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Preface

A cropped variety or cultivar is an intraspecific taxonomic entity characterized by a high level
of homozygosis, especially for the genes that control the selected traits. Consequently, the
individuals belonging to the same variety show homogeneous morphological and/or produc‐
tive traits. Nevertheless, some differences in genetically controlled biochemical traits may ex‐
ist within the same variety. These variations are defined as “biotypes.” Different from
varieties, landraces are natural populations put in cultivation, and as such, they are character‐
ized by a wide adaptability to various environments. Considering all the abiotic factors, the
high probability of interpopulation crosses and their heterozygosis condition, from the genet‐
ic point of view, these populations result to be more than a mixture of different pure lines.

On the other hand, a landrace is intrinsically different, from the genetic point of view, and
recognizable as a distinct entity, allowing to distinguish one landrace from another or from
modern cultivars for the same crop. This differentiation is also on the basis of the great as‐
sortment of landrace names, linked to their origin, or specific morphological, chromatic and
productive traits, or particular biological cycles, or many other reasons.

Landraces are generally less productive than commercial cultivars, but many authors agree
they have played a fundamental role in the history of crops worldwide, in crop improve‐
ment and in agricultural production, and they have been in existence since the origins of
agriculture itself.

In recent years, all over the world, the attention paid to local and traditional productions is
growing, especially in the agro-food sector. Maybe, it is not only due to the impact of global‐
ization and the social and economic changes but also due to the increased consideration to
health and nutritional aspects of food. Hence, for economic, social, historical and nutritional
reasons, this trend has led to the rediscovery and reuse of landraces of many different crops,
responding to requests for more and more demanding market.

This volume collects real examples of local crops and old landraces of different areas of the
planet that testify the extreme importance of the relation existing among a land, the local
productions, the historical traditions, the conservation of biodiversity, the health benefits,
the environmental impact and the local economies, also including the significance to dedi‐
cate resources to scientific researches in local crops.

Oscar Grillo
Experimental Institute for Wheat, Italy
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Abstract

Landraces are repository of gene pool that enrich biodiversity and maintain and stabilize 
ecosystem in a sustainable way to make it functional. Cultivation of traditional crops in 
different regions of the world, aside maintaining biodiversity in agriculture, also avails 
humanity of regulatory services such as nutrient cycling, carbon sequestration, control 
of soil erosion, reduction of greenhouse gas emission and control of hydrological pro-
cesses. However, man through over-exploitation of some plant species with utter neglect 
to some other either deliberately or otherwise through modern agricultural systems that 
promote cultivation of a few high-input and high-yielding crop species caused disaf-
fection to biodiversity with consequences of reduction in its regulatory services. In this 
chapter, different landraces of crops are examined, their usefulness in the maintenance of 
genetic diversity is explored, and implications of their depletion are discussed.

Keywords: genetic diversity, adaptation, conservation, heterogeneity, utilization

1. Introduction

Landraces are defined as dynamic populations of a cultivated plant with a historical origin, dis-
tinct identity, often genetically diverse and locally adapted, and associated with a set of farmers’ 
practices of seed selection and field management as well as with a farmers’ knowledge base [1] .  
Sangam et al. [2] referred to plant landraces as heterogeneous local adaptations of domesti-
cated species providing genetic resources that meet current and new challenges for farming in 
stressful environments. These local ecotypes can show variable phenology and low to moderate 
edible yield but are often highly nutritious. The main contributions of landraces to plant breed-
ing have been traits for more efficient nutrient uptake and utilization, as well as useful genes 
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for adaptation to stressful environments such as water stress, salinity and high temperatures.  
A systematic landrace evaluation may define patterns of diversity, which will facilitate iden-
tifying alleles for enhancing yield and abiotic stress adaptation, thus raising the productivity 
and stability of staple crops in vulnerable environments. It can also be defined as a tradi-
tional variety with a high capacity to tolerate biotic and abiotic stresses, resulting in high-
yield stability and an intermediate yield level under a low-input agricultural system [3]. A 
landrace differs from a variety that has been selectively improved by breeders for particular 
characteristics.

Landraces are important genotypes for crop breeding owing to their high potential to adapt 
to specific environmental conditions and the large source of genetic variability that they 
provide [4]. Landraces are generally less productive than commercial cultivars, although in 
recent years, they have become important as sources of genetic variability in the search for 
genes for tolerance or resistance to biotic and abiotic factors of interest in agriculture [5]. 
The genetic diversity observed across landraces is the most important part of maize biodi-
versity, and local races represent an important fraction of the genetic variability exhibited 
by this genus. However, few agronomic and genetic data exist for such collections, and this 
scarcity has limited the use, management and conservation of this germplasm. In addition, 
a few improved genotypes with narrower genetic variability are quickly replacing maize 
landraces [6].

Zeven opined that landraces have played a fundamental role in the history of crops world-
wide, in crop improvement and agricultural production, and they have been in existence 
since the origins of agriculture itself. During this time they have been subject to genetic modi-
fication through abiotic, biotic and human interactions. For centuries, crop landraces were the 
principal focus for agricultural production [7]. Farmers sowing, harvesting and saving a pro-
portion of seed for subsequent sowing over millennia have enriched the genetic pool of crops 
by promoting intraspecific diversity [8]. This cycle remained current until the dawn of formal 
plant breeding and the generation of generally higher-yielding cultivars that subsequently 
replaced many traditional landraces [7, 9, 10].

2. Historical background of landrace origin

The origin of landraces encompasses both the temporal and spatial components of where 
landraces were first developed. They (landraces) have a relatively long history, significantly 
more than the ephemeral lifespan of modern cultivars. Many authors suggest that landraces 
have been growing ‘since time immemorial’ [11], ‘over long periods of time’ [9], ‘over hun-
dreds even a thousand years’ [12], ‘for many years even centuries’ [13], ‘for generations’ [14], 
‘for many centuries’ and ‘over a period of time’ [15]. Nevertheless, few are explicit about the 
amount of time a landrace must be grown to be considered a landrace. However, Louette [16] 
indicated for maize that the period of time must be ‘for at least one farmer generation (i.e. 
more than 30 years)’, while Astley referred to vegetable landraces being grown for ‘50–70 or 
even 100 years’.

Rediscovery of Landraces as a Resource for the Future4

Hawkes [17] opined that landraces are associated with one specific geographical location, in 
contrast to cultivars which are bred remotely, trialed in several locations and subsequently 
cultivated in diverse locations. Therefore, landraces are closely associated with ‘specific loca-
tions’ and often will take the name of the location [11]. Examples of this are Kent Wild White 
Clover from the UK county of Kent and Tuxpenõ maize from the Tuxpan region in Mexico. 
However, migrations (seed flow) of established landraces from their region of origin to new 
regions have also occurred as local informal variety introductions. Zeven [3] proposed two 
types of landraces: autochthonous (landraces cultivated for more than a century in a specific 
region) and allochthonous (a landrace that is autochthonous in one region introduced into 
another region and becoming locally adapted). In that case, the examples of Kent Wild White 
Clover and Tuxpenõ maize are cultivated in regions other than where they originated. Kent 
Wild White Clover is grown in some hilly areas of Scotland and Tuxpenõ maize in several 
regions of Southern Mexico. A third type known as a ‘Creole’ landrace may be derived from 
an originally bred variety [18, 19], which then becomes an effective landrace following numer-
ous repeated cycles of planting and farmer seed selection in a specific location. For instance, 
Square Head Master Wheat, identified as a cultivar in the National List of the UK, has been 
grown continuously since 1930 by the family of Paul Watkin (a farmer from Suffolk, UK) sav-
ing seed each year.

Continuity and individual cultivation and discontinuity and collective cultivation are both 
significant. Individual farmers commonly lose and recover landraces as a result of their man-
agement of a dynamic portfolio of landraces [19] and seed replacement [20] and because of 
various stochastic events such as drought, floods, pests and diseases. Village or local commu-
nity continuity may be maintained through farmer’s seed exchange networks if cultivation 
is by more than one farmer. In fact, several papers have highlighted the relevance of seed 
exchange for the maintenance of landraces [20–22]. Such localized farmer exchange activities 
may help to define and ensure continuity of a landrace. However, the introduction of ‘exotic’ 
landraces to a locality is likely to adulterate the uniqueness and local adaptation of the local 
landraces. Therefore, many believe that the maintenance of an ‘open’ cultivation system, with 
routine local or more remote introductions of germplasm, is likely to be responsible for the 
maintenance of genetic diversity in landraces.

3. Lack of formal genetic improvement

Landrace production is associated with ‘no human selection’ [11] and ‘it was naturally developed’ 
[23]; thus, landraces have been developed as a result of time and natural selection alone. Other 
authors suggest that human selection has occurred but in the form of unconscious selection, and 
others suggest that a certain degree of consciousness is involved in the selection process, ‘without 
or with only little mass selection’ [23], ‘subject to some deliberate selection’ [24], ‘artificial selection 
(probably largely of an unconscious nature)’ [17] and ‘breeding or selection … either deliberately 
or not’ [14]. Where conscious human selection has been recognized as being significant in landrace 
development, it has nevertheless been distinguished that is applied to modern cultivars [7, 12] 
with qualifications such as ‘more resistant to pests and diseases, have more yield stability’ [25], 
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maintenance of genetic diversity in landraces.
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[23]; thus, landraces have been developed as a result of time and natural selection alone. Other 
authors suggest that human selection has occurred but in the form of unconscious selection, and 
others suggest that a certain degree of consciousness is involved in the selection process, ‘without 
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‘grown in traditional farming systems’ [7, 13], ‘cultivated in low-input cultivation’ [8], ‘in a 
number of traits which together appear to form an adaptive complex’ [3] and ‘on a low selection 
pressure’.

It is generally accepted that farmers, gardeners and growers select and develop landraces 
[12–15, 17, 26], while formal plant breeders select and develop cultivars (Figure 1). However, 
even this division is not as clear as it first may appear if other considerations are included. 
Zeven [27] explained that ‘continuous selection by some farmers for plants with desired char-
acters is similar to the later proposed scientific selection within landraces to select by seekers 
for the best plants’. Examples of these are shown in vegetables that present special traits such 
as enormous size, developed by growers in the UK.

