrast, HR45 is carrying
both QTL on B6 and B8 associated with BC420 and SU91, providing higher levels of
resistance.
The original RIL mapping population for PVctt001 consisted of 142 F2:4 lines of
the cross between OAC Rex and OAC Seaforth (Tar'an et al. 2001). Simulation studies
have shown that RIL populations with lower numbers of individuals produced better
results than other population types, including F2, when attempting to reconstitute original
genome linkage groups (Ferreira et al. 2006). However, as population size increases the
effectiveness of RIL and F2 (with co-dominant markers) populations were equal in
creating a reasonable accurate genetic map. Recent results from Navabi et al.
(unpublished) have shown that this marker is not significant in an advanced F6 population
of the same cross used in the original mapping population. No other research groups have
confirmed the accuracy of PVctt001 and its association with CBB resistance thus far. As
the study by Tar'an et al (2001) was conducted with a low number of F2:4 lines and not
replicated spatially or temporally, it is possible that PVctt001 was a false positive in its
original mapping study.
These results suggest that while the QTL associated with SU91 on B8 seems to be
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a major QTL in the parental lines, the QTL associated with the SCAR marker BC420 on
chromosome 6 is responsible for higher levels of resistance in HR45 and the RILs that
carry both QTLs. Both these QTLs are major sources of CBB resistance in this study and
other studies, effective in various genetic backgrounds and across years. Few studies have
reported heritability estimates for CBB resistance but range from low to high depending
on the tissue sampled and location. Miklas et al. (1996) reported low to intermediate H2
for field CBB resistance but high H2 for the same genotypes under growth room
conditions. Additionally, Arnaud-Santana et al. (1994) reported low H2 for pod reaction
to CBB and low to intermediate H2 for leaf and seed reaction. In this study, broad sense
heritability estimates were high for severity and AUDPC (H2 =71-88%), with 19 to 25%
of the genotypic variance accounted for by the QTL associated with BC420 indicating
that the use of this marker for introgression of CBB resistance to new varieties and
pyramiding it with SU91 is efficient in selecting resistant individuals.
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E. Figures and Tables
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Figure 3. Frequency distribution of the area under the disease progress curve (AUDPC)
estimates for 218 RILs of the reciprocal crosses of OAC Rex/ HR45 in 2009(A) and
2010(B). Population Mean ± 95% confidence limits are indicated by solid and dashed
vertical lines, respectively. The Lsmeans of parental lines and the check genotypes are
indicated above their respective bin category.
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Figure 4. Disease severity estimates at different days after inoculation (DAI) of various BC420 (B) and PVctt001 (P)
genotypic groups of 218 RILs, parental genotypes and checks in 2009 (A) and 2010 (B).
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Figure 5. Partial linkage maps of chromosomes 4, 6 and 8 of common bean. An
independent LOD minimum of 2.0 was used to group markers. Loci are listed to the
right and regression map distances are listed in centimorgans (Kosambi mapping
function) to the left.
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Figure 6. QTL likelihood plots and QTL LOD likelihood maps for AUDPC in 2009 (blue) and
2010 (red) for a linkage group, representing a segment of chromosome 6 of common bean. Loci
are listed to the left of the linkage map and map distances in cM are listed to the right. QTL
intervals are shown with an inner 1-LOD interval and outer 2-LOD interval. A 2.3 LOD
significance threshold was used to detect putative QTL on the LOD likelihood map and was
obtained from 1000 permutation tests using MapQTL®6.
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Table 1. Means, minima (Min) and maxima (Max) for CBB severity estimates at different days after inoculation (DAI) and the area under the
disease progress curve (AUDPC) for the parental lines, 218 recombinant inbred lines (RILs) and the check genotypes and the summary of
ANOVA.
2009

2010
a

CBB Severity at DAI

AUDPCb

12

19

25

33

0.04

0.03

0.50

0.64

Combined

CBB Severity at DAI
AUDPC

Final CBB
Severity

AUDPC

13

21

28

35

0.00

0.02

2.31

2.42

24.36

1.71

17.00

d

0.00

0.00

0.00

Parents
OAC Rex

6.25

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

NR

Min

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Mean

0.17

0.61

0.96

1.15

15.86

0.37

0.65

1.11

0.93

13.96

1.06

14.89

Max

1.49

3.01

3.50

3.96

59.90

2.00

2.99

3.95

3.92

60.15

3.96

60.15

BBSSc

0.03

0.01

0.50

1.07

7.85

0.00

0.00

0.05

0.18

0.00

0.62

3.85

bbSSc

.

.

.

.

.

1.50

1.99

0.96

1.10

31.54

1.04

32.55

BBssc

2.49

3.50

4.50

4.43

80.70

2.00

3.00

2.90

2.72

60.57

3.68

71.31

bbssc

2.51

3.51

4.00

4.04

75.77

1.50

4.01

4.11

4.20

79.27

4.04

76.90

Dresden

3.95

4.96

5.00

4.96

101.05

2.00

3.99

3.95

4.48

81.55

4.75

91.49

***

***

***

***

***

***

***

***

**

***

***

***

ns

ns

HR45
RILs

51

Checks

ANOVA
RIL
RIL*Year
*

Significant at p < 0.01, ** p < 0.001, ***p < 0.0001 ns, not significant.
Days after inoculation. Severity was based on a 0-5 scale of percentage of plot leaf area with disease symptoms.
b
Area under disease progress curve (AUDPC) = Σ [(Xi+1 + Xi ) / 2][ti+1 - ti] where, Xi = the severity rating of the host tissue damaged at ith day, ti=
the time in days after inoculation at ith day.
c
Near isogenic lines for two major CBB QTL (BC420 and SU91) in the susceptible backgroung cv. Teebus (Vandemark et al. 2008).
d
Not rated due to maturity.
a

Table 2. Marker allele frequency, chi-square (χ 2), additive effect of the marker (Add.) and the proportion of the
phenotypic variance accounted for by the marker (R2p ) in single marker QTL analysis for the area under the
disease progress curve (AUDPC) in 2009 and 2010.
AUDPC 2009
a

a

a

χ2 b

Marker

Chr.

a

BC420

6

88

n/a

127

7.07**

SSR2

6

88

n/a

128

7.41**

Gene9
Gene10b
Gene3
SSR6
Gene15
SSR1
Gene10a
RexP4
RexP5
RexP2
RexP1

6
6
6
6
6
6
6
6
6
6
6

92
90
85
91
91
86
91
137
134
136
143

h

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

b

123
126
131
125
125
130
125
79
82
80
73

4.47

*

6.00

*

9.80

**

5.35

*

5.35

*

8.96

**

5.35

*

15.57

**

12.52

**

14.52

**

22.69

**
**

R p

2

Add.

