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Abstract: Common bean (Phaseolus vulgaris L.) is an important legume crop worldwide.
However, abiotic and biotic stress limits bean yields to <600 kg ha ' in low-income
countries. Current low yields result in food insecurity, while demands for increased yields to
match the rate of population growth combined with the threat of climate change are
significant. Novel and significant advances in genetic improvement using untapped genetic
diversity available in crop wild relatives and closely related species must be further
explored. A meeting was organized by the Global Crop Diversity Trust to consider strategies
for common bean improvement. This review resulted from that meeting and considers our
current understanding of the genetic resources available for common bean improvement and
the progress that has been achieved thus far through introgression of genetic diversity from
wild relatives of common bean, and from closely related species, including: P. acutifolius,
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P. coccineus, P. costaricensis and P. dumosus. Newly developed genomic tools and their
potential applications are presented. A broad outline of research for use of these genetic
resources for common bean improvement in a ten-year multi-disciplinary effort is presented.

Keywords: abiotic stress; disease resistance; crop improvement; genetic diversity;
introgression; Phaseolus vulgaris

1. Introduction

Common bean (Phaseolus vulgaris L.) is a key grain legume crop and a vital source of nutrition
worldwide. The FAO reports that half of the world’s common bean production occurs in low income,
food deficit countries where this staple crop contributes to food security. The other half is produced in
countries like the U.S., where common bean is an important economic crop with 769 thousand hectares
of dry and snap beans planted in 2012, and with a farm gate value of $1.5 billion [1]. The value of the
common bean crop exceeds that of all other legumes combined, including chickpea, lentil, pea, and
cowpea, thus indicating the current and potential future economic role of this crop. Abiotic and biotic
constraints to common bean production result in average global yields <600 kg ha ', while yields in the
U.S. and Canada are about three times as high. This yield gap results in food insecurity, and thus the
need for novel sources or combinations of traits in common bean to increase potential productivity or
reduce losses in low-input agriculture. To keep up with population growth, a 30% increase in common
bean yield is needed by 2050, while increasing temperatures are predicted to gradually limit the regions
and/or seasons favorable for common bean production in most countries [2]. Among the climate
change-associated constraints, high temperature and drought stress are likely to have the greatest effect
on common bean productivity, while associated changes in the disease complex are also of concern. In
order to confront these constraints, novel genetic variants need to be identified and utilized by
bean-breeding programs. The narrow genetic diversity present in most market classes of beans limits
current breeding efforts, while crop wild relatives (CWR) and closely related species are a largely
untapped source of novel genetic variation that needs to be further explored.

Common bean yield improvement has focused on genetic diversity present in the relatively narrow
gene pool of improved cultivars and landraces, while wild germplasm and closely related species have
been underutilized, being used effectively on single gene traits related to resistance to disease, e.g.,
common bacterial blight, caused by Xanthomonas axonopodis pv. phaseoli, and pests such as bruchids.
Although the use of wild relatives has been successful in increasing yield in common bean [3], their use
for the improvement of other quantitative traits has been limited. The restricted use of wild relatives is
partly due to the lack of knowledge about the phenotypic or genotypic components of abiotic stress
tolerance, the difficulty in introgression from wide crosses, and the lack of effective phenotyping
platforms. In addition to wild relatives of common bean, closely related species can be employed for
common bean improvement, including: P. acutifolius P. coccineus P. costaricensis and P. dumosus.

A meeting was organized by the Global Crop Diversity Trust (GCDT) from 28—30 March 2012 at the
International Center for Tropical Agriculture (CIAT) in Cali, Colombia for the purpose of assembling
recommendations for the use of wild relatives for improving drought and heat tolerance, and associated
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biotic stress, in common bean. The approach of the meeting was to bring a diverse group of scientists
together for consultation and produce a convergence of ideas based on cutting edge research in
taxonomy, genetic resources, applied plant breeding, and genomics. Participants at the meeting
represented international institutions, including: Global Crop Diversity Trust, Italy; INIFAP, UNAM,
CINVESTAYV, Mexico; CIAT, Colombia; U. of Guelph, U. of Saskatchewan, Canada; and the U. of
Puerto Rico, U. of Georgia, Michigan State U., U. of Idaho, Agriculture Research Service (USDA), U.
of Nebraska, and U. of California—Davis, all located in the U.S. An important objective of the meeting
was to determine how wild relatives and closely related species of cultivated Phaseolus species might be
used for the introgression of unique sources of drought and heat tolerance with the potential to
significantly increase yield potential under expected climate change scenarios.

2. Results and Discussion

This review provides a rationale for proposed research and considers common bean response to
climate change, Phaseolus species resources and conservation, the current use of wild relatives and
closely related species in breeding efforts, and available genomic tools. The proposed research strategies
and knowledge gaps are then presented based on the suggestions of the assembled group of scientists at
the meeting.

2.1. Climate Change

Current climate change estimates predict global temperature increases of between 1.4 and 3 °C
by 2050 and region-specific increases or decreases in precipitation [4,5], resulting in changes in
agro-ecological zones and in the disruption in crop production systems. These dramatic climatic change
scenarios over the short-term result in sobering predictions of yield reduction in crops, especially in
abiotic-stress-sensitive crops such as common bean. Interactions of a changing environment with other
associated constraints, such as low soil fertility, root health, waterlogging and emerging diseases or pests
must also be considered in the developing country context. Because drought has the potential to affect
about two-thirds of common bean production areas, improvements in heat tolerance and drought
tolerance could increase areas suitable for common bean production by 54% and 31%, respectively [6].
Plant-breeding efforts have resulted in a modest, but steady increase in seed yield of approximately 0.7%
per year in common bean in the U.S. [7]. These yield increases need to be considered in light of a global
warming increase of 1 °C during the last century. Although some improvement in abiotic stress tolerance
has been achieved, it is unclear if the rate of breeding progress is sufficient to offset the effects of future
climate change and the marginalization of common bean production areas due to competition with more
heat and drought-tolerant crops, such as cowpea. In some agro-ecological zones where future abiotic
stress conditions are expected to be excessively severe for common bean production, the use of closely
related species, including Lima bean (Phaseolus lunatus L.) and tepary bean (Phaseolus acutifolius L.)
can be expanded. This is already the case in some regions such as the semi-arid northeast of Brazil where
the Lima bean is an important crop, and the hot Pacific coast of Central America and the arid and
semi-arid lands (ASALs) of Kenya [8] where tepary bean is produced. These under-utilized and orphan
crops would benefit from selection for improved agronomic traits and resistance to key diseases or pests
to achieve significant yield, quality, and agronomic gains, as well as adaptation for production in a wider
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range of environments. Both tepary and Lima bean may be suitable for production in parts of tropical
America, the Caribbean and Africa, whereas the heat and drought-tolerant tepary bean may have more
potential in the Middle East, and the Lima bean in South Asia. Thus, these albeit novel and somewhat
risky but potentially game-changing approaches and strategies must be considered to achieve the
necessary yield gains to feed the world population under changing environmental conditions.