The situation concerning the involvement of landraces in participatory plant breeding is interest-
ing, as Maxted [28] noted that care should be taken to ensure the security of the locally adapted 
genetic diversity or the former landrace could no longer be regarded as a landrace. Here, the 
decision over whether the former landrace may still be regarded as a landrace as described by 
Almekinders and Elings [29] depends on the degree of breeding and the quantity of external 
germplasm introgressed with the original landrace; the more of either the less the entity could 
be regarded as a landrace. Certainly, this would be the case for participatory varietal selection 
programs where external germplasm is introduced into an area and suitable material is selected 
by local farmers; even if the new germplasm is managed by the farmer in a manner usually asso-
ciated with traditional farming and landrace maintenance, the use of the term landrace would be 
inappropriate. Yet, another consideration is understood by the term ‘modern’ crop improvement.

Simmonds [30] and Allard [31] further explained that modern professional crop improvement 
is based on the Darwinian theory of evolution through selection and the genetic mechanisms 
of evolution developed by Mendel, Johannsen, Nilsson-Ehle, East and others. Frankel and 
Bennett [9] used as a reference point the 19th century when conscious, individual plant selec-
tion commenced. Jarman and Leggett considered that ‘modern’ crop improvement started 
when formal breeding programs were initiated, in the UK, for example, in the 1920s. However, 
the fact that the history of crop improvement is different for each crop is also an important 
element to be considered [3]. Combining these considerations, formal crop improvement 
is understood as the application of genetic principles and practices to the development of 
cultivars by both classic breeding techniques (selection and hybridization) as well as more 
recent technologies (biotechnology, molecular biology, transgenics) within a crop improve-
ment program. Virchow [32] when defining the characteristics of a landrace included the fact 
that landraces are not registered in official seed lists, but in the UK, several entities generally 
regarded as landraces, such as Kent Wild White Clover, are included on the National List and 
are regarded as landraces because they result from farmers’ selection over millennia.

In fact, it is argued that inclusion of landraces on the UK National List is likely to promote 
their cultivation and thus conservation [33]. Landraces may therefore be more easily defined 
as being crop varieties which do not result in the first instance at least from formal crop 

Rediscovery of Landraces as a Resource for the Future6

improvement programs, in contrast with modern cultivars which have resulted directly from 
these programs (Figure 1).

Despite this improved clarification, there remains confusion as regards the effect of crop evo-
lution on landraces. Crop evolution is not a linear process, and there are different points of 
view of the position occupied by landraces in relation to their wild relatives, on the one hand, 
and cultivars, on the other. Some authors such as Marchenay [34] suggested that some landra-
ces exist on the borders of cultivation, not having been fully domesticated and might be better 
considered as ecotypes. Other authors raised the issue that some landraces have crossed freely 
with their wild relatives over millennia [24, 35] and as a result possess rudimentary characters 
or ‘wild relative traits’ not found in cultivars because of their more ephemeral existence. While 

Figure 1. Different opinions about the types of landrace selection [36].
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others believe that landraces can even be selected from cultivars [18, 19], terms such as cre-
olization or rustication are applied, and ‘in the absence of traditional and formal maintenance 
breeding, any improved landrace (cultivar), including a hybrid variety, will regress with time 
into a landrace’ [27]; ‘a cultivar that has been growing under a low selection pressure for 
specific traits but not uniformity for a long time could be considered a landrace’ (Figure 2). 

Figure 2. Types of landraces of maize [27].
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4. Recognizable identity

Landrace must be intrinsically highly genetically diverse and recognized as a distinct entity 
via common-shared traits. These traits will allow the distinction of one landrace from another 
or from modern cultivars for the same crop. They will sometimes give rise to landrace names, 
but at other times, names may be determined by other factors such as use or origin. Therefore, 
landraces ‘are each identifiable and usually have local names’ [7], ‘are recognized morpho-
logically’ [14], ‘have a local name,’ ‘are a farmer selection based on local characteristics (spe-
cific use, local market, horticultural practices and locally adapted)’ and ‘are heterogeneous 
populations with a similar trait’.

However, this characteristic may be difficult to be applied universally as landraces identified 
on the basis of common names can be misleading because of non-associated synonyms and 
homonyms. Many disparate landraces may be named after their early flowering capability 
or seed color, for example. A landrace may be recognized by different names in different 
countries or communities [36], or conversely quite different landraces can be designated with 
the same name [14]. These factors contribute to one of the main problems associated with 
landraces, namely, their consistent identification and the determination of which traits can be 
consistently used to define the identity of a specific landrace.

5. High genetic diversity

The characteristics of landraces in relation to the magnitude of allelic and genetic diversity in 
contrast to cultivars are considered to be significantly more genetically diverse [37]. Thus, a 
landrace is a ‘highly variable population in appearance’ [7], ‘highly diverse populations and 
mixtures of genotypes’ [38], ‘genetically heterogeneous’ [13], ‘not genetically uniform and 
containing high levels of diversity’ [14], ‘local diverse crop varieties’ [26], ‘heterogeneous crop 
populations’ [39] and ‘materials with variable levels of heterogeneity’. Frankel and Soule [40] 
indicated that the genetic diversity of landraces has two dimensions: between sites/populations 
and within sites/populations. The former is generated by heterogeneity in space and reproduc-
tive isolation, while the latter is generated by heterogeneity in time associated with both short-
term variations between seasons and by longer-term climatic, biological and socio-economic 
changes.

Some authors have used the term ‘meta-population’ when referring to the diversity structure 
of a landrace. As such, a landrace constitutes a group of farmers’ seed lots that are highly 
diverse both between and within themselves. In contrast however, Sanchez [41] when evalu-
ating the genetic diversity of maize landraces of Mexico found that some landraces had very 
low levels of genetic diversity, and it was suggested that comparatively low diversity may be 
more associated with selfing crops. Bere barley, one of the oldest cereal varieties in Europe, is 
‘surprisingly homozygous’, possibly because it has been maintained in isolation in marginal 
lands since the sixteenth century [42]. A similar picture is provided by Tibetan barley landraces  
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which proved to be much less diverse than modern barley cultivars due possibly to their rela-
tive geographic isolation, their relatively recent introduction to Tibet and the fact that they 
have been subject to very little natural or man-made selection [43]. Therefore, the dynamics of 
genetic diversity and changes over time of the genetic structure of landraces are likely to be 
crop specific. It is also likely to be associated with the mode of fertilization (self- versus cross) 
and propagation (sexual or asexual), which has over time resulted in genetic bottlenecks, vary-
ing outcrossing rates, recombination and gene flow. Thus, as Almekinders and Louwaars [24] 
conclude, ‘a landrace is usually a complex heterogeneous population, but not necessarily so’.

6. Local genetic adaptation

Landraces are generally adapted to local environment. With the continued cycles of local 
planting, harvesting and farmers’ selection, over time landraces will be selected for local envi-
ronmental and agroecosystem conditions and practices, just as ecotypes of wild species are 
adapted to the local environmental conditions. Landraces ‘are adapted to their growing con-
ditions’ [11]; ‘possess adaptive complexes associated with the special conditions of cultiva-
tion, pure-stand associations, harvesting and others factors’ [44]; ‘are not only adapted to their 
environment, both natural and man-made, but they are also adapted to each other’ [7]; ‘are 
adapted to the areas in which they grow’ [12]; ‘are specifically adapted to local conditions’ 
[13]; and ‘are adapted to local conditions’ [26].

Bennett [44] made the assumption that landraces are more suited to cultivation in particular 
locations than highly bred cultivars that are bred for cultivation in the most common environ-
mental conditions. Inevitably, cultivars will be less suited to grow in suboptimal conditions 
and therefore have less of a competitive advantage in marginal environments where the local 
landraces are likely to have an adaptive advantage. These local conditions may be defined as 
abiotic (e.g. salinity, drought, etc.), biotic (e.g. pests, diseases, weeds) and human (e.g. cultiva-
tion, management and use). Landraces are perceived to have the ability ‘to sensitively respond 
to even minor environmental influences’ [44]; ‘to have some built-in insurance against haz-
ards’ possibly due to their inherent population structure [7]; ‘to accumulate resistance genes 
to limiting factors in the physical and biological environment—drought, cold, diseases, pests’ 
[24]; and ‘to be capable of producing in any but disaster seasons at a level which safeguards 
the survival of the cultivator’ and so provide yield stability [24].

Several studies have demonstrated the relationship between landraces and local adapta-
tion, for example; Frankel [8] and Brown [39] discuss landrace adaptation to marginal condi-
tions associated with climatic, soil and disease stress. The evolution of local adaptation over  
millennia in these stressed environments ensures yield stability even in extremely adverse 
years. In this sense, Zeven [27] considers yield stability to be a principal characteristic of 
landraces.

However, even though there are numerous references to a specific relation between a landrace 
and local environmental conditions, there are exceptions. Zeven [3] indicated that ‘some land-
races are able to adapt themselves to a wide range of environments, whereas others are able to 
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adapt themselves only to a few environments’. Wood and Lenne [19] disagree with the assump-
tion ‘that all traditional varieties are locally adapted’ and state that ‘evidence against specific 
local adaptation in crop varieties is provided by the extensive interchange of traditional variet-
ies of all crops’. Farmers employing an ‘open’ cultivation system where there is regular local or 
more exotic landrace introduction are less likely to have locally adapted landraces. Zeven [20] 
provided evidence of farmers’ traditional practice of periodic seed replacement to combat so-
called degradation, which indicates that in certain situations a ‘closed’ cultivation system that 
results in local adaptation of landraces may be deleterious. The farmer’s criteria for seed selec-
tion also do not necessarily lead to selection for local adaptation; the varying environmental 
conditions under which traditional agriculture is carried out may in certain conditions not actu-
ally favor specific local adaptation. In this sense, some authors consider that local adaptation can 
comprise both wide adaptation in certain landrace characters and narrow adaptation in others.

7. Association with traditional farming systems

Traditional farming systems have often been considered beneficial reservoirs of landraces and 
intra-crop diversity [45]. Traditional farming systems involve traditional cultivation, storage 
and use practices, and integrated with these practical skills, traditional knowledge about land-
race identification, cultivation, storage and uses is incorporated. In this sense, one important 
element of landraces conservation that has recently been the focus of researchers’ attention is 
the way that landraces studies have focused on farmers’ variety selection [46], farmers’ seed 
exchange [22], farmers’ seed networks [22], farmers’ seed replacement [20], farmers’ port-
folios of varieties [19], farmers’ landraces identification [47]and farmers’ landrace uses [48].  
Each has shown the role of farmers for the creation and maintenance of a landrace.