R p

10.08**

0.37

10.69**

0.46

9.94**

0.34

10.30**

0.43

Add.

c

AUDPC 2010

9.35

**

9.53

**

9.65

**

9.46

**

9.36

**

9.43

**

8.21

**

7.82

**

7.67

**

7.57

**

7.28

**

6.99

**

0.32
0.32

9.99

**

10.00

**

2

0.41
0.41

9.78

**

0.41

9.99

**

0.39

9.80

**

0.38

9.35

**

0.35

8.80

**

0.32

8.34

**

0.30

8.24

**

0.27

8.20

**

0.27

7.86

**

0.26

0.17

8.79

**

0.23

0.32
0.32
0.31
0.31
0.24
0.21
0.20
0.19
0.17

VSTS

6

134

n/a

81

13.07

Gene4

6

85

n/a

128

8.68**

6.84**

0.17

6.22**

0.17

Gene14

6

91

n/a

125

5.35*

6.79**

0.16

6.16**

0.16

PVctt001

4

59

29

127

24.86**

-1.91

nsd

-1.30

ns

11.61

**

-1.85

ns

-1.12

ns

20.17

**

-1.79

ns

-1.57

ns

143

22.69

**

-1.26

ns

-0.56

ns

129

8.17

**

1.79

ns

-0.86

ns

**

1.05

ns

-1.42

ns

g2467
SW12
BM161
SU91-P4
SU91-P3

4
4
4
8

75
73
87

13
n/a
n/a
n/a

97
141

89

n/a

127

6.69

g134

e

U

74

21

77

ns

.

ns

.

ns

g503

U

74

23

77

ns

.

ns

.

ns

g1676

U

105

45

8

ns

.

ns

.

ns

.

ns

.

ns

g1322

8

55

U

68

n/a

103

7.16

**

*& ** Estimate of additive effect significantly different from zero at p < 0.05 and p < 0.01, respectively.
a
Frequencies a and b represent alleles originating from OAC Rex and HR45 respectively. h represents a heterozygous
genotype for the co-dominant markers; n/a not applicable for the dominant markers.
b
Segregation of genotype frequencies were tested against normal Mendelian expectation ratios (1:1) with a normal
classification of genotypes using a chi-square test in Joinmap.
c
Add. is the estimate of the additive effect at each locus, estimated as half the difference of lsmeans of the phenotypic
value of each homozygous class. Alleles originating from HR45 positively increase the trait value.
d
ns, not significant at p=0.05.
e
U, unlinked markers.
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Table 3. The proportion of the phenotypic variance accounted
for by the interaction effect (R2Q1× Q2) of significant markers on
chromosomes 4 and 6 for the area under the disease progress
curve (AUDPC) in 2009 and 2010.

Chr. 4
AUDPC 2009

Chr.6

Marker

PVctt001

g2467

PVctt001

g2467

BC420

0.03

a

ns

ns

ns

SSR2

0.02

ns

ns

ns

SSR6

ns

ns

ns

0.03

Gene15
SSR1

ns
0.03

ns
ns

ns
ns

0.03
ns

Gene10a

ns

ns

ns

0.03

ns

ns

ns

0.02

RexP5
a

AUDPC 2010

2

Interactions with an R value were all significant at p < 0.05;. ns, not significant.

Table 4. Variance partitioning for CBB severity ratings and the area under the disease progress curve (AUDPC),
combined over years, and due to the QTL associated with the SCAR marker BC420, broad-sense heritability
estimates for the AUDPC and the proportion of the genotypic and phenotypic variances accounted for by the QTL
associated with BC420 in a population of 218 recombinant inbred lines of reciprocal crosses of OAC Rex and HR45.

CBB Severity - Combined years
S1

S2

S3

S4

AUDPC

Variance Componentsa
σ 2G

σ

σ

0.15

σ

2

σ

2

QTL
RIL(QTL)

2

σ

2

σ

2

Year x QTL
Year x RIL(QTL)

2

h

QTL a

Genetic variance
explained by BC420 (%)b
H
2

2
c

0.94

284.64

0.54

0.76

0.78

218.46

0.06

0.16

0.21

0.16

66.18

0.04

0.00

0.06

8.48

0.04

0.01

0.00

0.00

0.00

0.00

0.03

0.00

0.06

8.48

0.16

E

2

0.97

0.09
0.04

G x Year

0.70

0.38

0.97

0.81

141.37

0.40

0.67

0.63

0.67

0.67

58.50

77.13

78.47

83.23

76.75

0.71

0.86

0.80

0.80

0.88

σ2QTL is

σ2RIL(QTL) is

σ G is the genotypic variance,
the variance attributed to the QTL,
the variance attributed to the QTL
2
2
2
within RILs, σ G x Year is the genotype x year variance, σ Year x QTL is the year x QTL variance , σ Year x RIL(QTL) is the
2
variance attributed to the QTL within RILs x year, and σ E is the residual plot variance.
a

Heritability of the QTL estimated as σ2QTL/ (σ2G + (σ2G x Year /y) + [σ2E / (ry)]) where y and r are the number of years
and reps respectively.
b
2
2
Estimated as the ratio of σ QTL and σ G.
c
Broad-sense heritability across years H2= σ2G/ (σ2G + (σ2G x Year /y) + [σ2E / (ry)]) where y and r are the number of years
and reps respectively.
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4. Evaluation of CBB Severity and Comparison of Visual Screening and
Image Analysis Under Growth Room Conditions
A. Introduction
Common criticisms of qualitative and subjective interpretation of disease
symptoms are related to the lack of precision associated with visual disease
assessment (De Coninck et al. 2011). These shortcomings become more
pronounced when visual assessment is required in breeding programs to detect
minor phenotypic differences associated with underlying QTL (Setiawan et al.
2000). In common bean, when screening for CBB resistance, there are at least
four different visual rating scales commonly used by different research groups.
An ordinal 0 to 5 scale (Yu et al. 2004; Yu et al. 2000; Jung et al. 1997) is used
based on the percentage of inoculated leaf area with disease symptoms (0 = no
visible symptoms; 1 = 1 to 10%; 2 = 11 to 30%; 3 = 31 to 50%; 4 = 51 to 80 %;
5 >80%), similarly, a 0 to 10 scale (Yu et al. 1998) based on a visual estimate of
the percentage of the diseased leaf area (1 = 1 to 4%; 2 = 5 to 10%; 3 = 11 to
20%; 4 = 21 to 30%; 5 =31 to 40%; 6 = 41 to 50%; 7 = 51 to 60%; 8 = 61 to
70%; 9 = 71 to 85%; 10 = 86 to 100%), and lastly a 1 to 9 scale (Vandemark et
al. 2009; Aggour et al. 1989) based on the percentage of leaf area affected (1 =
no disease; 2 to 3 = 1 to 25.5%; 4 to 6 = 26 to 64.5%, and 7 to 9 = 65 to 100%).
One non-ordinal scale of 0 % to 100% has also been used to directly estimate the
area affected (Mutlu et al. 2005a; Arnaud-Santana et al. 1994; Mutlu et al.
2008).
The non-repeatable and subjective nature of visual assessment is an issue
within research groups among different raters, and between research groups
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since any of the above scales may be used to quantify disease (Nutter et al. 2006;
Bock et al. 2009). Furthermore, the precision of ordinal and percentage scales
differs between raters and between experienced and novice raters as well
(Poland and Nelson 2011). The use of image analysis in quantitative disease
studies, in lieu of visual assessment, may provide an objective assessment tool
that could be universally implemented across all research groups working on the
same disease. The objective of this study was to investigate the relationship
between image analysis and growth room visual screening for CBB resistance. A
strong relationship between image analysis and visual screening for CBB would
promote the use of an automated disease screening system.
B. Materials and Methods
i.