2.2. Genetic Resources and Conservation

The bean in your garden is about the same as the viney legume wild relative growing in the
understory of montane forests in Mexico, Central America and the Andean region. It is considered only
“about the same,” since the differences are all related to the traits that you and other bean gardeners have
been selecting for centuries, or even millennia: pods that do not open at maturity (so you do not have to
look for your seed in the ground cover), larger seeds (and thus larger pods, so fewer of them fill your
plate, and less work to harvest them), perhaps a bush growth habit (if you desire an early crop or
monocropping). These traits belong to the domestication syndrome, and are controlled by a few genes
with large phenotypic effects [9,10]. However, all the other morphological and physiological traits in
your garden bean are the same as in its wild ancestor. The presence of a wild ancestor suggests such
questions as: When did the ancestor appear? Is it alone? Where is it distributed? What are the reasons
behind this distribution? What can it offer for the breeding of the crop?

How can we be sure a plant is a wild ancestor and not a weedy fugitive from cultivation, as happens in
other crops such as beet (Beta vulgaris), oat (Avena sativa), and sorghum (Sorghum bicolor)? Two
groups of evidence support the wild ancestor concept for common bean. First, Phaseolus vulgaris L.
does not survive long after cultivation, even under favorable conditions. For example, common bean is
grown in California and in Ethiopia, yet feral forms are unknown in these respective native
floras [11,12]. Second, the higher number of molecular polymorphisms and their rate of mutation and
inheritance (for seed storage proteins [13,14]; for RFLPs of mitochondrial and genomic DNA [15,16]
respectively; for five sequenced gene fragments [17]) existing in the wild forms as compared to the
cultivated ones indicate that the latter originate from the former, and not the reverse.

Three points make the common bean wild ancestor worth studying. First, it is currently alive and as
an annual liana, it blooms and disperses seed in open montane forests from Mexico to Argentina
(Figure 1). The range known today extends from Chihuahua [18] in the North, to Cordoba [19] in the
South. Because of its ecological requirements for moderate temperatures and a long dry season,
wild common bean will thrive at altitudes where rainfalls coincide with favorable temperatures
(summer). That is why wild P. vulgaris is absent from the Mediterranean climates of the Americas
(e.g., California [11]; Chile [20]). The altitude range of wild beans extends from 700 m in Tucuman,
Argentina to 2,900 m in Cuzco, Peru [21], while the orography of the Americas fragment the habitat of
wild P. vulgaris into blocks separated by geological discontinuities at lower altitudes, such as: the
Isthmus of Tehuantepec, Lake Nicaragua, the Isthmus of Panama4, and the Salinas Grandes of Catamarca
(Argentina). There are thus groups of populations of wild common bean in Sierra Madre Occidental,
(western) part of the Neo-Volcanic Axis, and Sierra Madre del Sur in Mexico, and a distribution towards
the Pacific slope in Central America. There is an outstanding feature in the Andes: while wild P. vulgaris
is commonly distributed in inter-Andean valleys towards the eastern slope [22], in Ecuador and
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northwestern Peru, it is distributed towards the western slope [23]. Moreover, in the Andes, the

ecological niche of wild P. vulgaris is much narrower in longitude as compared to Mesoamerica.

Figure 1. A wild P. vulgaris population (#1715) on an open sunny slope of arroyo Santa
Victoria, Salta, Argentina, with its ripe golden pods, sampled in April 1986.

Second, the fragmented distribution of wild common bean is reflected in its genetic makeup
(e.g., phaseolins: [24-27]). These genetic differences displayed at the molecular level mean that they are
ancient, and can be explained by past trans-isthmic migrations during the Tertiary period [28]. A first
migration from Mesoamerica into the Andes allowed future populations to be domesticated in the central
Andes (with the “C” haplotype [29]). It also provided for the foundation of the Pacific clade, today
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distributed in southern Ecuador and NW Peru [23], with “I” phaseolin [25], once recognized as
ancestral [30]. In a second migration, this Pacific clade would have extended back into Costa Rica
where the “H” haplotype is found today [28]—and not in the cultivated beans of Costa Rica. In the
meantime, the original wild stock of P. vulgaris differentiated further by exploiting a wider longitude
gradient, producing up to six haplotypes [28], four of which were found in the cultivated varieties of
Mesoamerica [29]). It produced a third clade, the expansion of which ends up today in the Colombian
eastern highlands [28], as an indication of the third trans-isthmic migration, made possible thanks to past
climatic oscillations [31].

Third, these genetic differences are also reflected in protein, enzyme, secondary metabolite, and
physiological differences. For instance, arcelins—a special group of seed proteins stored in the
cotyledons [32]—seem restricted to wild beans from Mexico [33], and those with insecticidal properties
specifically to western Mexico [34]. Contrary to expectations, the presence of arcelin variants that cause
antibiosis in bruchids does not confer an advantage in natural selection—since all wild populations
along the entire range would have the trait if it did—but rather reflects the natural variation existing in
the species. On the other hand, natural variation also exists for photosynthetic nitrogen use efficiency
with high values in wild forms from Mexico [35], and carbon dioxide exchange rates with lower values
for Peruvian landraces as compared to their wild counterparts [36]. Wild forms can also contribute QTLs
(quantitative trait loci) for yield in different genetic backgrounds [9,37], and this approach has been
found valuable in tomato [38] and rice [39] breeding as well.