In fact, Zeven [27] suggested that landrace diversity can be explained by the combination 
of farmers’ selection criteria on specific local landrace genotypes by means of farmers’ seed 
saving and the introduction of variation by means of exchange with other farmers of other 
genotypes of the same crop. This indicates that landraces are more inherently dynamic than 
cultivars as they are maintained through repeated cycles of sowing, harvesting and replac-
ing seed selection by farmers [49, 50] within complex informal systems. However, it is also 
important to consider that traditional farming systems are themselves also dynamic and that 
the frontier between them and other farming systems is not well defined. As such, traditional 
farming systems are subject to change, incorporating in some cases modern cultivars into 
their systems, growing them alongside landraces of the same species [51]. These have been 
managed and maintained by farmers.

8. Threat to landrace diversity

The current industrial agriculture system may be the single most important threat to biodiver-
sity [2]. Also, Sarker and Erskine [52] opined that a serious consequence of biodiversity loss 
is the displacement of locally adapted landraces with adaptation traits to future climates by 
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monocropping with genetically uniform hybrids and improved cultivars. Modern agriculture 
has contributed to decreasing agricultural biodiversity as most of humankind lives now on 
only crops, with wheat (Triticum aestivum) L.), rice (Oryza sativa L.), maize (Zea mays L.) and 
potato (Solanum tuberosum L.) accounting for 60% of diets [2]. For example, 74% of rice cul-
tivars in Indonesia are derived from the same stock, while 50% of wheat, 75% of potato and 
50% of soybeans in the USA. The genetic erosion was estimated at 72.4 and 72.8%, respectively 
[53]. Furthermore, the number of rice cultivars declined in India farms from about 400,000 
before colonialism to 30,000 in the mid-nineteenth century with unknown thousands more 
being lost after the Green Revolution. Greece also lost 95% of its wheat landraces after being 
encouraged to replace them with modern cultivars.

9. The concept of local variety

The concepts of the local variety have already existed in the guidelines for the proper in situ, 
on-farm and ex situ conservation of plant varieties. A local variety is a variety or local crop that 
reproduces by seed or by vegetative process. It is a variable population, which is identifiable 
and usually has a local name. It lacks ‘formal’ genetic improvement and is characterized by spe-
cific adaptation to the environmental conditions of the area of cultivation (tolerant to the biotic 
and the abiotic stresses of that area) and is closely associated with the traditional use, knowl-
edge, habits, dialects and celebrations of the people who developed and continue to grow it [54].

10. On-farm management of local seed diversity

In Nigeria, in spite of the event of the formal certified seed sector, many rural farmers continue 
to use traditional seeds or other planting materials to meet their seed need [55]. They have 
their own method of selection and conservation of seeds. This method varies slightly from 
one crop to another. Indeed, seeds are collected at maturity on apparent healthy plants and 
saved from season to season by individual farmers. As with selection, storage and conserva-
tion methods varied with crops. As such, seeds were stored either in packages and suspended 
at kitchen roofs (in the case of maize and cowpea, for example, in Yorubaland in Nigeria) 
or in grain and bottled (case of peppers, tomatoes, etc.). Yet, there can also be significant 
amounts of exchange between neighbors and relatives. They are also purchased when neces-
sary. On-farm management of local seed diversity is predominant in the Nigeria seed sector 
since conversely to the cotton culture; no organized provision system exists for food crops.

11. Durum wheat

Durum wheat (Triticum turgidum var. L. durum) is grown on over 1 million ha. Forty-five 
percentage of which are sown in the arid and semiarid regions, 11% in high altitudes and 44% 
in more favorable areas [56]. The complexity of the population structure of wheat landraces 
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may arise from a number of different homozygotes and the occurrence and frequency of het-
erozygotes in populations. The assessment of genetic diversity between and within wheat 
landraces is essential to utilize landraces as donors of traits in wheat breeding and to identify 
priority areas for on-farm conservation.

Landraces could act as donors of important characteristics, such as drought and cold toler-
ance and mainly grain quality. In general, they represent significantly broader genetic diver-
sity than modern varieties, and, therefore, they could contribute to extend the genetic base 
of modern cultivars. The identification of quality parameters such as protein content, glu-
ten strength, yellow pigment and their integration in the improved varieties is a priority in 
research on durum wheat [57]. Mineral content in modern wheat cultivars has significantly 
decreased, including copper, iron, magnesium, manganese, phosphorus, selenium and zinc. 
High levels of these nutrients can be found in landraces and old low-yielding varieties [56].

Landraces displayed a wide range of genetic diversities. This local germplasm forms an inter-
esting source of favorable quality traits such as protein content, gluten strength and yellow 
pigment content useful to durum wheat breeders. The persistent cultivation of durum wheat 
landraces in some regions attests to their continued value to farmers and to their competi-
tive agronomic or nutritional advantage relative to modern varieties. Adding value of these 
landrace is the main motivating factor for their on-farm conservation. Fungi seed treatment 
against seed-borne diseases and chemical weeding at the right time could improve the land-
race productivity in a simple way.

Furthermore, composite landraces made up of promising lines selected from landraces 
could be another way for durum wheat landrace valorization. But, on-farm conservation of 
durum wheat genetic resources in Morocco could be more efficient provided that legislation 
changes are made that make it possible to market landraces as diversified genetic materi-
als and encourage their consumption [56]. Durum wheat landraces have over many genera-
tions become adapted to the local environment and cultural conditions under which they are 
grown. Development of new varieties from landraces could be a viable strategy to improve 
yield and yield stability, especially under stress and future climate change conditions.

12. Rice

Rice is among the most important crops worldwide. While much of the world’s rice harvest 
is based on modern high-yield varieties, traditional varieties of rice grown by indigenous 
groups have a great importance as a resource for future crop improvement. These local land-
races represent an intermediate stage of domestication between a wild ancestor and modern 
varieties, and they serve as reservoirs of genetic variation. Such genetic variation is influenced 
both by natural processes such as selection and drift and by the agricultural practices of local 
farmers. How these processes interact to shape and change the population genetics of land-
race rice is unknown [58]. Compared to new rice cultivars, rice landraces have more com-
plex genetic backgrounds and more abundant genetic diversity and heterogeneity, as well as 
strong adaptability to the environment, excellent resistance to diseases and pests, high yields 
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and good quality [59]. The Southwest China, Guizhou, Yunnan and Guangxi provinces, is 
one of the largest centers of rice genetic diversity and high-quality germplasm in the world 
[21, 60].

The genetic variability found within landraces affords the possibility of genetic flexibility; 
landraces have the potential to adapt to local field conditions, and they can adapt to changing 
environments, farming practices and specific uses such as animal vs. human consumption 
[61]. Moreover, the genetic diversity of traditional landrace varieties is the most immediately 
useful and economically valuable component of rice biodiversity [19]. To efficiently conserve, 
manage and use such germplasm resources, an understanding of structure, apportionment 
and dynamics of local landrace variation is required. Several studies have examined genetic 
variation and differentiation among rice landrace varieties [62, 63]. However, little to no infor-
mation is available on how genetic diversity is structured within a given landrace.

Local adaptation plays an important role in maintaining yields in traditional agricultural systems. 
Selection for adaptation to each village environment by the farmer’s seed selection enhances overall 
crop diversity and maintains evolutionary flexibility [64]. Almekinders [21] explained that farmers’ 
selection in combination with natural selection results in landraces with high levels of adapta-
tion to biotic and abiotic stresses and for agricultural traits. For example, the genetic diversity of 
Phaseolus vulgaris landraces in Italy has been shaped by local adaptation to microenvironments 
[65], and in wheat, selection by farmers has strongly influenced the evolution of neutral loci [66].

13. Advantages of landrace over modern cultivated agriculture

1. Landraces provide a medium to advertise information about the conservation and use of 
crop landraces.

2. Crop improvement often utilizes landrace diversity in the development of new cultivars  
[8, 24], particularly when developing cultivars for marginal environments. Although, 
breeders more routinely focus their efforts on a limited gene pool of advanced cultivars or 
breeders’ lines which are more easily utilized without successive backcrossing to eradicate 
the undesirable traits introduced with the desirable [67, 68].

3. Landraces still present a unique source of specific traits for disease and pest resistance, 
nutritional quality and marginal environment tolerance [8].

4. Landrace tolerance to advert climatic condition.

5. They have become important as sources of genetic variability in the search for genes for 
tolerance or resistance to biotic and abiotic factors of interest in agriculture.

6. Knowledge of genetic distance among landraces will help the breeding of high-yielding, 
good quality cultivars that will increase crop production [14].

7. Landraces may provide new alleles for the improvement of commercially valuable traits.

8. Global climate change emphasizes the need to use better adapted cultivars of the main 
crops and landraces as potential donors of useful genes.

Rediscovery of Landraces as a Resource for the Future14

9. There is an increasing consumer concern worldwide about food safety and nutrition. Lan-
draces or old crop cultivars may prove solutions as sources of healthy and nutritious food.

14. Disadvantages

1. 1. Landraces are generally less productive than commercial cultivars.

15. Implication of replacement of landraces by commercial cultivars

1. It increases and causes genetic erosion by the replacement of diverse landraces with com-
paratively few, homozygous modern cultivars, which caused considerable concern among 
conservationists and breeders alike.

2. Landrace replacement by modern cultivars demonstrated a marked reduction in overall 
genetic diversity.

3. People’s concerns over this rapid extinction or erosion of landrace diversity resulted in 
widespread action to promote their conservation.

16. Landrace conservation

Conservation of all gene pools is a high priority for sustaining food security and coping 
with current and future climate change effects. Not only must landraces be conserved, but 
so should local varieties that have been replaced by new and more productive ones. Older 
varieties, due to the emphasis on landraces and more exotic materials, must not be forgotten, 
and older varieties, as well as other breeding materials, need to be conserved as a source of 
genetic diversity. Despite the enormous efforts made by national and international programs 
to conserve landrace diversities, eventually the conservation of germplasm and characteriza-
tion of key traits will provide specific information to breeders that will promote the use of 
genetic resources by the scientific community.