Plant material and data
From the recombinant inbred lines of the reciprocal crosses between

OAC Rex and HR45, tested in the CBB nursery in Harrow in the summer of
2009 (Chapter 2), a subsample of RILs were chosen based on low, moderate and
high AUDPC estimates. 53 RILs, parental genotypes, cv. Dresden (susceptible
check) and four NILs homozygous for presence/absence of two CBB QTL
(BC420 and SU91) were included in the growth room experiment. The NIL
BBSS is present for both BC420 and SU91, bbSS is present for SU91 only,
BBss is present for BC420 only and bbss has neither marker. CBB growth room
screening was conducted in 2010 at the AAFC-GCPRC in Harrow, Ontario.
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ii.

Experimental design
The growth room screening was randomized as a RCBD (n=60) with two

replications using Agrobase® 99 software. Square 10 cm fiber pots were filled
with a 50% peat - 50% sterilized soil mixture and watered before planting. Four
seeds per genotype were planted in each pot and thinned after emergence to
three plants per pot. Two pots of each genotype were kept together as one
experimental unit (six plants). Initial growth room conditions were set to: 14 hr.
day (0600-2000hrs) at 25°C, 22°C night, and a relative humidity of 80%
constant. Plants were given 100 mL of liquid fertilizer (20-20-20 NPK) at 5 g L1

nine days after planting and watered as required.
iii.

Disease inoculation
Approximately 10 days after emergence, fully opened unifoliate leaves

of each plant were inoculated with a mixture of four isolates, including two
fuscans isolates (nos. 12 and 18) and two non-fuscans isolates (nos. 98 and 118),
of Xap using the multiple needle method (Yu et al. 2000). A volume of 100mL
of each isolate, adjusted to 75 Klett® Units (107 cfu/ml) using a KlettSummerson Photoelectric Colorimeter (Klett Manufacturing Company, Inc. New
York, USA) and a blue filter (400-465 millimicrons), were added together to
create a 400 mL mixture of Xap inoculum. Each fully opened unifoliate leaf was
inoculated by piecing the leaf tissue with multiple needles and drawing the
inoculum through the wounds with sponges (Yu et al. 2000). After inoculation,
growth room conditions were modified to: 14 hr. day (0600-2000hrs) at 28°C
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constant and maximum relative humidity for 96 hrs. Room conditions were
returned to the initial settings after this period.
iv.

Visual rating
Evaluation of CBB severity in the growth room was conducted using a 0-

5 visual scale based on the percentage of inoculated area with disease symptoms
(0=no visible symptoms; 1=1-10%; 2=11-30%; 3=31-50%; 4= 51-80 %; 5
>80%) (Yu et al. 2000) (Figure 3). Each inoculated unifoliate leaf was visually
evaluated 13 and 15 days after inoculation (DAI).
v.

Image analysis
After the final rating, image analysis (IA) was performed on each

inoculated unifoliate leaf using Assess® 2.0 software (Lamari 2002). A digital
image of each detached inoculated unifoliate leaf was taken horizontally on a
uniform blue background using a digital camera (Canon EOS Rebel Tli) which
was fixed on a tripod, 50cm from the objects. Digital images were saved as
JPEG files and reduced to 25% the original size to more easily manage
uploading of pictures to the program. Leaves were excluded if leaf senescence
interfered with an accurate image analysis reading. The automatic option in
Assess® 2.0 was used for disease quantification, as per manufactures
instructions. The area of interest (AOI) was selected by placing the AOI
rectangle around one leaf and selection of “%Area” generated the % infection
per leaf area (total lesion area/total leaf area), which included both chlorotic and
necrotic areas (Figure 4).
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vi.

Statistical analysis
Statistical analyses were performed using SAS 9.2 (SAS Institute Inc.,

Cary, N.C). Data was subjected to ANOVA in PROC MIXED procedure, with
RIL as a fixed effect and Rep and Rep×RIL as random effects and Rep×RIL as a
repeated effect. For each phenotypic rating a maximum of 12 repeated
observations were taken for each RIL for a total of ≤72 data points per RIL.
Lsmeans were generated using the LSMEANS statement in PROC MIXED and
normality of residuals were tested in PROC UNIVARIATE. Population
minimums, maxima and means for each phenotypic parameter were generated in
PROC MEANS.
Correlation analyses for growth room phenotypic parameters were
conducted on estimates of lsmeans using PROC CORR to generate Pearson‟s
correlation coefficient (r). Regression analysis was performed in PROC REG
with 15 DAI as the dependent variable and IA as the independent variable.
Linear and logarithmic regression lines were predicted and R² was calculated as
a measure of the proportion of variance accounted for by each model.
Additionally, Akiak‟s Information Criterion (AIC), Bayes' Information Criterion
(BIC), Mallows' Cp statistic, and the mean square of error for the linear and
logarithmic model were requested in PROC REG and used as criteria for
selecting the most appropriate regression model.
Growth room phenotypic parameters were correlated with field AUDPC
in 2009 and 2010 in PROC CORR. Regression analysis between selected field
parameters and growth room rating 15 DAI was performed in PROC REG, with
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AUDPC-2009 and AUDPC-2010 as dependent variables and 15 DAI as the
independent variable. R2 was computed as a measure of the proportion of
phenotypic variance in the field accounted for by 15 DAI in the growth room.
Single marker effects with phenotypic estimates were tested in PROC
GLM, with 13 DAI, 15 DAI and IA estimates as the dependent variables and
marker genotype as the independent variable. For each analysis, R2p was
computed as a measure of the proportion of phenotypic variance accounted for
by the marker. Additive effects of each marker were calculated as half the
difference of the lsmeans of the two genotypic groups.
Interactions between all markers on chromosome 4 and 6 were tested in
PROC GLM, with 13 DAI, 15 DAI and IA estimates as the dependent variables
and marker and marker interactions as the independent variables. For each
analysis, in addition to R2 of the model, R2Q1×Q2 was computed as a measure of
the proportion of phenotypic variance accounted for by the interaction between
markers. Differentiation ratios were calculated as the ratio of lsmeans of the
phenotypic value of BC420-absent and BC420-present.
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vii.