The understanding that common bean has a living wild ancestor was realized relatively late, in
the 1960s [40—42]. In addition, the discovery that it could have been domesticated twice and
independently [43,44], from different populations in Mesoamerica and the Andes, has also been recent.
This double domestication has been widely established by Chacon et al. [29], Gepts et al. [24] and
Kwak et al. [45]. But the understanding that common bean has sister species in the genus is even more
recent. Maréchal et al. [46] showed that P. coccineus L. and some of its wild relatives, and P. dumosus
Macfady. (syn. P. polyanthus Greenm.) shared genetic affinity with common bean. Schmit et al. [47]
indicated that P. costaricensis Freytag and Debouck should be added to that list, as should P. albescens
McVaugh ex Ramirez and Delgado in a later work [48]. Additional material should be studied for
P. persistentus Freytag and Debouck which could indicate that it is part of the same common bean
lineage [49]. Thus, the section Phaseoli [50] could have six taxa as wild species to date (Table 1):
P. albescens P. coccineus P. costaricensis P. dumosus P. persistentus and P. vulgaris. Based on current
evidence, it should be noted that for the Phaseoli section, only P. vulgaris exists as a wild in South
America. However, P. dumosus—a wild in western Guatemala—can be a weed in the northern
Andes [51], as well as some P. coccineus escapes in the Colombian and Ecuadorian Andes [52]. Wild
P. coccineus is known from Chihuahua, Mexico, South to Jalapa, Guatemala [18,53]. P. costaricensis
(Figure 2) has its natural distribution in the mountains of eastern Costa Rica and western Panama [54,55].
P. albescens is a vine in the montane forests of western Mexico [56]. It would thus not be impossible that
the section Phaseoli has undergone most or the totality of its speciation process in Central America.
Recent evidence also points to a Mesoamerican origin for P. vulgaris itself [17].
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Table 1. Sections and species currently recognized in the genus (partly based on Delgado-Salinas et al., 2006 [49]; Freytag and Debouck

2002 [50]).
Sections Species Total
Clade A (8 sections) 38 species (4 widespread; 11 with intermediate range; 23 endemic)
Not assigned to any section, nor forming any section with each other: glabellus, microcarpus 2
Bracteati Freytag macrolepis, talamancensis 2
Brevilegumeni Freytag campanulatus, hygrophilus, oligospermus, tuerckheimii 4
Chiapasana Delgado chiapasanus 1
Digitati Freytag albiflorus, albiviolaceus, altimontanus, neglectus 4
Mm’kelersza (Mart. & Gél:) amabilis, amblyosepalus, anisophyllus, nelsonii, parvulus, pauciflorus, plagiocylix, pluriflorus, tenellus 9
Maréchal,Mascherpa,Stainier
Pedicellati (Benth.) Freytag dasycarpus, esperanzae, grayanus, laxiflorus, oaxacanus, pedicellatus, polymorphus, purpusii, texensis 9
Revoluti Freytag leptophyllus 1
Xanthotricha Delgado esquincensis, gladiolatus, hintonii, magnilobatus, xanthotrichus, zimapanensis 6
Clade B (6 sections) 39 species (12 widespread; 7 with intermediate range; 20 endemic)
Acutifolii Freytag acutifolius, parvifolius
Coriacei Freytag maculatus, novoleonensis, reticulatus, ritensis, venosus 5
Falcati Freytag leptostachyus, macvaughii, micranthus 3
albinervus, augusti, jaliscanus, juquilensis, lignosus, lunatus, maculatifolius,
Paniculati Freytag marechalii, mollis, nodosus, pachyrrhizoides, polystachyus, rotundatus, salicifolius, 20
scrobiculatifolius, sinuatus, smilacifolius, sonorensis, viridis, xolocotzii
Phaseoli DC albescens coccineus costaricensis dumosus persistentus vulgaris 6
Rugosi Freytag angustissimus, carterae, filiformis 3

Total (no. sections): 14. Total (no. species): 77




Agronomy 2013, 3 440

Figure 2. A population of P. costaricensis (#3246) found in the buffer zone of Chirripo
national park in San José province of Costa Rica in December 2012.

A time perspective can perhaps explain part of the above features. The genus Phaseolus under its
current sensu stricto understanding, excluding the other Neotropical-related legumes [46,57,58], would
have an age of 8 to 5 million years [57,59]. Its major clades, A and B with approximately 38—40 species
each (Table 1), would have separated about 5 million years before present (B.P.) [49]. The common bean
as a species has been estimated to have an age of 3.9-1.8 million years B.P. [49], 2 million years
B.P. [60], or 1.3 million years B.P. [28] when it separates from its sister taxa P. albescens, P. dumosus,
and P. costaricensis. The age of the gene pools within P. vulgaris, namely the time which the Pacific
clade was formed, would be 600,000 years B.P. [28] or 500,000 years B.P. [60]. “With reference to the
Panama land bridge, it is noteworthy that following completion at ~3.5 million years ago, the landscape
was low-lying and could accommodate tropical migrants, while those requiring more temperate
conditions would find a few, widely scattered highlands available only after ~2.5 million years ago”
([31], p. 479). Of the bean species with colonizing behavior, P. [unatus, the subsequent species to
evolve, would have been migrating southwards into South America long before P. vulgaris [61]. The
distance in space and time of respective evolution of these two economically important bean species
explains their genetic isolation, and why they cannot be intercrossed successfully [62,63].

Although we are still missing paleobotanical and archaeological data about the age of species and
gene pools, the comparison of durations of the common bean as cultivated and as wild is interesting. The
latest evidence points to a domestication of common bean up to 2000 years B.P. in Mesoamerica and
4000-5000 years B.P. in the central Andes [64-66]. In other words, the crop in your garden is
2000-5000 years old, while its wild ancestor is 3.9—1.3 million years old. From the viewpoint of mere
accumulation of potentially interesting traits, the largest stock is likely to be on the wild side, even
though the breeder will always prefer the perfect cultivated mutant in the gene pool she/he is breeding!
What does not increase your chances of wider genetic diversity either is the fact that few domestication
events took place (one to three in Mesoamerica and one in the Andes [29,45]), which means that most of
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the diversity was left untouched in the wild. The reason that most of the wild diversity was not
domesticated might lie with the clever early domesticators who were not interested in re-doing the
process but rather in exchanging their early successes, but also in the limited technologies to deal with
the anti-nutritional factors in seeds of the wild ancestors [67,68].