The discovery of abiotic stress at tolerant alleles in landraces of maize, rice and wheat clearly 
shows the importance of conserving and exploring landrace germplasm as a means to iden-
tify gnomonically beneficial alleles for enhancing adaptation and productivity in stress-prone 
environments [2].

16.1. Specifically, several challenges need attention:

i. Dealing with duplication where tracking is lost when moving germplasm from one place 
to other, particularly if a unique notation is not used

ii. Genetic diversity of collections widely determined by DNA markers available in gene 
bank facilities

Landraces and Crop Genetic Improvement
http://dx.doi.org/10.5772/intechopen.75944

15



and good quality [59]. The Southwest China, Guizhou, Yunnan and Guangxi provinces, is 
one of the largest centers of rice genetic diversity and high-quality germplasm in the world 
[21, 60].

The genetic variability found within landraces affords the possibility of genetic flexibility; 
landraces have the potential to adapt to local field conditions, and they can adapt to changing 
environments, farming practices and specific uses such as animal vs. human consumption 
[61]. Moreover, the genetic diversity of traditional landrace varieties is the most immediately 
useful and economically valuable component of rice biodiversity [19]. To efficiently conserve, 
manage and use such germplasm resources, an understanding of structure, apportionment 
and dynamics of local landrace variation is required. Several studies have examined genetic 
variation and differentiation among rice landrace varieties [62, 63]. However, little to no infor-
mation is available on how genetic diversity is structured within a given landrace.

Local adaptation plays an important role in maintaining yields in traditional agricultural systems. 
Selection for adaptation to each village environment by the farmer’s seed selection enhances overall 
crop diversity and maintains evolutionary flexibility [64]. Almekinders [21] explained that farmers’ 
selection in combination with natural selection results in landraces with high levels of adapta-
tion to biotic and abiotic stresses and for agricultural traits. For example, the genetic diversity of 
Phaseolus vulgaris landraces in Italy has been shaped by local adaptation to microenvironments 
[65], and in wheat, selection by farmers has strongly influenced the evolution of neutral loci [66].

13. Advantages of landrace over modern cultivated agriculture

1. Landraces provide a medium to advertise information about the conservation and use of 
crop landraces.

2. Crop improvement often utilizes landrace diversity in the development of new cultivars  
[8, 24], particularly when developing cultivars for marginal environments. Although, 
breeders more routinely focus their efforts on a limited gene pool of advanced cultivars or 
breeders’ lines which are more easily utilized without successive backcrossing to eradicate 
the undesirable traits introduced with the desirable [67, 68].

3. Landraces still present a unique source of specific traits for disease and pest resistance, 
nutritional quality and marginal environment tolerance [8].

4. Landrace tolerance to advert climatic condition.

5. They have become important as sources of genetic variability in the search for genes for 
tolerance or resistance to biotic and abiotic factors of interest in agriculture.

6. Knowledge of genetic distance among landraces will help the breeding of high-yielding, 
good quality cultivars that will increase crop production [14].

7. Landraces may provide new alleles for the improvement of commercially valuable traits.

8. Global climate change emphasizes the need to use better adapted cultivars of the main 
crops and landraces as potential donors of useful genes.

Rediscovery of Landraces as a Resource for the Future14

9. There is an increasing consumer concern worldwide about food safety and nutrition. Lan-
draces or old crop cultivars may prove solutions as sources of healthy and nutritious food.

14. Disadvantages

1. 1. Landraces are generally less productive than commercial cultivars.

15. Implication of replacement of landraces by commercial cultivars

1. It increases and causes genetic erosion by the replacement of diverse landraces with com-
paratively few, homozygous modern cultivars, which caused considerable concern among 
conservationists and breeders alike.

2. Landrace replacement by modern cultivars demonstrated a marked reduction in overall 
genetic diversity.

3. People’s concerns over this rapid extinction or erosion of landrace diversity resulted in 
widespread action to promote their conservation.

16. Landrace conservation

Conservation of all gene pools is a high priority for sustaining food security and coping 
with current and future climate change effects. Not only must landraces be conserved, but 
so should local varieties that have been replaced by new and more productive ones. Older 
varieties, due to the emphasis on landraces and more exotic materials, must not be forgotten, 
and older varieties, as well as other breeding materials, need to be conserved as a source of 
genetic diversity. Despite the enormous efforts made by national and international programs 
to conserve landrace diversities, eventually the conservation of germplasm and characteriza-
tion of key traits will provide specific information to breeders that will promote the use of 
genetic resources by the scientific community.

The discovery of abiotic stress at tolerant alleles in landraces of maize, rice and wheat clearly 
shows the importance of conserving and exploring landrace germplasm as a means to iden-
tify gnomonically beneficial alleles for enhancing adaptation and productivity in stress-prone 
environments [2].

16.1. Specifically, several challenges need attention:

i. Dealing with duplication where tracking is lost when moving germplasm from one place 
to other, particularly if a unique notation is not used

ii. Genetic diversity of collections widely determined by DNA markers available in gene 
bank facilities

Landraces and Crop Genetic Improvement
http://dx.doi.org/10.5772/intechopen.75944

15



iii. Diversity being well retained during collection through the use of molecular markers and 
visual observation and by using internationally accepted conservation and characteriza-
tion standards in seed gene banks

iv. Increasing in situ conservation

v. Functional multiplication programs

vi. Organizing regular national or regional collection programs with functional surveys that 
gather high-quality information related to germplasm being collected

vii. Reliable ‘passport’ information being available with GPS coordinates

viii. Using internationally accepted database management programs in gene banks

ix. Providing a worldwide data system among gene banks

x. Spreading research results in a database system linked with gene banks

These activities, once established, will greatly improve the targeted use of genetic resources 
and will help scientists and breeders strategically extract and use allelic variation for impor-
tant traits.

17. Conclusion and future perspective

Loss of genetic diversity has been recognized as a genetic bottleneck imposed on crop plants 
during domestication and through modern plant breeding practices. Allelic variation of 
genes originally found in the wild but gradually lost through domestication and breeding 
has been recovered only by going back to landraces. Landraces with increased biomass and 
total photosynthesis have potentially new allelic variation that should be exploited in plant 
breeding.

Landraces are heterogeneous with variable phenology, are low to moderate but stable edi-
ble yield and are often nutritionally superior. Traditional agricultural production systems 
in the past have played a vital role in the evolution and conservation of on-farm diversity,  
allowing farmers to circumvent crop failure by reducing vulnerability environmental stresses. 
A systematic evaluation of landraces for assessing the pattern of diversity is urgently needed 
to identify alleles for enhancing yield and adaptation to abiotic stress for raising the produc-
tivity of the staple food crops in stressful environments.
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Abstract

In the last decade, encouraged by economic, social and nutritional reasons, the trend
towards the rediscovery and reuse of durum wheat landraces moved on in Sicily. This
growing attention in local wheat landraces made necessary to design new effective and
objective identification methods that are able to distinguish landraces. Considering the
difficulties coming from the genetic and morphological heterogeneity of a landrace, in this
chapter a multidisciplinary approach for durum wheat landraces identification is pro-
posed. Nine Sicilian wheat landraces were investigated from the genotypic and pheno-
typic point of view, studying their polyphenolic profile, and analyzing the glumes
morpho-colorimetric traits, in search of similarities and/or differences. In particular,
hydro-alcoholic extracts from whole wheat grains were analyzed by means of HPLC/
DAD and HPLC/ESI-MS, revealing 13 metabolites mainly belonging to the classes of
hydroxycinnamic acids and flavones C-glycosides. The quantitative pattern of the 13
phenolic markers allowed to perfectly identify all the wheat samples, confirming a specific
and genotype-dependent pattern of phenolics concentration. Moreover, computerized
image analysis techniques were applied to compare the wheat samples on the basis of
138 quantitative morpho-colorimetric variables descriptive of glumes size, shape, color
and texture, confirming the possibility to undoubtedly identify wheat samples belonging
to local landraces.
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1. Introduction

After the massive use of processed acorns, as food source for prehistoric nomadic populations,
the most important food discovery was undoubtedly that of cereals. Even now, wheat
(Triticum) is one of the main food sources in the world. According to the last FAO report,
wheat world production for 2017 was approximately expected in 740 million tons, exceeding
the previous last one crop year by 1.2%, and covering about 15% of the world’s arable surface
[1]. In this scenario, durum wheat production reaches around 30 million tons, accounting
approximately for 5–6% of the total world wheat production [2]. Canada, USA, Mexico and
Russia are some of the countries around the world where durum wheat is cropped, although
the Mediterranean region covers about 60% of world durum wheat production [3], being the
EU (Italy, Spain, France and Greece) the leading global producer [2]. South Italy is one of the
regions historically most voted to the cereal crops, where the durum wheat varietal biodiver-
sity is particularly high [4].

For geographical position and ecological condition, Sicily represents the perfect environment
for the cultivation of cereals, especially for durum wheat. In addition to the pedo-climatic
conditions [5], some historical and socio-cultural aspects had also contributed to enrich the
varietal heritage, such as the many invasions that characterized the island during the centuries.
All these conditions, together with the historically conducted mass selection and the more
recent genetic improvement programs based on the artificial crosses, had contributed to build
the extremely wide currently existing varietal panorama [4].

In Sicily, old and new durum wheat commercial varieties are currently cropped, but also many
ancient landraces or populations characterized by specific bio-morphological traits and quali-
tative features [6, 7].

In recent years, all over the world, the attention paid to local and traditional productions is
growing, especially in the agro-food sector. Maybe, it is due to the impact of globalization and
the social and economic changes, but also to the increased consideration to health and nutri-
tional aspects of food. Also in Sicily, this trend has led to the rediscovery and reuse of landraces
both of wheat and other crops, responding to requests for more and more demanding market.
The rising price of these local productions are contributing to the farmers’ satisfaction, chang-
ing an unprofitable job in a renewed professional opportunity also for young businessmen.
Furthermore, many recent research studies testify the high healthy and nutraceutical value of
landraces, both for high amount of antioxidant compounds and for their natural aptitude to
organic production [8–11].

This growing interest in local landraces has inspired to find effective and objective identifica-
tion methods, able to distinguish landraces [12, 13].