Figures

0 – No visible symptoms

1 – 1% to 10%

2 – 11% to 30%

3 – 31% to 50%

4 – 51% to 80%

5 – Greater than 80%

Figure 7. Various growth room unifoliate leaf examples of the CBB severity 0-5 visual scale based on the
percentage of inoculated leaf area with disease symptoms.

60

61
Figure 8. CBB symptoms on various bean unifoliate leaves and their quantification using image analysis software Assess® 2.0 . A and D: Symptoms on the unifoliate leaves of a resistant and
susceptible plant, respectively; B and E: Outline of infected lesions highlighted using automatic image analysis (Automatic panel); C and F: Quantification of lesions using automatic image
analysis (Automatic panel).

Results

i.

Phenotpying
From the 2009 field data, 53 RILs were selected based on low, moderate and high

AUDPC estimates for CBB screening in the growth room. The effect of RILs was highly
significant (P < 0.0001) for both visual ratings at 13 DAI and 15 DAI (0 to 5 scale) and
IA (% area). Repeated sampling was not significant for any parameters; however Rep ×
RIL estimates were significant for visual severity rating 15 DAI (P = 0.05) and IA (P <
0.0001) (Table 10). Estimates for visual CBB severity at 13 DAI ranged from 0.00 to
2.50 with an average severity rating of 0.79. Estimates for visual CBB severity at 15 DAI
ranged from 0.00 to 3.21 with a slightly higher average severity rating of 1.23 (Table 5).
Image analysis had a range of 0.60% to 10.78% and average estimate of 3.10%. The
parental genotype HR45 showed no disease symptoms based on visual screening alone,
whereas IA detected disease symptoms on this parental line with an estimate of 1.78%.
OAC Rex showed disease symptoms with estimates of 0.50 to 2.00 at 13 DAI and 15
DAI, respectively and IA was 3.03% and still considered resistant. Dresden had the
highest final visual score at 15 DAI of 4.50 and IA estimate of 26.34%. The NIL BBSS
had no visual disease symptoms and the lowest IA estimate of 1.29% of the checks and
parental genotypes. The NIL bbSS had lower visual severity estimates of 2.00 and 3.80 at
13 DAI and 15 DAI, respectively, compared to the NIL BBss with estimates of 4.00 for
both visual severity ratings. When looking at IA for these NILs, BBss had the lower
estimate of 7.12% compared to bbSS at 11.09%.
Correlations between IA and visual severity ratings at13 DAI and 15 DAI (syn.
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VS1 and VS2) were moderately high (r = 0.71 and r = 0.69, P < 0.0001) (data not
shown). In comparing linear and logarithmic regression models, the relationship between
the visual CBB severity ratings as dependent variable and IA, independent variable, was
best explained by the logarithmic model VS2=0.2+1.2[ln (IA)] with R2= 0.56 (Figure 9).
Akiak‟s Information Criterion (AIC) and Bayes' Information Criterion (BIC) were lower
and R2 estimates were higher for the non-linear relationships between 15 DAI and IA
compared to the linear relationship. No changes in any of the aforementioned model fit
parameters were seen for the linear and non-linear relationship between 13 DAI and IA .
The linear relationships between visual severity rating 15 DAI in the growth room
and field AUDPC-2009 (R2 = 0.34) or AUDPC-2010 (R2 = 0.47) were moderately weak.
Similar associations between the same field parameters and IA were weaker in 2009 (R2 =
0.11) and 2010 (R2 = 0.23) compared to visual severity rating 15 DAI. When looking at
the non-linear relationship between IA and field AUDPC in either year, the coefficients
of determination increased slightly for 2009 to R2= 0.16 and R2= 0.33 in 2010, but were
still below regression values for associations between field AUDPC and visual severity
rating 15 DAI in the growth room.
ii.

Genotyping
The highest estimates of the additive effects of markers in the vicinity of