The above has some bearing in relation to the traits often associated with climate change, namely
drought and high temperatures during flowering and early pod setting. To ensure discovery of sources of
tolerance, taxa that diverged early on from the Phaseoli to inhabit these difficult environments of
Aridoamerica or the surroundings of the Gulf of California [69] should be investigated. P. filiformis
Bentham is one such escape. P. filiformis no longer crosses successfully with the common
bean [70,71], while it has tolerance to salinity [72] and extreme temperatures [73]. Another early (2.5
million years ago [49]), apparent escape from the Phaseoli section is the tepary bean, P. acutifolius, with
which the common bean can still cross with difficulty [74], and with proven tolerance to high
temperature [75], drought [76] and salinity [72]. In the meantime, the Phaseoli have colonized the
montane forests of Mesoamerica, turning into tall (six meters and higher) pluriannual lianas, with
fibrous root systems, epigeal germination, multiflowered racemes with showy flowers with spreading
wings and active nectaries at the floral disk [5S0]. The montane forests with some continuity of rains and
mist, even during the dry season, allow the long stems to not dry up completely and to re-sprout when the
rains return. The morpho-physiological exception is P. coccineus, which has hypogeal germination and
tuberous roots, and the ecological exception is somehow P. vulgaris itself because it left the forest
habitat to become an annual therophyte in trees, including Quercus—Acacia in Mexico—Guatemala,
Alnus—Celtis in South America [41,77], respectively, and grasslands. Wild common bean usually evades
drought as pod filling coincides with the end of the summer rains ([41], personal observations across the
range). The plasticity of wild P. coccineus, with some populations colonizing xeric environments in
Chihuahua, Sonora, Durango and Zacatecas, Mexico [18,50], should be mentioned too. In conclusion,
the original ecology of the Phaseoli would not make them primary sources of tolerance to high
temperature, drought and salinity, but rather the desert native Acutifolii, where the tepary bean can be
improved through breeding. That said, the Phaseoli might be good sources of resistance to biotic stress,
such as fungal diseases (e.g., white mold: [78]), if excessive rains come with climate change.

In view of future evaluation, a baseline is needed for the number of populations of the Phaseoli that
may exist and how many of them are represented in genebank collections (Table 2). The number of
known populations living free in nature (although some might now be extinct) is given by the number of
vouchers in herbaria or seed accessions, because both represent a bean population growing at a particular
locality that can be georeferenced. Voucher specimens can be seen in “Cahiers de phaséologie” [22], a
compilation from 80 institutions visited to date. In counting through and re-checking the coordinates, a
population is counted once although it might have been sampled by several botanists at different times.
For calculating the possible number of populations, the life zones and vegetation types appropriate for
the taxon is considered that would be worth sampling. The percentage gap measured is an estimate of the
gap in representation in genebanks, in this case that of CIAT. Once variants within accessions have been
combined, the total number of populations hypothesized to exist can be estimated. Table 2 complements
and updates with new data what has been presented elsewhere [79]. About P. vulgaris, one should note
that in several cases collectors (e.g., Howard Scott Gentry, Salvador Miranda-Colin, and Oliver Norvell)
collected seed for germplasm conservation, but not herbarium vouchers. As an additional indication,
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when references are available, an estimate is given for the populations known to be included in a
protected area (e.g., national park, Biosphere reserve). The numbers look low, and surely because few
protected areas have full inventories of plants within their borders, perhaps because wild relatives of
crops (with the outstanding exception of Manantlan in Jalisco, Mexico [80]) are rarely considered for
protection in situ! One can further note that the numbers of populations are finite, likely because the
acreage of the life zone in which these wild species are thriving is fixed under the present
geological/edaphic and climatic contexts. Finally, the sharp contrast between the numbers of
populations of wild P. coccineus and P. vulgaris and the other wild Phaseoli is likely not by chance, but
rather reflects the capacity of the former taxa to colonize habitats, even those modified by humans. The
former taxa were considered widespread in Table 1, but in contrast to another widespread species such
as P. microcarpus Mart., they did respond positively to human selection. Agriculture is first of all an
ecological disturbance!

Table 2. Current conservation status for the Phaseoli section (in September 2012).

Species (wild), Known Possible No. of Accessions in Gap as % Populations in
country populations populations genebanks protected areas

P. albescens

Mexico 13 18 1 85 2
P. coccineus

Mexico 342 462 106 77 12

Guatemala 64 66 59 10 4

Honduras 4 12 3 50 0

P. costaricensis

Costa Rica 47 49 8 83 2

Panama 10 12 0 100 2
P. dumosus

Guatemala 11 19 9 53 2

Mexico 1 1 0 100 0

P. persistentus

Guatemala 1 2 0 100 0
P. vulgaris

Mexico 110 420 395 6 6

Guatemala 16 45 39 14 3

Honduras 5 18 6 65 0

El Salvador 2 4 1 50 1

Nicaragua 7 8 4 50 0

Costa Rica 24 25 30 1 1

Panama 0 2 0 100 0

Colombia 74 79 74 6 0

Venezuela 2 18 0 100 0

Ecuador 10 12 10 4 1

Peru 32 38 31 12 2

Bolivia 11 14 11 4 0

Argentina 87 96 66 31 4
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2.3. Use of Wild Relatives and Closely Related Species in Common Bean Breeding

Tanksley and McCouch [81] noted that domestication resulted in a significant loss of genetic
variability for most crops. The common bean is no exception where less genetic variability exists among
cultigens than wild beans [29], especially for bean cultivars in the Andean gene pool [82]. Additional
support for the lack of variation in both the wild and cultivated Andean gene pools comes from sequence
information on 214 (102 wild, 112 domesticated) accessions of P. vulgaris [83]. In addition to the
expected reduction in genetic variability between wild and cultivated members of both gene pools, a
threefold greater reduction was observed in the Middle American than in the Andean gene pool [83].
The authors explain this anomaly as a bottleneck that occurred prior to domestication that improvised the
wild Andean gene pool. In an earlier paper, Bitocchi et al. [17] suggest that both the wild and cultivated
Andean gene pool originated, not as previously thought in the Andean region, but in the Middle
American region of central Mexico. Limited migration from Middle America would explain the lower
levels of genetic variation among members of the wild Andean gene pool. Wild common beans (primary
gene pool) represent an almost unexploited source of potentially valuable traits for the improvement of
common bean [3]. Gepts and Debouck [84] noted that wild beans grow in Mexico, Central and South
America in a wide range of altitudes, soil types and rainfall distribution patterns. Wild beans are also
exposed to endemic populations of pests and pathogens which are often highly virulent to domesticated
bean cultivars [85]. Acevedo et al. [86] suggested that monitoring of plant pathogen populations such as
rust (caused by Uromyces appendiculatus) on wild beans in native habitats provides opportunities to
monitor virulence patterns of pathogens and develop strategies to deploy resistance genes.

Wild and domesticated beans can be readily crossed, although Blair ez al. [9] noted that differences in
patterns of flowering and growth cycle may complicate the task of synchronizing flowering.
Keneni et al. [87] pointed out that wild species generally have poor agronomic performance and that
breeding for traits such as disease or pest resistance may be difficult if the mechanism of resistance
affects productivity or crop quality. Although wild beans tend to be viney, indeterminate plants with
small seed, plant breeders at CIAT have been able to recover acceptable seed size and agronomic traits
using the inbred backcross breeding method [3].