In this chapter a multidisciplinary practical approach based on genotype and phenotype
characterization of durum wheat Sicilian landraces is proposed. In particular, the polyphenolic
profile of whole wheat grains was analyzed by means of HPLC/DAD and HPLC/ESI-MS.
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Moreover, computerized image analysis techniques were applied to compare glume wheat
samples, implementing a statistical classificator able to discriminate the landraces.

2. Materials and methods

2.1. Polyphenolic profile analysis

2.1.1. Samples details

Nine durum wheat (Triticum durum Desf.) landraces (“Margherito,” “Manto di Maria,”
“Ruscia,” “Russello SG8,” “Scavuzza,” “Tumminia SG3,” “Trentino,” “Tripolino,” “Urria”)
were selected for phenolics profile evaluation.

Grains were cropped, in three plots of 10 m2 each, using 350 viable seeds/m2, during three
consecutive years (2012, 2013, 2014), in the fields of the Stazione Sperimentale di Granicoltura
per la Sicilia, sited in Santo Pietro - Caltagirone [37�0701200N; 14�3101700E; 313 m a.s.l.] (CT,
Sicily, Italy). 40 kg N/ha and 90 kg P2O5/ha were supplied at sowing carried out at the
beginning of December; nitrogen fertilization with 50 kg N/ha were applied before the begin-
ning of stem elongation stage (20–30 code in the BBCH-scale for cereals). Mechanical weed
control methods were carried out in spring time and harvest was performed when physiolog-
ical maturity of each genotype was reached.

Whole grain samples were milled to a fine powder by a laboratory mill (1093 Cyclotec Sample
Mill, Tecator Foss, Hillerød, Denmark) equipped with a 1 mm sieve, immediately cooled to
�20�C and kept at this temperature until analysis to protect bioactive components from
degradation [14].

2.1.2. Chemicals

All solvents and reagents used in this study were high purity laboratory solvents by Carlo
Erba (Milano, Italy); HPLC grade water and acetonitrile were obtained from VWR (Milano,
Italy). Pure vitexin (apigenin 8-C-glucoside) and orientin (luteolin 8-C-glucoside) were pro-
vided by Extrasynthese (Lyon, France) whilst vanillic acid, ferulic acid, p-coumaric acid and
caffeic acid were purchased from Sigma (Sigma-Aldrich s.r.l., Milano, Italy).

2.1.3. Extraction of free and bound phenolic compounds

Phenolic acids and flavonoids represent the most common form of phenolic compounds found
in whole grains, existing as soluble free compounds, soluble conjugates esterified to sugars
and other low molecular mass components, and insoluble bound forms either encapsulated in
the cell-wall structures or chemically bound at molecular level [15].

According to Lo Bianco et al. [11], free phenolics were recovered by applying the method
proposed by Dinelli et al. [14] with few changes. In brief, 1 g of whole wheat flour was mixed
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1. Introduction
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Moreover, computerized image analysis techniques were applied to compare glume wheat
samples, implementing a statistical classificator able to discriminate the landraces.
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Phenolic acids and flavonoids represent the most common form of phenolic compounds found
in whole grains, existing as soluble free compounds, soluble conjugates esterified to sugars
and other low molecular mass components, and insoluble bound forms either encapsulated in
the cell-wall structures or chemically bound at molecular level [15].

According to Lo Bianco et al. [11], free phenolics were recovered by applying the method
proposed by Dinelli et al. [14] with few changes. In brief, 1 g of whole wheat flour was mixed
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under vigorous stirring for 10 min with 20 mL of an acidic aqueous methanol solution (80%
methanol, 19% water, 1% formic acid). The resulting heterogeneous mixture was transferred
into standard glass sample tubes and centrifuged at 2500 g/min for 10 min. After that, the
supernatant was removed and the extraction was repeated. Collected supernatants were
pooled, evaporated to dryness, and then stored at �20�C until use.

The solid residue from the free phenolic extraction was subjected to alkaline hydrolysis to
recover the bound phenolic compounds, according to Mattila et al. [16]. Distilled water (12 mL)
and 5 mL of 10 MNaOHwere added to the residue and stirred overnight at room temperature.
The mixture was acidified to pH = 2 and then extracted three times with 15 mL of a 1:1 (v/v)
mixture of cold diethyl ether and ethyl acetate by manually shaking and centrifuging. Organic
layers were combined, evaporated to dryness, and dissolved into 2 mL of the aqueous metha-
nol solution to analytical determinations.

2.1.4. HPLC/DAD quantitative analyses

For HPLC/DAD analyses dry extracts were reconstituted in 3 mL of the extracting solvent and
immediately analyzed. Quantitative analyses were carried out on a UltiMate3000 “UHPLC
focused” instrument equipped with a binary high pressure pump, a Photodiode Array detector,
a Thermostatted Column Compartment and an Automated Sample Injector (Thermo Scientific,
Italy). Collected data were processed through a Chromeleon Chromatography Information
Management System v. 6.80. Chromatographic runs were all performed using a reverse-phase
column (Gemini C18, 250 � 4.6 mm, 5 μm particle size, Phenomenex, Italy) equipped with a
guard column (Gemini C18 4 � 3.0 mm, 5 μm particle size, Phenomenex, Italy). Wheat poly-
phenols were eluted with the following gradient of B (formic acid, 2.5% solution in acetonitrile)
in A (2.5% solution of formic acid in water): 0 min: 5% B; 10 min: 15% B; 30 min: 25% B; 35 min:
30% B; 50 min: 90% B; then kept for 7 min at 100% B. The solvent flow rate was 1 mL/min and.
Quantifications were carried out at 350 nm using orientin (R2 = 0.9999) as external standard; the
detector was set at 280 nm to build the calibration curve for vanillic acid (R2 = 0.9997), whilst
vitexin (R2 = 0.9999), caffeic acid and ferulic acid were quantified at 330 nm using the
corresponding reference substances (R2 = 0.9999 and R2 = 0.9998, respectively). The same refer-
ence wavelength was used for the quantification of coumarins against p-coumaric acid
(R2 = 0.9998). All analyses were carried out in triplicate.

2.1.5. Identification of main components via HPLC/ESI-MS

In order to unambiguously identify the chromatographic signals and/or to confirm peak
assignments, a series of HPLC/ESI/MS analyses were performed on wheat samples. In this
case, variable aliquots (1.0–1.5 mL) of the above mentioned hydro-alcoholic solutions coming
from quantitative analyses (see previous paragraph) were transferred into standard laboratory
vials and brought to dryness in vacuo with a rotary evaporator (Heidolph Laborota 400). The
resulting yellowish residues were then re-dissolved in 500 μL of the original hydroalcoholic
solution and submitted to qualitative analyses. The HPLC apparatus used was the same
described above, whilst ESI mass spectra were acquired by a Thermo Scientific Exactive Plus
Orbitrap MS (Thermo Fisher Scientific, Inc., Milan, Italy), using a heated electrospray ioniza-
tion (HESI II) interface. Mass spectra were recorded operating in negative ion mode in the m/z
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range 120–1800 at a resolving power of 25,000 (full-width-at-half-maximum, at m/z 200,
RFWHM), resulting in a scan rate of >1.5 scans/s when using automatic gain control target of
1.0 � 106 and a C-trap inject time of 250 ms, under the following conditions: capillary tempera-
ture 300�C, nebulizer gas (nitrogen) with a flow rate of 60 arbitrary units; auxiliary gas flow rate
of 10 arbitrary units; source voltage 3 kV; capillary voltage 82.5 V; tube lens voltage 85 V. The
Orbitrap MS system was tuned and calibrated in positive modes, by infusion of solutions of a
standard mixture of sodium dodecyl sulfate (Mr 265.17 Da), sodium taurocholate (Mr 514.42 Da)
and Ultramark (Mr 1621 Da). Data acquisition and analyses were performed using the Xcalibur
software.

2.2. Glume image analysis

2.2.1. Samples details

For the glumes image analysis, ears of the same ten wheat landraces were reaped, at the time
of maximum ripening, in order to include a widest morphological and environmental variabil-
ity, the wheat ears were collected during three consecutive years (2012, 2013, 2014).

From three to six ears were sampled and from two to four glumes were removed from the
spikelets of the ear middle section and from the both sides of each ear. The glumes were stored
at room temperature under controlled conditions (20�C and 50% RH).

2.2.2. Images acquisition

Digital images of glumes samples were acquired using a flatbed scanner (ScanMaker 9800 XL,
Microtek Denver, CO), applying the same resolution and scanning area conditions reported in
Grillo et al. [4]. As suggested by Venora et al. [17], before digital image capture, the scanner
was standardized according to the calibration protocol proposed by Shahin and Symons [18].
Morpho-colorimetric features were only measured for sound intact glumes, rejecting that ones
with broken beak or shoulder, distinguishing in right and left side of the ear. A total of 902
wheat glumes were analyzed (Table 1).

Code Variety/landrace Sample amount

mar6 Margherito 06 97

mm1 Manto di Maria 01 95

rsc9 Ruscia 09 97

russg8 Russello 13 SG8 97

sca1 Scavuzza 01 95

tre2 Trentino 02 119

tri2 Tripolino 02 80

tumsg3 Tumminia SG3 94

urr1 Urrìa 01 88

Table 1. List of the ten different wheat local varieties studied.
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corresponding reference substances (R2 = 0.9999 and R2 = 0.9998, respectively). The same refer-
ence wavelength was used for the quantification of coumarins against p-coumaric acid
(R2 = 0.9998). All analyses were carried out in triplicate.

2.1.5. Identification of main components via HPLC/ESI-MS

In order to unambiguously identify the chromatographic signals and/or to confirm peak
assignments, a series of HPLC/ESI/MS analyses were performed on wheat samples. In this
case, variable aliquots (1.0–1.5 mL) of the above mentioned hydro-alcoholic solutions coming
from quantitative analyses (see previous paragraph) were transferred into standard laboratory
vials and brought to dryness in vacuo with a rotary evaporator (Heidolph Laborota 400). The
resulting yellowish residues were then re-dissolved in 500 μL of the original hydroalcoholic
solution and submitted to qualitative analyses. The HPLC apparatus used was the same
described above, whilst ESI mass spectra were acquired by a Thermo Scientific Exactive Plus
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tion (HESI II) interface. Mass spectra were recorded operating in negative ion mode in the m/z
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2.2. Glume image analysis

2.2.1. Samples details

For the glumes image analysis, ears of the same ten wheat landraces were reaped, at the time
of maximum ripening, in order to include a widest morphological and environmental variabil-
ity, the wheat ears were collected during three consecutive years (2012, 2013, 2014).