resistance QTL on chromosomes 4 and 6 and the proportion of the phenotypic variance
accounted for by the QTL (R2p) were attributed to different markers across growth room
parameters (Table 6). For visual severity rating 13 DAI, marker BC420 was associated
with the highest effect (Additive = 0.48, Rp 2 = 0.40), compared to marker Gene10b for
visual severity rating 15 DAI (Additive = 0.85, R p 2 = 0.63) and marker SSR2 for IA
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(Additive = 1.47, R p 2 = 0.40) (P < 0.0001). No markers on chromosome 4 were
significant for visual severity ratings 13 DAI or 15 DAI; however markers PVctt001(R p 2
= 0.15) and g2467 (R p 2 = 0.16) were significant for IA (P = 0.05) with small additive
effects of -0.51 and -0.74, respectively. The differentiation ratio at BC420 was almost 2
fold larger for visual severity ratings 13 DAI and 15 DAI when compared to the
differentiation ratio at BC420 for IA.
PVctt001 had the most number of interaction effects with significant markers on
chromosome 6 for growth room image analysis (Table 7). Chromosome 6 had eight
significant interactions (P < 0.05) with PVctt001 on chromosome 4 with the proportion of
the phenotypic variance accounted for by the interaction effect (R2Q1× Q2) ranging from
0.07 to 0.11. The other three markers on chromosome 4 had few interactions with
markers on chromosome 6 and the proportion of the phenotypic variance accounted for
by the interaction effect became smaller for markers farther away from Pvctt001. The
marker adjacent to PVctt001, g2467, had one interaction with marker Gene 15 on
chromosome 6 (R2Q1× Q2 = 0.1), whereas markers further away had only one (BM161) or
two interactions (SW12) with markers on chromosome 6, that accounted for 40-50% less
phenotypic variance, compared to g2467.
C. Discussion
Based on previous research, this study aimed to evaluate a subset of RILs of the
resistant cross between OAC Rex and HR45 under growth room conditions for CBB
resistance. The range of severity ratings for the selection of lines (n=53) reflected what
was seen for AUDPC under field conditions in 2009. Although some lines were selected
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for „high‟ AUDPC estimates, which were higher than the population average, visual
severity estimates ranged from 0 to 3.21, in which the highest rating would still be
considered a moderately resistant genotype. Visual severity estimates were classified into
4 of the 6 possible categories of the 0 to 5 visual rating scale used in this study, however
when the same genotypes were evaluated under IA, severity estimates ranged from 0.6 %
to 10.78 %, estimates were only classified into 2 of the 6 possible categories
corresponding to the 0 to 5 visual rating scale. This indicates that IA is more conservative
when estimating disease severity compared to visual severity estimates, which may
overestimate disease symptoms. De Coninck et al. (2011) found visual assessment
overestimated Cercospora leaf spot in sugar beets compared to digital image analysis
using Assess 1.0. Overestimation of disease symptoms can occur when there are a greater
number of lesions for a given infected area. There is also a widespread tendency to
overestimate disease severity at severity levels less than 10% (reviewed by Bock et al.
2009) and almost all genotypes assessed under IA had severity levels < 10%. The same
genotypes assessed using the visual scale had estimates ranging from 0 to 50 % when
converted to a percentage score. However, it should be noted that automatic IA
determines the amount of disease based on whole-leaf area compared to visual
assessment which is the percentage of inoculated leaf area only.
Visual severity estimates of NILs reflected what was reported by Vandemark et al.
(2009) but not to the same extent as originally reported. For visual severity ratings, NILs
retained their ranking for CBB resistance, with BBSS showing the highest levels of
resistance and bbSS, BBss and bbss with decreasing resistance levels in that order.
However, the difference in severity ratings for the two heterozygous NILs (bbSS and
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BBss) for 13 DAI was 2.0 units on the 0-5 scale, but was reduced to a difference of only
0.2 units for 15 DAI. With respect to the final visual assessment, the NILs would be
grouped into the same category on the 0 to 5 visual severity scale. When observed under
IA, BBss had lower severity ratings than bbSS, which is not consistent with previous
reports and our own field observations. A discrepancy in visual rating estimates in the
growth room for OAC Rex was also observed from previous field results. In only two
days between the severity assessments, visual severity estimates for OAC Rex increased
from 0.5 to 2.0, whereas HR45 remained unchanged. Previous reports have indicated that
OAC Rex performs differently under field and growth room conditions where disease
pressure is extremely high (Yu et al. 2004). The changes in CBB severity under
controlled conditions compared to field conditions may indicate that genotypes with
moderate or partial disease resistance may perform worse in controlled environments
where conditions for disease establishment are maximized. Poor correlations between
disease screening in the field and under controlled conditions have been reported for
other crops and diseases (Smith et al. 2003; Wegulo et al. 1998) and even our results
showed a poor correlation for field AUDPC with growth room severity rating for CBB in
P. vulgaris L. Overcrowding of plants became an issue near the end of the study, which
could have also added to already poor growing conditions (i.e. high disease pressure) and
stress on partially susceptible plants. These statements are supported by a significant RIL
× Rep interaction for visual severity estimate 15 DAI (P = 0.05) and IA (P < 0.0001)
which were taken at a later time point in the experiment compared to the first visual
assessment.
Visual disease screening can sometimes be unrepeatable, inconsistent and subjective;
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therefore an automatic image analysis system such as Assess 2.0 could be an adequate
solution to these problems (Nutter et al. 2006; Bock et al. 2010). In this study the visual
severity rating 15 DAI was best correlated with IA, most likely because each of the
ratings was taken on the same day. The relationship between IA and the visual severity
rating 15 DAI was non-linear and a similar non-linear relationship was found between
visual severity ratings and automatic and manual IA in a recent study by Xie et al. (in
review). Their results were the first to describe a non-linear relationship between image
analysis and visual screening and that this non-linear relationship is most likely due to the
non-additivity of the 0 to 5 visual scale used in both studies. Image analysis tends to give
a more quantitative measurement of disease percentage, rather than a range of disease
percentage associated with a single numeric category in this 0 to 5 scale.
For quantitative trait studies, visual screening may not be sensitive enough or
discerning enough to detect phenotypic differences associated with underlying QTL (De
Coninck et al. 2011; Todd and Kommedahl 1994). Under single marker analysis, all
markers on chromosome 6 were significant with a different marker accounting for the
most phenotypic variation in each of the different growth room assessments. However,
one of these markers was the marker of interest, BC420, and the remaining two were
within 4.4 cM of BC420 and only 0.5 cM apart. Variation in QTL location and stability
of QTL expression under repeated sampling, with relation to sampling at different time
points, has been reported in some tree species (Verhaegen et al. 1997). Since the effect
of each marker was tested separately at each time point and under different parameters, it
is acceptable to see some discrepancy of the exact location of the QTL.
Contrary to QTL analysis under field conditions (Chapter 2), two markers on
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chromosome 4 were significant, but only under image analysis. Marker PVctt001 and
g2467, separated by a distance of 4.3 cM, were significant (P = 0.05) accounting for 15
and 16 % of the variation, respectively, with resistance alleles originating from OAC
Rex. Additionally, interactions with PVctt001 or g2467 with several markers on
chromosome 6 were significant (P < 0.05) accounting for 5% to 11% of the variation,
with the largest and highest number of effects between PVctt001 and markers from
chromosome 6. These results indicate that IA may provide a more sensitive assay to
detect small effect QTL that may be missed by visual screening alone. In barley, image
analysis used to measure total area and intensity of common root rot, indicated that image
analysis was more sensitive to differences in genotype compared to visual assessment
(Kokko et al. 2000).
To determine how useful image analysis is at differentiating between different
genotypic groups in a quantitative study, the differentiation ratio at BC420 was calculated
as the ratio between absence and presence of the marker under visual assessment at 13 or
15 DAI, and IA. The differentiation ratio at BC420 was approximately 2-fold larger for
visual severity ratings 13 and 15 DAI compared to IA. These results may point toward IA
as a more precise screening tool for disease analysis compared to visual assessment.
Visual assessment may be overestimating the effect of a QTL, which would cause a
larger difference between genotypic groups at a specific locus, in turn increasing the
value of the differentiation ratio. The IA estimate for genotypic groups with BC420 was
1.67 %, equivalent to a 1 (0 to 5 scale), whereas visual severity estimates 13 and 15 DAI
were 0.28 and 0.4, respectively, equivalent to a 0 (0 to 5 scale). These results again show
visual assessment overestimating the effect of the QTL at that locus.
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The study by Xie et al. (in review), found a much larger fold increase in the IA
differentiation ratio at SU91, another CBB resistance locus, compared to visual severity
ratings, a contrast to the results found here. The QTL associated with SU91 is not
segregating in the population used in this study and since epistatic interactions between
BC420 and SU91 have been reported in the past under visual assessment (Vandemark et
al. 2009), it is not unreasonable to suggest that SU91 in this population is associated with
resistance and affects the differentiation ratio at BC420. Furthermore, the same study
found visual assessment overestimated the effect of SU91 by 33 % to 45% compared to
IA, again due to the lack of additivity of visual assessment of disease severity.
In summary, the results presented here point toward IA as a more precise disease
measurement assay which is able to detect small effect QTL. Visual assessment may be
used for easy ranking of plants for disease resistance relative to one another, whereas IA
may be more suitable to detect small effects due to genotypic differences and underlying
QTL (Todd and Kommedahl 1994). Although some studies have reported good results
across raters in consistently detecting QTL in inclusive composite interval mapping
(ICIM), the effects associated with these QTL were highly variable among raters using
visual assessment (Poland and Nelson 2011). Here, IA has been shown to conservatively
estimate the effects of underlying resistance QTL, compared to overestimation by visual
assessment.