Wild beans have already been used as sources of resistance to economically important diseases and
pests. The previously mentioned seed protein arcelin, which confers moderate levels of resistance to
bruchids (Acanthoscelides obtectus and Zabotes subfasciatus), was originally identified in wild bean
accessions from Mexico [88]. Crosses with wild bean accessions were used to develop common bean
germplasm possessing different alleles of arcelin and varying levels of resistance to bruchids [89].
Kornegay et al. [90] demonstrated that the different forms of arcelin are inherited as a single dominant
gene. Backcrossing has been employed at CIAT to incorporate Arc-1 into RAZ breeding lines that have
good levels of resistance to Zabrotes subfasciatus. Despite the awareness of this source of resistance for
more than two decades and the severity of losses caused by bruchids, there have been, to date, no formal
releases of bean cultivars with resistance to this pest.

Beaver et al. [91] released a web blight [caused by Thanatephorus cucumeris (Frank) Donk] and
common bacterial blight (caused by Xanthomonas axonopodis pv. phaseoli)-resistant black bean
germplasm line PR0650-31 that was derived from the cross BAT 93/P1 417662//VAX 6. P1 417662 is a
wild type bean germplasm that was collected in Jalisco, Mexico (USDA—-ARS, NGRP, 2009). It was part
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of'a core germplasm collection of wild and domesticated P. vulgaris that was screened in Puerto Rico for
resistance to web blight. Acevedo ef al. [92] identified two wild bean accessions from Honduras with
high levels of resistance to rust that could be used to broaden the base of resistance to this important
disease. Mkwaila et al. [93] reported QTLs for white mold (caused by Sclerotinia sclerotiorum)
resistance in an inbred backcross line population derived from a cross between the black bean cultivar
‘Tacana’ as the recurrent parent and the Mexican wild bean accession PI 318695.

Less progress has been made using wild beans for quantitatively inherited traits such as tolerance to
abiotic stress or seed yield. Acosta-Gallegos et al. [3] reported the development of an inbred backcross
population from a cross between G 24423, a wild bean accession from Colombia, and the Mexican
black bean cultivar ‘Negro Tacana’. One Bc,F4.7 line from this population, 115 M, produced a mean
seed >5000 kg/ha in field trials conducted in Michigan [94]. A recombinant inbred line (RIL) population
was developed at Michigan State University from a cross between 115 M and the black bean cultivar
‘Jaguar’. The RILs were tested in replicated yield trials in Michigan over a four-year period. Wright and
Kelly [95] reported the identification of a major QTL for seed yield in this population that was mapped
on linkage group Pv10.

Blair et al. [9] conducted a QTL analysis of seed yield using advanced backcross lines from a cross
between the large red-seeded cultivar ‘ICA Cerinza,” of Andean origin, and a wild bean accession,
(G24404. Based on results from field trials conducted in Colombia, several QTLs for seed yield and seed
yield components were identified, including a QTL for larger seed size from the wild bean. The authors
point out the need to develop appropriate breeding methods to exploit genetic variability of wild beans.

The common bean can also be crossed with the scarlet runner bean (Phaseolus coccineus L.) which
represents a secondary gene pool. Differences in photoperiod sensitivity, flowering pattern and other
factors, identified by Blair ef al. [9], as barriers for crossing wild beans also apply for interspecific
crosses between common bean and scarlet runner bean. Ferwerda and Bassett [96] identified three
incompatibility barriers in crosses between common beans and scarlet runner beans; blocked cotyledon
lethal, crinkle leaf dwarf and dwarf lethal that are controlled by complementary dominant gene action.
They reported that the black bean line 5-593 and the snap bean cultivar ‘Regalfin’ could serve as useful
bridging lines to transfer desirable traits from scarlet runner beans to common beans. The black bean
cultivar ‘ICA Pijao,” which does not have the dominant D/ genes [97], has been used at CIAT as a parent
in crosses with scarlet runner beans.

Scarlet runner beans are often found in cloud forests of Central America and Mexico where climatic
conditions are favorable for the development of fungal diseases such as rust, anthracnose (caused by
Colletotrichum lindemuthianum) and web blight. Moreover, wild populations of common bean and
scarlet runner beans are often found growing together. As a consequence, scarlet runner beans in their
native habitat are exposed to endemic populations of common bean pathogens which can be highly
virulent [85,98]. There are numerous examples of the development of disease-resistant common bean
germplasm and cultivars from interspecific crosses between common bean and scarlet runner bean.

Singh et al. [99] reported that the scarlet runner bean accessions G35172 and G35005 had resistance
to multiple diseases of common bean including bean golden yellow mosaic virus (BGYMYV) and white
mold. Singh et al. [99] reported the release of white mold-resistant VCW 54 and VCW 55 bean
germplasm lines that were developed using congruity backcrossing between the black bean cultivar ICA
Pijao and the scarlet runner bean accession G35172. Osorno et al. [100] found G35172 to have a
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recessive gene, bgm-2, that conferred resistance to leaf chlorosis and a dominant gene, Bgp-2, that
conferred resistance to pod deformation caused by BGYMV.

Schwartz et al. [101] studied the inheritance to white mold resistance in two populations derived from
interspecific crosses between common bean and scarlet runner bean. Their results suggested that the
white mold resistance of the scarlet runner bean accessions PI 433246 and PI 439534 were controlled by
a single dominant gene. Two interspecific bean lines originally screened in Puerto Rico for resistance
web blight and subsequently screened in Idaho for white mold resistance had among the highest
levels of resistance to white mold in straw tests conducted in seven different university laboratories in
the U.S. [102].

Wilkinson [103] reported that the root rot resistant line Cornell 2114-12 was derived from a cross
between common bean and scarlet runner bean lines. Miklas et al. [104] developed and released the
common bacterial blight resistant bean germplasm lines ICB-3, IBC-6, ICB-8 and ICB-10 which were
derived from an interspecific cross with scarlet runner bean. Schmit and Baudoin [105] identified
accessions of P. coccineus and P. dumosus (syn. P. polyanthus) that had high levels of resistance to
Ascochyta blight in Colombia.

Mahuku et al. [106] reported that P. dumosus expressed a higher level of resistance to anthracnose in
Colombia than P. coccineus. This higher level of resistance was also reflected in lines derived from
crosses between scarlet runner bean and common bean.