From three to six ears were sampled and from two to four glumes were removed from the
spikelets of the ear middle section and from the both sides of each ear. The glumes were stored
at room temperature under controlled conditions (20�C and 50% RH).

2.2.2. Images acquisition

Digital images of glumes samples were acquired using a flatbed scanner (ScanMaker 9800 XL,
Microtek Denver, CO), applying the same resolution and scanning area conditions reported in
Grillo et al. [4]. As suggested by Venora et al. [17], before digital image capture, the scanner
was standardized according to the calibration protocol proposed by Shahin and Symons [18].
Morpho-colorimetric features were only measured for sound intact glumes, rejecting that ones
with broken beak or shoulder, distinguishing in right and left side of the ear. A total of 902
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2.2.3. Image processing and analysis

All the images were processed and analyzed using the software package KS-400 V. 3.0 (Carl
Zeiss, Vision, Oberkochen, Germany). The same macro used by Grillo et al. [4], specifically
developed for the characterization of wheat glumes was applied to perform automatically all
the morpho-colorimetric measurements on the glume samples of the present study.

The macro allowed to compute 138 quantitative variables measured for each analyzed left and
right glume (Tables 2 and 3). In particular, it was possible to measure 18 parameters descrip-
tive of the glume size and shape and 20 features descriptive of the glume surface color.
Afterwards, applying the same procedure reported by Orrù et al. [19], 78 quantitative Elliptic
Fourier Descriptors (EFDs) were used to describe the shape of the glume. Finally, the macro
was kitted to compute 11 Haralick’s descriptors including the relative standard deviations, as
reported in Lo Bianco et al. [20].

ð1Þ

2.3. Statistics

The data, obtained from chemical and image analysis, were used to build a global database.
Statistical elaborations were executed using SPSS software package release 16.0 (SPSS Inc. for
Windows, Chicago, Illinois, USA), and the stepwise Linear Discriminant Analysis (LDA)
method was applied to identify and discriminate among the investigated wheat samples [23].
This approach is commonly used to classify/identify unknown groups characterized by quan-
titative and qualitative variables [24–27], finding the combination of predictor variables with
the aim of minimizing the within-class distance and maximizing the between-class distance
simultaneously, thus achieving maximum class discrimination [28–31]. Then, the stepwise
procedure, carried out as explained in [4], identifies and selects the most statistically significant
features among the chemical metabolites and the 138 traits measured on each glume. Finally, a
cross-validation procedure was applied to verify the performance of the identification system,
testing individual unknown cases and classifying them on the basis of all others [32].

All the raw data were standardized before starting any statistical elaboration. Moreover, in order
to evaluate the quality of the discriminant functions achieved for each statistical comparison, the
Wilks’ Lambda, the percentage of explained variance and the canonical correlation between the
discriminant functions and the group membership, were computed. The Box’s M test was
executed to assess the homogeneity of covariance matrices of the features chosen by the stepwise
LDA while the analysis of the standardized residuals was performed to verify the homoscedas-
ticity of the variance of the dependent variables used to discriminate among the groups’ mem-
bership [33]. Kolmogorov-Smirnov’s test was performed to compare the empirical distribution
of the discriminant functions with the relative cumulative distribution function of the reference
probability distribution, while the Levene’s test was executed to assess the equality of variances
for the used discriminant functions calculated for groups membership [34].
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Feature Equation

Har 1 Angular second moment

Har 2 Contrast

Har 3 Correlation

where μx, μy, σx and σy are the means and the standard deviations of px and py.

Har 4 Sum of square: variance

Har 5 Inverse difference moment

Har 6 Sum average

where x and y are the coordinates (row and column) of an entry in the co-
occurrence matrix, and px + y(i) is the probability of co-occurrence matrix
coordinates summing to x + y.

Har 7 Sum variance

Har 8 Sum entropy

Har 9 Entropy

Har 10 Difference variance

Har 11 Difference entropy

The basis for these features is the gray-level co-occurrence matrix (G in Eq. (1)). This matrix is square with dimension Ng,
where Ng is the number of gray levels in the image. Element [i,j] of the matrix is generated by counting the number of
times a pixel (p) with value i is adjacent to a pixel with value j and then dividing the entire matrix by the total number of
such comparisons made. Each entry is therefore considered to be the probability that a pixel with value i will be found
adjacent to a pixel of value j.

Table 2. Haralick’s descriptors measured as reported in Haralick et al. [21].
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Feature Description

A Area Seed area (mm2)

P Perimeter Seed perimeter (mm)

Pconv Convex Perimeter Convex perimeter of the seed (mm)

PCrof Crofton Perimeter Crofton perimeter of the seed (mm)

Pconv/PCrof Perimeter ratio Ratio between convex and Crofton’s perimeters

Dmax Max diameter Maximum diameter of the seed (mm)

Dmin Min diameter Minimum diameter of the seed (mm)

Dmin/Dmax Feret ratio Ratio between minimum and maximum diameters

Sf Shape factor Seed shape descriptor = (4 � π � area)/perimeter2 (normalized value)

Rf Roundness factor Seed roundness descriptor = (4 � area)/(π � max diameter2) (normalized value)

Ecd Eq. circular diameter Diameter of a circle with equivalent area (mm)

F Fiber length Seed length along the fiber axis

C Curl degree Ratio between Dmax and F

Conv Convessity degree Ratio between PCrof and P

Sol Solidity degree Ratio between A and convex area

Com Compactness degree Seed compactness descriptor = [√(4/ π) A]/Dmax

EAmax Maximum ellipse axis Maximum axis of an ellipse with equivalent area (mm)

EAmin Minimum ellipse axis Minimum axis of an ellipse with equivalent area (mm)

Rmean Mean red channel Red channel mean value of seed pixels (gray levels)

Rsd Red std. deviation Red channel standard deviation of seed pixels

Gmean Mean green channel Green channel mean value of seed pixels (gray levels)

Gsd Green std. deviation Green channel standard deviation of seed pixels

Bmean Mean blue channel Blue channel mean value of seed pixels (gray levels)

Bsd Blue std. deviation Blue channel standard deviation of seed pixels

Hmean Mean hue channel Hue channel mean value of seed pixels (gray levels)

Hsd Hue std. deviation Hue channel standard deviation of seed pixels

Lmean Mean lightness ch. Lightness channel mean value of seed pixels (gray levels)

Lsd Lightness std. dev. Lightness channel standard deviation of seed pixels

Smean Mean saturation ch. Saturation channel mean value of seed pixels (gray levels)

Ssd Saturation std. dev. Saturation channel standard deviation of seed pixels

Dmean Mean density Density channel mean value of seed pixels (gray levels)

Dsd Density std. deviation Density channel standard deviation of seed pixels

S Skewness Asymmetry degree of intensity values distribution (gray levels)

K Kurtosis Peakness degree of intensity values distribution (densit. units)

H Energy Measure of the increasing intensity power (densitometric units)

Table 3. List of morphometric features measured on seeds, excluding the elliptic Fourier descriptors (EFDs) calculated
according to Hâruta [22] and the Haralick’s descriptors reported in Table 2.
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To graphically highlight the differences among groups, multidimensional plots were drawn
using the first three discriminant functions.

3. Results and discussion

3.1. Phenolic profile in wheat landraces

Phenolics are mainly concentrated in the outer layers of kernel and contribute to the wheat
flour nutraceutical value owing to their antioxidant, anti-inflammatory and anticancer proper-
ties [35]. In literature, ca. 70 different phenolic compounds, including coumarins, phenolic
acids, anthocyanins, flavones, isoflavones, proanthocyanidins, stilbenes and lignans, were
identified in durum wheat genotypes [14].

Referring to flavones, whose interest has grown enormously due to their putative beneficial
effects against atherosclerosis, osteoporosis, diabetes mellitus and certain cancers [36] 5,7,40-
trihydroxyflavone (apigenin) and 5,7,30,40-tetrahydroxyflavone (luteolin) are the main repre-
sentatives in wheat, where they accumulate as 6-C and/or 8-C-glycosidic conjugates. The 8-C-
glucosides of apigenin and luteolin are also known as vitexin and orientin, respectively.

Hydro-alcoholic extracts from wheat grains were exhaustively analyzed by means of HPLC/
DAD and HPLC/ESI-MS. Although the major portion of phenolics in grains exist in the bound
form [37], there is a general trend for studying polyphenols in the free form when dealing with
chemotaxonomic studies [38, 39]. The chromatograms relating to free phenolics profile of
durum wheat grains showed ca. 20 different signals, eluting in the range from 7 to 30 min.
Among these, 13 signals were tentatively identified: a preliminary analysis of the UV–VIS (in
terms of spectrum shape and absorption maximum, see Table 4) spectra of the peaks revealed
the presence of compounds belonging to the chemical subclasses of hydroxycinnamic acids
and organic acids; several peaks showing the typical spectrum of apigenin derivatives were
also detected.

The use of mass spectrometry as detector was helpful in tentatively identifying wheat metab-
olites (Table 4); peak assignments were further confirmed by comparison with literature data
[14, 40, 41] and co-injection with pure reference standards when available (see material and
methods).