69

Figures and Tables

Final Visual CBB Score

Final Visual CBB Score

D.

AIC -6.16
BIC -4.03
VS2=0.6 +0.2(IA)

AIC -17.7
BIC -15.6
VS2=0.2 +1.2[ln(IA)]

Figure 9. Association of image analysis (IA) with growth room final visual CBB rating in 53 RILs and checks.
Visual ratings were performed using a 0-5 visual scale of percentage of inoculated leaf area with disease
symptoms. IA was conducted on digital images of inoculated leaves using the Automatic Panel in Assess® 2.0 by
choosing “% Area” which quantified the % infection of the selected leaf area. Regression lines were computed
to predict the value of visual rating as a linear function of IA and the natural log of image analysis (ln(IA)).
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Table 5. Means, minima (Min) and maxima (Max) for CBB severity
estimates 13 and 15 days after inoculation (DAI) and quantified
using image analysis (IA) in Assess®2.0 of parental lines, 53 selected
RILs of the cross OAC Rex/HR45 and checks.

CBB Severity at DAIa
13
15
Parents
OAC Rex
HR45
RILs
Min
Mean
Max
Checks
BBSSc
bbSSc
BBssc
bbssc
Dresden
ANOVA
RIL

IAb

0.50
0.00

2.00
0.00

3.03
1.78

0.00
0.79
2.50

0.00
1.23
3.21

0.60
3.10
10.78

0.00
2.00
4.00
4.00
3.99

0.00
3.80
4.00
4.00
4.50

1.29
11.09
7.12
14.29
26.34

***

***

***

*
Significant at p < 0.0001.
a
CBB severity ratings were conducted on inoculated unifoliate leaves
on a 0-5 scale of percentage disease of the inoculated leaf area.
b
Automatic image analysis (IA) calculated the percentage of
diseased area per inoculated leaf using Assess®2.0.
c
Near isogenic lines for two major CBB QTL (BC420 and
SU91) in the susceptible backgroung cv. Teebus.
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Table 6. Estimates of the additive effect of markers (Add.) in the vicinity of CBB resistance QTL on
chromosomes 4 and 6 and the proportion of the phenotypic variance accounted for by the QTL (R2p) for
CBB visual severity estimates 13 and 15 days after inoculation (DAI) and quantified using image analysis
(IA) in Assess®2.0.

CBB Severity
13 DAI
Marker
SSR2
Gene10b
SSR1
BC420
Gene15
Gene3
Gene9
Gene10a
SSR6
Gene4
RexP4
Gene14
RexP5
RexP2
RexP1
VSTS
g2467
PVctt001
SW12
BM161
Differentiation
Ratio at BC420d

a

Chr.

Add.

6

0.45****

6

0.46

****

0.39

****

0.48

****

0.44

****

0.43

****

0.47

****

0.45

****

0.46

****

6
6
6
6
6
6
6
6
6
6
6
6
6
6
4
4
4
4

0.27

*

0.52
0.24

****

*

0.47

****

0.51

****

0.50

****

0.38

**

-0.15
0.02
-0.08
0.00
4.32

15 DAI
R

2
p

Add.

0.34

0.82****

0.35

0.85

****

0.82

****

0.80

****

0.78

****

0.78

****

0.75

****

0.68

****

0.74

****

0.26
0.40
0.32
0.31
0.39
0.34
0.35
0.12
0.35
0.10
0.28
0.31
0.28
0.19
b

ns

ns
ns
ns

0.51
0.74

***

****

0.50

***

0.66

****

0.71

****

0.69

****

0.60

***

-0.29
-0.16
-0.23
-0.15
4.96

IA
Add.

R2p

0.59

1.47****

0.40

0.63

1.44

****

0.38

1.43

****

0.38

1.36

****

0.35

1.38

****

0.35

1.35

****

0.33

1.28

****

0.31

1.28

****

0.30

1.25

****

0.29

0.99

**

0.17

1.01

**

0.14

0.95

**

0.16

0.92

*

0.12

0.95

*

0.12

0.99

*

0.12

0.73

*

0.08

*

0.16

*

0.15
ns
ns

R

2
p

0.59
0.56
0.52
0.52
0.49
0.39
0.47
0.22
0.35
0.21
0.28
0.31
0.27
0.23
ns
ns
ns
ns

-0.74

-0.51
-0.58
-0.39
2.63

*Significant at p=0.05, **p=0.01, ***p=0.001, ****p<0.0001.
a
Add. is the estimate of the additive effect at each locus, estimated as half the difference of lsmeans of the phenotypic value of each
homozygous class. Alleles originating from HR45 positively increase the trait value.
b
ns, not significant at p=0.05.
c
U, unlinked markers.
d
Differentiation ratio was estimated as the ratio of lsmeans of the phenotypic value of BC420-absent and BC420-present.
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Table 7. The proportion of the phenotypic variance accounted for by the
interaction effect (R2Q1× Q2) of significant markers on chromosomes 4 and 6 for
growth room image analysis.