Freytag et al. [107] released the common bacterial blight-resistant germplasm line XR-235-1-1,
which was derived from an interspecific cross between common bean and scarlet runner bean. Zapata
et al. [108] also released common bacterial blight bean germplasm lines W-BB-11, W-BB-20-1,
W-BB-35, W-BB-52, and W-BB-56 from interspecific crosses with scarlet runner bean. WBB-20-1 was
used as a parent in the development of the common blight resistant cultivar ‘Verano’ [109].

Accessing traits from members of the primary and secondary gene pools of Phaseolus has been
relatively routine, requiring no special techniques other than matching flowering times, and the choice of
species used as the female parent in crosses with P. coccineus. The P. vulgaris % P. coccineus hybrid
occurs naturally and can be easily made by controlled pollinations whereas reciprocal crosses have met
with limited success due to unidirectional compatibility, postzygotic barriers and F; hybrid sterility [110].
Crosses with wild accessions of P. vulgaris have been equally routine even across gene pools. The
DI incompatibility alleles that arise in inter-gene pool crosses of cultivated P. vulgaris are also present in
wild members. The D/ genes appear to have arisen before domestication as a consequence of geographic
isolation, rather than as a consequence of selection pressure to eliminate unadapted hybrids among
cultivars [111].

Scarlet runner beans have been used less by plant breeders to improve tolerance to abiotic stress.
Plant breeders at CIAT, however, are currently using interspecific crosses with scarlet runner beans to
improve the aluminum tolerance of common bean [112]. Given the adaptation of scarlet runner beans to
higher altitudes and the viney growth habit of most accessions, the scarlet runner bean may be of
particular value to the improvement of climbing beans.

Hybridization between common bean and tepary bean (Phaseolus acutifolius A. Gray), which is a
more distant relative of common bean and represents a tertiary gene pool, is difficult. Tepary beans have
their origin in warmer and more arid environments than common bean. Some tepary landraces have
superior heat [113] and drought tolerance [114—116]. Under favorable growing conditions, adapted
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tepary bean lines are capable of producing seed yields comparable to common beans [76,117]. Crosses
between tepary bean in the tertiary gene pool and common bean have been more challenging, requiring
the use of embryo rescue to secure viable embryos and breeding methods not commonly deployed in
breeding programs. Tepary bean has been recognized as a valuable source of traits for heat and drought
tolerance, insect and disease resistance, but early attempts to transfer many of these traits have had
limited success due to their genetic complexity and resultant F; sterility [118]. Ferwerda et al. [119]
reported that viable F; seed was easier to obtain when certain tepary accessions such as PI 321638-s are
used as parents. A detailed summary of early attempts at species introgression is provided by Pratt [120].
Congruity backcrossing (CBC) was first reported as a method to produce fertile intermediate hybrids
between P. acutifolius and P. vulgaris [121]. The method involves recurrent backcrossing to each parent
in alternate generations as opposed to the traditional recurrent backcrossing to a single recurrent
parent [121]. The method allows substantial recombination between distant species and new phenotypes
can arise as a result of CBC [122]. The method has been adopted by bean breeding programs as an
effective means to force introgression and eliminate barriers such as embryo abortion and hybrid sterility
between distant species [123]. CBC has also been used to transfer traits from wild tepary species
P. parvifolius into common bean [124]. The successful transfer of resistance to common bacterial blight
from tepary into common bean has been reported by several authors [125,126].

The bean breeding line XAN 159 has common bacterial blight resistance derived from tepary
bean [127]. XAN 159 was used as a parent in the development of the common bacterial blight resistant
Great Northern bean cultivar ‘ABC Weihing’ [128] and pinto bean germplasm line ‘ABCP-8’ [129].
Marker-assisted selection (with the SU91 SCAR marker) was used in South Africa to introgress
CBB resistance from XAN 159 (tepary derived CBB resistance) into speckled sugar and small
white beans [130]. Costa et al. [131] reported using tepary bean as a source of CBB resistance for
common beans.

Singh and Muiioz [126] used intensive screening for resistance to introgress high levels of resistance
to common bacterial blight from tepary bean to the common bean breeding lines VAX 1 to VAX 6. VAX
6 was used as a parent in the development of the common bacterial blight resistant white bean cultivar
Verano and VAX 3 was used as a parent in the development of small red cultivar ‘Rio Rojo’ [132]. It
should be noted that the pedigree of Verano includes progenitors that derive CBB resistance from both
scarlet runner (WBB-20-1) and tepary bean (VAX 6).

Kusolwa and Myers [133] introgressed seed storage proteins from the APA locus of the wild tepary
bean G 40199 into common bean. These common bean breeding lines are resistant to Acanthoscellides
obtectus and have been used in Puerto Rico to develop black and white beans that combine resistance to
BGYMV, BCMNYV and bruchids.

Tepary bean accessions have been identified with several other traits of potential value to common
bean breeders including ashy stem blight and Fusarium wilt (F. oxysporum) resistance [134], BGYMV
resistance [135] and bean rust resistance [136].

Tepary beans nodulate with Bradyrhizobium spp., whereas common beans nodulate with
Rhizobium spp. Therefore, it may be possible to select interspecific lines with more promiscuous
nodulation and/or improved biological nitrogen fixation [137].

The successful interspecific hybridization of P. vulgaris with members of other wild Phaseolus
species has been limited to a few species. Successful interspecific hybrids with P. costaricensis in the
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secondary gene pool have been reported [138], and VRW 32 is the first white mold-resistant
interspecific breeding line derived from P. costaricensis. VRW 32 was derived by recurrent
backcrossing of ICA Pijao with wild P. costaricensis germplasm accession G 40604: ICA Pijao//ICA
Pijao/G 40604 [139]. Transferring complex traits such as heat and drought tolerance from other species
still remains a major hurdle to future improvement of common bean. No successful crosses have been
reported between P. vulgaris and the Lima bean P. [unatus in the quaternary gene pool. However, recent
Lima bean research shows broad agronomic, genetic, and cyanogen diversity in a Caribbean germplasm
collection [140], which could serve as a source of traits for common bean production in the
lowland tropics.

2.4. Future Breeding and Genomic Strategies for Use of CWR

The genomics revolution has resulted in the generation of powerful new tools for common bean
improvement. The development of a 6000 SNP marker chip for common bean [141], has made
genotyping of populations for genetic analysis or breeding lines for marker assisted selection a relatively
inexpensive and efficient process. The recent publication of the common bean genome sequence based
on the G19833 genotype was completed through a DOE-JGI and USDA-NIFA project [142]. The
Version 1.0 of the common bean genome was released in 2012 and is the first chromosome scale
sequence of Phaseolus vulgaris, based on 454, RNA-seq, and BAC and fosmid end sequences, and a
dense marker map of 7015 markers, resulting in a full, annotated genome. Parallel sequencing projects
are currently sequencing germplasm line BAT 93, through a multinational effort (Argentina, Brazil,
Mexico, and Spain), and cultivar ‘OAC Rex’ through an effort in Canada. The creation of these
sequence-based resources allows for a new generation of genomics approaches for common bean
improvement. As candidate abiotic stress genes are identified from model or crop species, their
effects can be directly queried in common bean and diversity investigated in common bean wild
relatives. The sequence can also be used for genotype-by-sequence (GBS) and genome wide selection
(GWS) approaches.