According to Lo Bianco et al. [11], three hydroxycinnamic acids were identified in wheat grains:
caffeic acid (peak 4), ferulic acid (peak 10) and another member of this class (peak 1) for which
unfortunately the MS spectrum was not determined. Vanillic acid (peak 3) was identified for its
diagnostic UV–VIS and mass spectrum; the assignment was confirmed with co-injection with
the corresponding standard. Peaks 2 and 6, showing almost identical UV–VIS spectra (a sym-
metrical absorption with λ max = 317 nm) were tentatively identified as coumarins; furthermore,
peak 2 showed a clear mass spectrumwith a pseudomolecular ion at 145.14 m/z (M-H)�. Presence
of coumarins in durum wheat has been reported by other authors [14, 40]. The UV–VIS spectrum
of peak 5 (λmax = 268, 35 nm) was typical of that of luteolin derivatives; the corresponding mass
spectrum exhibited a base peak of 609.52 m/z (pseudomolecular ion) with no signals ascribable to
fragments generated by the loss of sugars. The peak corresponding to luteolin aglycone was
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Feature Description

A Area Seed area (mm2)

P Perimeter Seed perimeter (mm)

Pconv Convex Perimeter Convex perimeter of the seed (mm)

PCrof Crofton Perimeter Crofton perimeter of the seed (mm)

Pconv/PCrof Perimeter ratio Ratio between convex and Crofton’s perimeters

Dmax Max diameter Maximum diameter of the seed (mm)

Dmin Min diameter Minimum diameter of the seed (mm)

Dmin/Dmax Feret ratio Ratio between minimum and maximum diameters

Sf Shape factor Seed shape descriptor = (4 � π � area)/perimeter2 (normalized value)

Rf Roundness factor Seed roundness descriptor = (4 � area)/(π � max diameter2) (normalized value)

Ecd Eq. circular diameter Diameter of a circle with equivalent area (mm)

F Fiber length Seed length along the fiber axis

C Curl degree Ratio between Dmax and F

Conv Convessity degree Ratio between PCrof and P

Sol Solidity degree Ratio between A and convex area

Com Compactness degree Seed compactness descriptor = [√(4/ π) A]/Dmax

EAmax Maximum ellipse axis Maximum axis of an ellipse with equivalent area (mm)

EAmin Minimum ellipse axis Minimum axis of an ellipse with equivalent area (mm)

Rmean Mean red channel Red channel mean value of seed pixels (gray levels)

Rsd Red std. deviation Red channel standard deviation of seed pixels

Gmean Mean green channel Green channel mean value of seed pixels (gray levels)

Gsd Green std. deviation Green channel standard deviation of seed pixels

Bmean Mean blue channel Blue channel mean value of seed pixels (gray levels)

Bsd Blue std. deviation Blue channel standard deviation of seed pixels

Hmean Mean hue channel Hue channel mean value of seed pixels (gray levels)

Hsd Hue std. deviation Hue channel standard deviation of seed pixels

Lmean Mean lightness ch. Lightness channel mean value of seed pixels (gray levels)

Lsd Lightness std. dev. Lightness channel standard deviation of seed pixels

Smean Mean saturation ch. Saturation channel mean value of seed pixels (gray levels)

Ssd Saturation std. dev. Saturation channel standard deviation of seed pixels

Dmean Mean density Density channel mean value of seed pixels (gray levels)

Dsd Density std. deviation Density channel standard deviation of seed pixels

S Skewness Asymmetry degree of intensity values distribution (gray levels)

K Kurtosis Peakness degree of intensity values distribution (densit. units)

H Energy Measure of the increasing intensity power (densitometric units)

Table 3. List of morphometric features measured on seeds, excluding the elliptic Fourier descriptors (EFDs) calculated
according to Hâruta [22] and the Haralick’s descriptors reported in Table 2.
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To graphically highlight the differences among groups, multidimensional plots were drawn
using the first three discriminant functions.

3. Results and discussion

3.1. Phenolic profile in wheat landraces

Phenolics are mainly concentrated in the outer layers of kernel and contribute to the wheat
flour nutraceutical value owing to their antioxidant, anti-inflammatory and anticancer proper-
ties [35]. In literature, ca. 70 different phenolic compounds, including coumarins, phenolic
acids, anthocyanins, flavones, isoflavones, proanthocyanidins, stilbenes and lignans, were
identified in durum wheat genotypes [14].

Referring to flavones, whose interest has grown enormously due to their putative beneficial
effects against atherosclerosis, osteoporosis, diabetes mellitus and certain cancers [36] 5,7,40-
trihydroxyflavone (apigenin) and 5,7,30,40-tetrahydroxyflavone (luteolin) are the main repre-
sentatives in wheat, where they accumulate as 6-C and/or 8-C-glycosidic conjugates. The 8-C-
glucosides of apigenin and luteolin are also known as vitexin and orientin, respectively.

Hydro-alcoholic extracts from wheat grains were exhaustively analyzed by means of HPLC/
DAD and HPLC/ESI-MS. Although the major portion of phenolics in grains exist in the bound
form [37], there is a general trend for studying polyphenols in the free form when dealing with
chemotaxonomic studies [38, 39]. The chromatograms relating to free phenolics profile of
durum wheat grains showed ca. 20 different signals, eluting in the range from 7 to 30 min.
Among these, 13 signals were tentatively identified: a preliminary analysis of the UV–VIS (in
terms of spectrum shape and absorption maximum, see Table 4) spectra of the peaks revealed
the presence of compounds belonging to the chemical subclasses of hydroxycinnamic acids
and organic acids; several peaks showing the typical spectrum of apigenin derivatives were
also detected.

The use of mass spectrometry as detector was helpful in tentatively identifying wheat metab-
olites (Table 4); peak assignments were further confirmed by comparison with literature data
[14, 40, 41] and co-injection with pure reference standards when available (see material and
methods).

According to Lo Bianco et al. [11], three hydroxycinnamic acids were identified in wheat grains:
caffeic acid (peak 4), ferulic acid (peak 10) and another member of this class (peak 1) for which
unfortunately the MS spectrum was not determined. Vanillic acid (peak 3) was identified for its
diagnostic UV–VIS and mass spectrum; the assignment was confirmed with co-injection with
the corresponding standard. Peaks 2 and 6, showing almost identical UV–VIS spectra (a sym-
metrical absorption with λ max = 317 nm) were tentatively identified as coumarins; furthermore,
peak 2 showed a clear mass spectrumwith a pseudomolecular ion at 145.14 m/z (M-H)�. Presence
of coumarins in durum wheat has been reported by other authors [14, 40]. The UV–VIS spectrum
of peak 5 (λmax = 268, 35 nm) was typical of that of luteolin derivatives; the corresponding mass
spectrum exhibited a base peak of 609.52 m/z (pseudomolecular ion) with no signals ascribable to
fragments generated by the loss of sugars. The peak corresponding to luteolin aglycone was
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absent as well. These data are usually diagnostic of the presence of C-bound glycosides; the peak
was then tentatively identified as luteolin di-C-hexoside (lucenin-2 isomer). This is in discordance
to what was reported by Dinelli et al. [14, 40] who found in durum wheat grains several isomers
of lucenin 1/3, the C-hexoside-C-pentoside derivative of luteolin. Peaks 7, 8, 9, 11, 12 and 13
showedUV–VIS spectrawhose shapes and absorptionmaxima clearly recalled apigenin (Table 4);
in this case mass analysis was determinant in the assignments. Peaks 7, 8 and 9 all exhibited a
mass spectrumwith a base peak of 563.14 m/z units, corresponding to the pseudomolecular ion of
an hexoside- pentoside derivative; absence of intermediate fragments lead us to assign the peaks
as C-hexoside C-pentoside derivatives of apigenin (Table 4). Similarly, peak 13 was tentatively
identified as apigenin C-hexoside, whilst peaks 11 and 12, both showing a base peak of 769.18 m/z
units, were tentatively identified as apigenin C-hexoside C-hexoside O-glucuronide.

3.2. Phenolic content in wheat landraces

The determination of free phenolics in whole grains extracted by a hydroalcoholic solution (see
experimental) was carried out through calibration curves obtained via HPLC/DAD triplicate
injection of standard solutions. In Table 5 the concentration of 13 phenolic markers and total
free phenolics for the all investigated wheat genotypes is given.

Peak
#

Retention
time (min)

λ ass. (nm) Selected
ion

m/z
calculated

Tentative identification Phenolic subclass

1 13.66 295(sh), 316 n.d Hydroxycinnamic acid Hydroxycinnamic acid

2 14.24 317 [M-H]� 145.14 Coumarin Coumarin

3 14.57 258, 291 [M-H]� 167.04 Vanillic acid Hydroybenzoic acid

4 14.98 290 (sh), 323 [M-H]� 179.16 Caffeic acid Hydroxycinnamic acid

5 16.57 268, 348 [M-H]� 609.52 Luteolin di-C-hexoside (lucenin-2
isomer)

Flavone-C-glycoside

6 17.10 316 n.d Coumarin Coumarin

7 17.99 270, 334 [M-H]� 563.14 Apigenin C-hexoside-C-pentoside Flavone-C-glycoside

8 18.95 270, 335 [M-H]� 563.14 Apigenin C-hexoside-C-pentoside Flavone-C-glycoside

9 19.52 271, 335 [M-H]� 563.14 Apigenin C-hexoside-C-pentoside Flavone-C-glycoside

10 22.54 295 (sh), 323 [M-H]� 193.05 Ferulic acid Hydroxycinnamic acid

11 25.18 272, 332 [M-H]� 769.18 Apigenin C-hexoside-C-hexoside
O-glucuronide

Flavone-C-glycoside

12 26.00 272, 332 [M-H]� 769.18 Apigenin C-hexoside-C-hexoside
O-glucuronide

Flavone-C-glycoside

13 28.99 270, 334 [M-H]� 431.10 Apigenin C-hexoside Flavone-C-glycoside

(sh) is for shoulder.

Table 4. Phenolic compounds detected in the free form extracts from durum wheat grains.
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Some of the phenolic markers identified in the free form, were quantitatively quite different
among the genotypes studied. For example, coumarin (peak 6), ranging from 2.57 μg/g in
Tumminia SG3 to 0.09 μg/g in Tripolino, and vanillic acid (peak 3) from 1.34 μg/g in Manto di
Maria to 0.25 μg/g in Tumminia SG3. The apigenin C-hexoside-C-pentoside (peak 7) content
was significantly different among wheat grains, recording values above 21 μg/g for Tumminia
SG3 and about 6 μg/g for Trentino.

Luteolin di-C-hexoside (lucenin-2 isomer), present in all genotypes in low concentration (mean
value 0.33 μg/g, excluding the extremes of the interval, Tumminia SG3 and Manto di Maria)
was about 50-times more abundant in Tumminia SG3 (18.15 μg/g) than in other genotypes.

Free ferulic acid content resulted almost 3-times higher in Tumminia SG3 (5.81 μg/g) with
respect to the mean value (1.84 μg/g).

Total phenolics concentration ranged from 65.65 μg/g of grain in Russello SG8 to 104.84 μg/g
of grain in Scavuzza, and a mean value of 82.78 μg/g was recorded. Three landraces
(Tumminia SG3, Tripolino, Scavuzza) showed a content higher than the average.