Chr.4
Image Analysisa
Marker

Chr.6

a

Pvctt001

g2467

BM161

SW12

b

BC420

0.07

ns

ns

ns

Gene9

0.09

ns

ns

ns

SSR1

0.08

ns

0.05

0.05

SSR6

0.10

ns

ns

ns

Gene10a

0.11

ns

ns

ns

Gene10b

0.09

ns

ns

0.05

SSR2

0.09

ns

0.05

0.06

Gene15

0.11

0.10

ns

ns

Interactions with an R2 value were all significant at p < 0.05;. ns, not significant
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5. Summary and Future Work
Common bacterial blight, caused by X. axonopodis pv. phaseoli, is a common bean
(P. vulgaris L.) disease that can cause significant yield losses in susceptible cultivars.
Genetic resistance is the most economically-efficient, environmentally-friendly, and
socially-acceptable approach to control plant diseases including CBB and therefore is of
great importance and interest to plant breeders. Numerous studies have identified various
QTL which are major sources of resistance to CBB. This study aimed to evaluate the
combination of two such QTL in a common background in a resistant inter-cross
population of OAC Rex and HR45. Under field and growth room conditions, the QTL on
B6 in HR45 is a significant source of resistance across years. Although not segregating in
this population, the QTL associated with SU91 on B8 seems to be a major QTL in the
parental lines. The combination of the QTL on B6 and B8 is responsible for higher levels
of resistance in HR45 and the RILs that carry both QTL. Unexpectedly, in this
population, the QTL on B4 in OAC Rex was not a significant source of resistance under
field conditions. In this study OAC Rex generally has higher levels of CBB compared to
HR45 under field and controlled conditions. Broad sense heritability estimates of BC420
were high for severity and AUDPC, promoting the continued use of this marker in
selecting CBB resistant genotypes, which in combination with SU91 marker on B8 seem
to provide high levels of resistance. Confirmation and validation of the QTL on B4
should be conducted to determine the magnitude of the effect of this QTL on resistance
under field conditions.
Although not significant under field conditions, PVctt001 and the QTL on B4, was a
significant, but small, source of resistance in a growth room study where image analysis
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was used to asses symptoms. Image analysis provided a more precise disease
measurement assay, which was able to detect small effect QTL that may be missed by
visual assessment alone. As presented here, overestimation of disease severity and the
effect of underlying QTL is an issue that can be overcome with automated image
analysis. Continued work on the effectiveness of image analysis, especially in genetic
mapping studies, would support the application of this tool in plant breeding.
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Appendix A
Table 8. Analysis of variance in PROC MIXED procedure of SAS for CBB severity estimates at different days
after inoculation (DAI) and the area under the disease progress curve (AUDPC) of parental lines, 218 RILs and
checks in 2009 and 2010.

CBB Severity 2009
DAI

CBB Severity 2010
DAI

12

19

25

33

AUDPC

13

21

28

35

AUDPC

Rep

nsa

ns

ns

ns

ns

ns

ns

ns

ns

ns

Block(Rep)

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

RIL

***

***

***

***

***

***

***

***

**

***

Residual

***

***

***

***

***

***

***

***

***

***

For the random effects Rep and Block(Rep) significance was tested by the REML algorithm in PROC MIXED
procedure of SAS. For the fixed effects of RILs the significance was tested by the Type 3 Test of Fixed Effects in
PROC MIXED procedure of SAS.
*
Significant at p=0.01, ** p=0.001, ***p<0.0001.
a
ns, not significant at p=0.05.

Table 9. Analysis of variance in PROC MIXED procedure of SAS for final
CBB severity estimates and AUDPC of parental lines, 218 RILs and checks
combined over years.

Final CBB
Severity

AUDPC

Year

ns

ns

Rep(Year)

ns

ns

Block(Rep*Year)

ns

ns

***

***

RIL*Year

ns

ns

Residual

***

***

RIL

For the random effects Year, Rep(Year),Block(Rep*Year) and RIL*Year
significance was tested by the REML algorithm in PROC MIXED
procedure of SAS. For the fixed effects of RILs the significance was tested
by the Type 3 Test of Fixed Effects in PROC MIXED procedure of SAS.
*
Significant at p=0.01 ** p=0.001 ***p<0.0001.
a
ns, not significant at p=0.05.
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Table 10. Analysis of variance in PROC MIXED procedure of
SAS for CBB severity estimates 13 and 15 days after inoculation
(DAI) and quantified by image analysis (IA) in ASSESS®2.0 for
parental lines, 53 selected RILs and checks.

CBB Severity
Source

Repeated

13 DAI

15 DAI

IA

Rep

nsa

ns

ns

RIL

***

***

***

ns

*

***

ns

ns

ns

Rep*RIL
Residual

Rep*RIL

For the random effects Rep and Rep*RIL significance was tested by
the REML algorithm in PROC MIXED procedure of SAS. Rep*RIL
was tested as a repeated measure by the REPEATED statement in
PROC MIXED. For the fixed effects of RILs the significance was
tested by the Type 3 Test of Fixed Effects in PROC MIXED
procedure of SAS.
*
Significant at p=0.05 ** & ***p<0.0001.
a
ns, not significantly different at p=0.05.
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Appendix B
Table 11. List of all markers tested, type, expected size, sequence, source and polymorphism between OAC Rex and HR45
Polymorphism
Locus

Type

Size (bp)

Ta (°C)

F Sequence

R Sequence

Source

BC420

SCAR

900

BM161

SSR

185

BMb488

SSR

236

BMb548

SSR

BMc127

SSR

OAC Rex

HR45

58

gcagggttcgaagacacactgg

gcagggttcgcccaataacg

Yu et al., 2000

+

-

68

tgcaaagggttgaaagttgagag

ttccaatgcaccagacattcc

Gaitan-Solis et al., 2002

-

+

TD51-42

ttgcttattgtttccgattt

aagccttgcaaagagttaaa

Schlueter et al., 2008

+

+

250

TD54-46

aagccttgcaaagagttaaa

tgggttgagtagagttgctt

Schlueter et al., 2008

+

+

148

56

ccccacaagggcatatttatc

ttgtgagcaggccagagg

Blair et al., 2009

+

+

88

BMc258

SSR

164

54

tcatcatatcccacatatctacacc

caggtgcgacatcttcacat

Blair et al., 2009

+

+

Bng 71

SNP

1690

57

gttgctgttaagatatcaaacg

gggacatgttattcatatggtt

Larsen et al., 2005

+

+

CDPK

SCAR

820

60

cttttattacctttgtcccc

tttccgacacactatcctt

Perry et al., Unpub.

+

+

g1168

SNP

-

-

acgttggatgtaatccataggaggagccag

acgttggatgcagagtgactcagattcctc

Shi et al., Unpub.

CC

TT

g1320

SNP

-

-

acgttggatgtgttgtcagtggcattggtg

acgttggatgtgtccttcccatgaacttcc

Shi et al., Unpub.

TT

CC

g1333_B

SNP

-

-

acgttggatggatgtgaaagtggaataggc

acgttggatggctttcatgtctgcaaggtc

Shi et al., Unpub.

CC

TT

g134

SNP

-

-

acgttggatgttgccaactggaagatctcg

acgttggatgattctcagctgcagagcttc

Shi et al., Unpub.

GG

CC

g1676

SNP

-

-

acgttggatgcccttgaatttccgttctac

acgttggatgggctttggcttttaccattg

Shi et al., Unpub.

TT

0

g1808

SNP

-

-

acgttggatgatgtcctctgccacgtaaac

acgttggatgccaagaatcaactggctgtg

Shi et al., Unpub.

TT

CT

g1925

SNP

-

-

acgttggatgctcatctgtttgctcctcac

acgttggatgtagagaggacgcctgtattc

Shi et al., Unpub.

AA

GG

g2221

SNP

-

-

acgttggatggcctgaaaggtttgaggatg

acgttggatgtcactgtacgttgagctagg

Shi et al., Unpub.

AA

AG

g2467

SNP

-

-

acgttggatggatgcaggccaaagttaagg

acgttggatgtgagagatggcttggtgaac

Shi et al., Unpub.