One of the greatest difficulties preventing the application of CWRs as a routine tool for crop
improvement is a lack of knowledge about the genetics of traits of interest in undomesticated, wild
germplasm. For example, how does one predict potential contribution to seed yield from undomesticated
plants that have small seeds and pods that shatter? Obviously, yield is a complex trait. However, even for
simpler traits, say response to heat stress or disease resistance, there can be a disconnection between the
genotype and phenotype in CWRs that prevents utilization. The reasons for this disconnect are twofold:
(1) a lack of knowledge of the genetic basis of the trait in the CWR; and (2) uncertainty about the
behavior of the trait in the genetic background of domesticated bean germplasm. Both questions assume
that CWRs are adequately phenotyped such that finding the trait and being able to genetically dissect it
would be possible and that sufficient representation of CWRs is available and tested to identify rare
genetic variants underlying traits of interest.

A two-pronged approach is proposed to uncover CWR genetic variation. First, high resolution
genotyping, e.g., via resequencing, coupled with careful genotyping should lead to the elucidation of the
genetic basis of target traits in wild germplasm, thereby allowing one to move those traits into cultivated
germplasm in a targeted manner. Thus, this would allow for the creation of genotype—phenotype
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associations in wild germplasm through methods such as association mapping. The effectiveness of this
approach with polygenic, quantitative traits is questionable, as is the performance of the genes once
moved into domesticated germplasm. A second approach, and perhaps less informed, would be to create
populations between CWRs and adapted germplasm to be able to test CWR chromosomal segments for
effects on target traits. In combination with genotyping by sequencing, one would expect to uncover
genes/chromosomal segments that confer desirable effects on traits of interest.

Genetic information for many of these abiotic traits is lacking in cultivated types, and little to no
information is available for wild relatives. Initial genetic analysis in cultivated common bean types will
shed light on important genomic regions for further investigation. Thus, QTL and AM (association
mapping) analysis for drought and heat in cultivated common bean will be used to identify key regions
in common bean before exploring wilds. A secondary genetic analysis will involve a candidate gene
approach of genes from Arabidopsis or other model/related species in order to identify allele variants in
wild species to transfer into common bean through crossing/transformation. Advances in genomic
analysis will allow for whole genome sequencing of larger sets of germplasm and thus the investigation
of the whole genome, specific genes, or biosynthetic pathways, while genome sequence and marker
information will facilitate the development of NILs for the evaluation of the effects of specific
regions/QTL from the wild relative.

Due to the continuing decline in sequencing costs and the relatively small genome size of Phaseolus
(~650 Mbp), Phaseolus is uniquely poised to take advantage of next generation sequencing approaches
to enhance the utilization of CWRs for plant improvement. Currently on an Illumina HiSeq 2500
platform, it is possible to obtain ~60 Phaseolus genomes at 1x coverage per lane. Of course, greater
coverage achieved either through deeper sequencing or some type of reduced representation approach
would be desired. However, for a few thousand dollars (USD), it is possible to achieve very high
resolution sequencing of dozens of accessions at a time, which will subsequently enable the approaches
described previously.

The type of genetic/genomic information needed will drive the type and cost of sequencing. For
determining SNP variation, there have been reports of both deep sequencing and low level coverage
sequencing (discussed in [143]) that have been informative for finding SNPs and for performing genetic
mapping [144]. Other types of variation such as presence/absence, copy number, repetitive DNAs and
even epigenetic variation will require different types of sequencing. To detect structural variation,
large-insert clone libraries to capture breakpoints effectively have to be used and will increase the cost
and lower throughput [145]. Sequencing to capture methylated cytosines, a type of epigenetic variation,
require specialized libraries and much deeper sequencing as both DNA strands have to be sampled to
capture asymmetric methylation [146]. A question that needs to be addressed before embarking on such
experiments in Phaseolus, or any species for that matter, is how much of the non-SNP-based variation
can be captured with SNP allelic variation? That is, do SNPs in linkage disequilibrium capture genetic
variation that is not based on change in DNA sequence? If so, then relatively inexpensive SNP markers
can be used to explore, characterize and utilize these types of genetic variation.

In terms of use of wild germplasm for improving common bean through breeding, two general
approaches are envisioned (Figure 3). The primary approach will involve the use of a set of 30 selected
wild genotypes of common bean or sister species for introgression of abiotic stress tolerance into
common bean. The second approach will be a concurrent effort using already available common bean
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germplasm/populations developed from previously developed crosses with wild relatives and sister
species. This dual approach provides both higher risk and lower risk approaches that in turn could result
in corresponding gains in improvement over a relatively short time frame of ten years.

Figure 3. Approaches for introgression of exotic heat and drought-related traits from wild
relatives of common bean.
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The first approach is higher risk and involves direct use of wild relatives. Due to the phenotypically
distinct nature of wild relatives, the challenge of evaluation for abiotic stress tolerance is significant.
Traits that contribute to survivability and fitness in the wild may differ from traits that contribute to
improved biotic and abiotic stress tolerance. For example, a viney growth habit that permits a bean plant
to flower over a longer period of time is a valid strategy in the wild to avoid short periods of drought.
This would be an undesirable combination of traits for beans produced in most cropping systems.
Instead of basing phenotypic analyses on yield components, as is commonly done for breeding cultivars,
putatively correlated traits, such as stomatal and abscission response under stress, and related root traits,
need to be investigated. In addition, traits that permit plants to recover from periods of stress should be
pursued, e.g., pollen viability and the ability to set seed. Thus, the first step should be the development of
reliable and informative screening methods before investing in crossing and breeding approaches.
Although field evaluation in the target environment is ideal, many traits will necessarily require
greenhouse or growth chamber screening protocols due to the difficulty of producing seed from wild
relatives in traditional field plots. A small network of 6-8 sites for evaluation of germplasm for drought
and heat tolerance, and the appropriate eco-physiological tools for phenotypic evaluation, should
be developed.