CC

TT

g2521_B

SNP

-

-

acgttggatgggtgttggtaatcatgtgcc

acgttggatgagctagagttcatgcttgtg

Shi et al., Unpub.

AA

TT

g2531

SNP

-

-

acgttggatgtctttctcggtcctgaatcc

acgttggatgaggtgagtgtagtgtctttg

Shi et al., Unpub.

AA

CC

g487

SNP

-

-

acgttggatgcccctgagtacacaaatcac

acgttggatgtacagacagggcaagatgtg

Shi et al., Unpub.

CC

GG

g503

SNP

-

-

acgttggatgttgccaactggaagatctcg

acgttggatgatgctcagctgcagagcttc

Shi et al., Unpub.

GG

CC

g680_B

SNP

-

-

acgttggatggccacagatcctcagaaatc

acgttggatggaagagaaacaaaagtagcac

Shi et al., Unpub.

TT

GG

g774

SNP

-

-

acgttggatgaagaagatcgatccgtgagc

acgttggatgatgaccagagggatgaaacc

Shi et al., Unpub.

CC

TT

acgttggatggacttgtactctccttctgc

acgttggatgcagaatgaattcagtgactc

Shi et al., Unpub.

AA

0

aaggctgcaaagattggaga

ttgatgaagcctttggaacc

Yu et al., 2010

+

-

g893_B

SNP

-

-

Gene10a

SCAR

486

62

Table 11. Continued.
Polymorphism
Locus

Type

Ta (°C)

SCAR

Size
(bp)
459

F Sequence

R Sequence

Source

HR45

Yu et al., 2010

OAC
Rex
+

Gene10b
Gene14

SCAR

519

60

ccacctgccacatagacctt

tctcgagaagggcagaggta

58

cgagactcgtgtgctctctg

acgaaggttgattcccagtg

Yu et al., 2010

+

-

Gene15

SCAR

486

60

gatcccaagaaaatggcaga

caagtcgtgggattctgtga

Yu et al., 2010

+

-

Gene3
Gene4

SCAR

558

60

SCAR

590

60

ggacttagcgtacggttgga

tgtggtcgatgagaacaagg

Yu et al., 2010

+

-

accatccctctgccttttct

tcatcttctgatcggccttt

Yu et al., 2010

+

-

Gene9

SCAR

415

NBSLR

SCAR

657

60

aaagcaaacccttccattcc

tcccaaacaccaatggaaat

Yu et al., 2010

+

-

60

aaggcatttgagtggaga

ctgtttctgctggttttc

Perry et al., Unpub.

+

+

SSR

152

48

gagggtgtttcactattgtcactgc

ttcatggatggtggaggaacag

Yu et al., 2000

H

L

R4865
R7313

SCAR

950

60

tccaaagccattctagtt

cagctactttcaaactggg

Beattie et al., 1998

-

-

SCAR

700

60

attgttatcgtcgacacg

aatatttctgatcacacgag

Beattie et al., 1998

-

-

RexP1
RexP2

SCAR

971

58

tgcttacctcctctctct

cttcaactatgccgtact

Perry et al., Unpub.

-

+

SCAR

1009

60

ggggttgagatagttgtg

gtccagtacagatagtgttt

Perry et al., Unpub.

-

+

RexP3

SCAR

731

60

aacctagcaaaggagaca

gaggttagagaataggattg

Perry et al., Unpub.

-

-

RexP4

SCAR

657

62

cgcgttccaacatccaaa

tgacctctcccaaacact

Perry et al., Unpub.

-

+

RexP5

SCAR

910

54

agagcggagtagtgtaaa

ctgagcaaaaggtactgt

Perry et al., Unpub.

-

+

Salt Tol

SCAR

720

60

agcaagaagtggattacc

tgcagcaagaccgaagaa

Perry et al., Unpub.

+

+

SB10

SCAR

525

65

ctgctgggacaatcaccaagtc

ctgctgggactctcttac

Fourie et al., 2004

+

+

SBA8

SCAR

530

65

ccacagccgacggagga

gccatgttttttgtcccc

Miklas et al., 2002

+

+

SF10

SCAR

1072

65

ggaagcttggtgagcaagga

ggaagcttggctatgatggt

Miklas et al., 2002

+

+

SI19

SCAR

460

67

aatgcgggagatattaaaaggaaag

aatgcgggagttcaatagaaaaacc

Miklas et al., 2000c

+

+

SSR1

SCAR

227

62

aggaagatgtaactgaccaac

ttcactccatacccacctc

Yu et al., 2010

+

-

SSR2

SCAR

328

62

tcctcacctatcatcacaatc

tgaaacagtcagcaaagg

Yu et al., 2010

+

-

SSR6

SSR

298

60

ccctgaccacctctacct

atgtgctttctttgtgtgagt

Yu et al., 2010

+

-

SU91

SCAR

700

58

ccacatcggttaacatgagt

ccacatcggtgtcaacgtga

Pedraza et al., 1997

+

+

SU91-P1

SCAR

403

60

ggaggcgacccttgtagac

aagggaaaggggaaagtcag

Shi et al., Unpub.

+

+

SU91-P2

SCAR

383

60

agctgttattggtcattcatttg

gatctccccttatcgtcttcg

Shi et al., Unpub.

+

+

PV-ctt001

-

89

Table 11. Continued.
Polymorphism
Locus

Type

Ta (°C)

SCAR

Size
(bp)
501

F Sequence

R Sequence

Source

SU91-P3
SU91-P4

SCAR

425

60

cccgagttagaagtaggtggag

tgttgaaaacaaactatcgtgag

60

atggtggagacgagatgacc

tccgacattgaaaccagttg

SU91-P5

SCAR

464

60

ggcgacggcttctttgac

SW12
Tet

SCAR

700

70

SCAR

948

60

TF

SCAR

840

UBC460

RAPD

-

UBC73

RAPD

V-STS
Xan-700

HR45

Shi et al., Unpub.

OAC
Rex
+

Shi et al., Unpub.

+

-

tccaaagaccaaagggtgag

Shi et al., Unpub.

+

+

tgggcagaagttctagcatgtggc

tgggcagaagcacagtatgatttg

Miklas et al., 2000

H

L

ggcccgcaaacaaaaaaa

agggcatgactattcgtatt

Perry et al., Unpub.

+

+

60

ctttctctttcccgtttct

ttgcacatttctcttccct

Perry et al., Unpub.

+

+

36

actgaccggc

-

Bai et al., 1997

+

+

-

36

gggcacgcga

-

Bai et al., 1997

+

+

STS

490

66

gagaagcaggaggacgagaag

ctagcatctagggaggaggcat

McClean et al., 2002

-

+

SCAR

700

58

ttttgtatgtgtttctctggtgtag

atctcttttatccctcctttgtgtg

Tar'an et al., 2001

+

+

90
90

-