A second approach is identification of potential abiotic stress-tolerant genotypes/traits through
localization of wild populations in stress environments, e.g., high temperature zones, drought prone
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areas, efc., through agro-climatic analysis. The identification of wild populations will be facilitated by
evaluation of previously identified ecological niches, the use of GIS data, and expert knowledge. For
example, for drought in common bean, landraces from Chihuahua/Coahuila and the Yucatan in Mexico
and Pernambuco in Brazil may be a good source of genes for introgression based on the drought stress
experienced in these areas. Newly developed GIS tools will help to focus and orient germplasm
evaluation since, for example, different types of drought stress (intermittent, terminal) can occur and
bean species have developed different phenotypic responses to different types of stress. For example, the
waxy cuticle is found only in the Coriacei, and the rugose seed testa only in the Rugosi. Are there unique
genes in these sections, or are there the same genes but silenced in the other sections? This is an area
where genomics and sequencing approaches could contribute novel information about candidate genes
for introgression. A third approach is high-throughput phenotyping approaches for traits in wild relatives
that resemble those in cultivated common bean. Suitable candidates need to be investigated based on
research in other species and based on available high-throughput phenotyping platforms. These
approaches can then be used for selection of a set of wild relatives to focus on for introgression of novel
traits into common bean. A preliminary set of possible sources of wild germplasm would include 10 wild
common beans from Mesoamerica, Durango, and Nueva Granada, 10 interspecific common bean
breeding lines, 5 tepary beans, and 5 Lima beans of the Andean and Sieva types, for a total of 30 sources
for introgression into common bean. This number would be feasible for evaluation and trait
introgression while yielding significant genetic diversity.

Genetic analysis, as well as breeding and basic research approaches, will require effective
transformation and hybridization technologies. Transformation methods for common bean have been
developed (Rech et al., 2008 [147]), but require higher efficiency in order to support their widespread
use which is the focus of a recently awarded USDA-NIFA grant. Thus, either tepary transformation with
inter-specific P. vulgaris x P. acutifolius hybridization needs to be optimized, or common bean
transformation needs to be considered as a major goal of research efforts. Thus, we envision
transformation as an important breeding tool for this work and for future breeding objectives.
Hybridization will, however, remain the foundation for the introgression of traits from wild relatives.
Two approaches for hybridization are envisioned, one a broad-based crossing and screening method
using large numbers of crosses on large numbers of wild relatives and recurrent parents, in order to
identify combining ability. Since combining ability for these wide crosses is unknown, this approach
will allow a greater probability of success. For example, in the secondary gene pool of common bean, it
may be possible to introgress traits from P. costaricensis, and for Lima bean from P. maculatifolius. A
second hybridization alternative involves the focus on a small number of carefully selected wild
relatives for a specific trait, based on phenotypic analysis, with a small set of selected common bean
germplasm. Pedigree analysis can be used to select genotypes in cultivated common bean that have
broad general combining ability, and would therefore have a higher probability of success.

The inbred backcross method will likely be the most effective method for introgressing traits of
interest since abiotic stress tolerance is usually under complex genetic control. Although the advanced
backcross method has previously been shown to be effective, it is a risky approach and labor intensive.
The use of wild relatives will require investment in developing “best” breeding methods that should
incorporate both classical breeding methods and genomic approaches. Thus, novel tools should be
investigated to facilitate breeding progress. A well-saturated genetic map could, for example, be used for
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both selection of specific loci and for rapid restoration of the recurrent parent’s genetic background
using marker technologies such as SNPs.

The second alternative approach is to use more accessible traits (as compared to direct use of wild
relatives) in existing inter-specific lines or in germplasm with wild genotype introgressions (Approach 2
in Figure 3). A few collaborating institutions have already developed germplasm that can be readily
introgressed into cultivated common bean types, including traits for bruchid resistance, cold, heat, and
drought tolerance. Work with this germplasm, along with other readily applicable approaches (in grey
background color in Figure 3), will be initiated by the participating collaborators in order to ensure
progress in the overall objectives of this research. In addition to abiotic stress tolerance, unique diversity
for disease resistance traits are also available in wild and closely related species germplasm. Because
disease resistance genes in common bean are often reported to be found in clusters, it will be worthwhile
assembling a set of P. coccineus and P. dumosus that have been reported to have resistance to a specific
disease. This set of accessions could be systematically screened with highly virulent strains of other
diseases to attempt to identify novel sources of resistance that could be introgressed into
common bean.

3. Conclusions

Sufficient background information has been developed to expedite the introgression of CWR traits
for common bean improvement. However, gaps in knowledge need to be addressed in order to facilitate
the effectiveness in breeding wild relatives. There is a need to develop improved phenotyping
approaches for identifying traits related to stress tolerance in wild relatives. This represents a challenge
that requires focused attention right from the beginning of future efforts. Thus, both low and high
throughput evaluation methods for drought and heat need to be developed with associated or correlated
traits, e.g., root, photosynthetic, and seed- and pod-formation traits. Appropriate testing environments
need to be defined for both field and greenhouse/growth chamber evaluation of abiotic stress-related
traits. Effective transformation methods for common bean need to be developed that are repeatable,
effective, and efficient. Genomic methods need to be developed that can be used to identify the wild
genome during the breeding program. Decision-making protocols need to be assembled to determine
when and how to apply genomic tools to the breeding process. Approaches to breeding, such as breeding
for specific market classes or for incorporation of a specific trait regardless of market class, need to be
considered. Regions transmissible from sister species or wild relatives will be molecularly identified and
characterized, versus those regions that are difficult to transfer into common bean. In terms of
hybridization, a set of effective parents, for wild crosses/interspecific crosses, and their corresponding
wild relative genotypes, will be assembled in order to facilitate future breeding efforts. Potential
constraints to these approaches include the lack of passport information for many of these accessions,
long generation time for seed increase, and limited seed supplies. Research efforts in filling these gaps in
knowledge or techniques will facilitate progress in the introgression from wild relatives.

This research effort requires a wide range of expertise, including systematics, botany, breeding,
genetics, and molecular biology. This research will also require a multi-year effort to achieve the goals
and an organizational structure like that of the USAID, Pulse CRSP or USDA BeanCap to coordinate
activities and share information among research teams. As a result of this research direction, a number of
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valuable resources and tools will be generated. These include characterized germplasm derived from
wild relatives, germplasm lines with novel traits for release and use in breeding programs, genotypic
information on wild accessions, structured populations (e.g., NILs, bi-parental populations), advanced
populations with wild relative introgressions, and associated markers or QTLs for drought, heat, and
potentially disease-related traits.
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