In general, genotype has been demonstrated to affect the phenolic content of wheat grains.
Previous investigations reported on highly significant differences of polyphenol content
among different wheat cultivars, suggesting the genotype-specificity of this characteristic
[9, 14]. Moreover, the comparison of wheat cultivars grown at different locations showed that
environmental and growing conditions may have a certain effect on the biosynthesis and
accumulation of phenolic compounds [42].

With regard to the bound phenolic fraction subjected to alkaline hydrolysis, the main component
is undoubtedly ferulic acid, as already observed by other authors [43], and confirmed by co-
injection with the corresponding analytical standard; this metabolite is present ubiquitously in all
the genotypes considered with a mean value of 543.20 μg/g. The landrace Ruscia showed the
highest level of ferulic acid content (673.58 μg/g), while Scavuzza the lowest (375.13 μg/g)
(Table 5).

3.3. Landraces statistical comparison

In order to discriminate among the studied wheat landraces, a statistical classification system
was implemented using the data from the 15 analyzed chemical variables and the 138 measured
morpho-colorimetric parameters. An overall percentage of correct identification of 100.0% was
achieved, proving the peculiarity of the nine studied Sicilian wheat landraces and, on the other
hand, the absolute effectiveness of the proposed method (Table 6).

Finally, in the evaluation of the parameters that more than other influenced the discrimination
process of the studied landraces, none of the assessed variables chosen by the stepwise LDA
highlighted particular statistical weight, proving that a high amount of quantitative informa-
tion is necessary to distinguish and characterize botanical entities so heterogeneous, under
chemical, phenotypical and genetic profile, such as landraces.

This work represent the first attempt of wheat landraces identification based on glume pheno-
typic characters, applying image analysis techniques, coupled with phenolic fingerprinting.
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identified as apigenin C-hexoside, whilst peaks 11 and 12, both showing a base peak of 769.18 m/z
units, were tentatively identified as apigenin C-hexoside C-hexoside O-glucuronide.
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5 16.57 268, 348 [M-H]� 609.52 Luteolin di-C-hexoside (lucenin-2
isomer)

Flavone-C-glycoside

6 17.10 316 n.d Coumarin Coumarin

7 17.99 270, 334 [M-H]� 563.14 Apigenin C-hexoside-C-pentoside Flavone-C-glycoside

8 18.95 270, 335 [M-H]� 563.14 Apigenin C-hexoside-C-pentoside Flavone-C-glycoside

9 19.52 271, 335 [M-H]� 563.14 Apigenin C-hexoside-C-pentoside Flavone-C-glycoside

10 22.54 295 (sh), 323 [M-H]� 193.05 Ferulic acid Hydroxycinnamic acid

11 25.18 272, 332 [M-H]� 769.18 Apigenin C-hexoside-C-hexoside
O-glucuronide

Flavone-C-glycoside

12 26.00 272, 332 [M-H]� 769.18 Apigenin C-hexoside-C-hexoside
O-glucuronide

Flavone-C-glycoside

13 28.99 270, 334 [M-H]� 431.10 Apigenin C-hexoside Flavone-C-glycoside

(sh) is for shoulder.

Table 4. Phenolic compounds detected in the free form extracts from durum wheat grains.
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Some of the phenolic markers identified in the free form, were quantitatively quite different
among the genotypes studied. For example, coumarin (peak 6), ranging from 2.57 μg/g in
Tumminia SG3 to 0.09 μg/g in Tripolino, and vanillic acid (peak 3) from 1.34 μg/g in Manto di
Maria to 0.25 μg/g in Tumminia SG3. The apigenin C-hexoside-C-pentoside (peak 7) content
was significantly different among wheat grains, recording values above 21 μg/g for Tumminia
SG3 and about 6 μg/g for Trentino.

Luteolin di-C-hexoside (lucenin-2 isomer), present in all genotypes in low concentration (mean
value 0.33 μg/g, excluding the extremes of the interval, Tumminia SG3 and Manto di Maria)
was about 50-times more abundant in Tumminia SG3 (18.15 μg/g) than in other genotypes.

Free ferulic acid content resulted almost 3-times higher in Tumminia SG3 (5.81 μg/g) with
respect to the mean value (1.84 μg/g).

Total phenolics concentration ranged from 65.65 μg/g of grain in Russello SG8 to 104.84 μg/g
of grain in Scavuzza, and a mean value of 82.78 μg/g was recorded. Three landraces
(Tumminia SG3, Tripolino, Scavuzza) showed a content higher than the average.

In general, genotype has been demonstrated to affect the phenolic content of wheat grains.
Previous investigations reported on highly significant differences of polyphenol content
among different wheat cultivars, suggesting the genotype-specificity of this characteristic
[9, 14]. Moreover, the comparison of wheat cultivars grown at different locations showed that
environmental and growing conditions may have a certain effect on the biosynthesis and
accumulation of phenolic compounds [42].

With regard to the bound phenolic fraction subjected to alkaline hydrolysis, the main component
is undoubtedly ferulic acid, as already observed by other authors [43], and confirmed by co-
injection with the corresponding analytical standard; this metabolite is present ubiquitously in all
the genotypes considered with a mean value of 543.20 μg/g. The landrace Ruscia showed the
highest level of ferulic acid content (673.58 μg/g), while Scavuzza the lowest (375.13 μg/g)
(Table 5).

3.3. Landraces statistical comparison

In order to discriminate among the studied wheat landraces, a statistical classification system
was implemented using the data from the 15 analyzed chemical variables and the 138 measured
morpho-colorimetric parameters. An overall percentage of correct identification of 100.0% was
achieved, proving the peculiarity of the nine studied Sicilian wheat landraces and, on the other
hand, the absolute effectiveness of the proposed method (Table 6).

Finally, in the evaluation of the parameters that more than other influenced the discrimination
process of the studied landraces, none of the assessed variables chosen by the stepwise LDA
highlighted particular statistical weight, proving that a high amount of quantitative informa-
tion is necessary to distinguish and characterize botanical entities so heterogeneous, under
chemical, phenotypical and genetic profile, such as landraces.

This work represent the first attempt of wheat landraces identification based on glume pheno-
typic characters, applying image analysis techniques, coupled with phenolic fingerprinting.
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The achieved results here discussed allowed to demonstrate the usefulness of this discrimina-
tion system for the identification and classification wheat landraces, notoriously very difficult
to do. The technique here proposed, conveniently sustained by a conspicuous database, can be
undoubtedly considered a helpful identification tool both for commercial varieties and for no
genetically defined samples, such as populations or landraces.

Considering the heterogeneous nature of the wheat landrace samples used in this study, in
order to validate these preliminary achievements, further trials will have to be conducted
focusing on the collection of new data, enriching the database with new and accurate informa-
tion, allowing to the system to give results more and more reliable.
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Margherito Manto di
Maria

Ruscia Russello
SG8

Trentino Tripolino Tumminia
SG3

Urrìa Total

Margherito 100.0%
(192)

— — — — — — — 100.0%
(192)

Manto di Maria — 100.0%
(192)

— — — — — — 100.0%
(192)

Ruscia — — 100.0%
(192)

— — — — — 100.0%
(192)

Russello SG8 — — — 100.0%
(192)

— — — — 100.0%
(192)

Trentino — — — — 100.0%
(282)

— — — 100.0%
(282)

Tripolino — — — — — 100.0%
(192)

— — 100.0%
(192)

Tumminia SG3 — — — — — — 100.0%
(192)

— 100.0%
(192)

Urrìa — — — — — — — 100.0%
(192)

100.0%
(192)

Overall 100.0%
(1626)

Percentages refer to the classification performance; in parentheses, the number of analyzed glumes.

Table 6. Percentages identification among the studied landraces.
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The achieved results here discussed allowed to demonstrate the usefulness of this discrimina-
tion system for the identification and classification wheat landraces, notoriously very difficult
to do. The technique here proposed, conveniently sustained by a conspicuous database, can be
undoubtedly considered a helpful identification tool both for commercial varieties and for no
genetically defined samples, such as populations or landraces.

Considering the heterogeneous nature of the wheat landrace samples used in this study, in
order to validate these preliminary achievements, further trials will have to be conducted
focusing on the collection of new data, enriching the database with new and accurate informa-
tion, allowing to the system to give results more and more reliable.
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Margherito Manto di
Maria

Ruscia Russello
SG8

Trentino Tripolino Tumminia
SG3

Urrìa Total

Margherito 100.0%
(192)

— — — — — — — 100.0%
(192)

Manto di Maria — 100.0%
(192)

— — — — — — 100.0%
(192)

Ruscia — — 100.0%
(192)

— — — — — 100.0%
(192)

Russello SG8 — — — 100.0%
(192)

— — — — 100.0%
(192)

Trentino — — — — 100.0%
(282)

— — — 100.0%
(282)

Tripolino — — — — — 100.0%
(192)

— — 100.0%
(192)

Tumminia SG3 — — — — — — 100.0%
(192)

— 100.0%
(192)

Urrìa — — — — — — — 100.0%
(192)

100.0%
(192)

Overall 100.0%
(1626)

Percentages refer to the classification performance; in parentheses, the number of analyzed glumes.

Table 6. Percentages identification among the studied landraces.
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Abstract

Jammu & Kashmir is an agri-horticulture state (in India) where a large population is eco-
nomically dependent to agriculture and horticulture, directly or indirectly for livelihood, 
food and nutritional security. Rice, the staple food of majority population, is cultivated 
in diverse agro-ecological situations extending from subtropical area (<1000 m amsl) of 
Jammu, through temperate valley to cold high altitudes regions (1650–2400 m amsl) of 
Kashmir, and therefore rice biodiversity is rich. Some of the landraces fall into indica type 
and thrive well in temperate regions of valley, while others fall into japonica type and 
are prevalent in hilly areas. Cold tolerance is a special feature in most of these peculiar 
landraces, which are different from rest of the country. However, with the advent of High 
Yielding Varieties the local biodiversity got neglected and remained confined to seed 
banks. With new emerging challenges like climate change, population explosion, limited 
land and water resources, demand for organic products, local landraces have assumed 
tremendous importance, either for direct exploitation or indirect use. In this chapter, we 
attempt to bring out information about these landraces in a comprehensive manner and 
discuss the issues pertaining to their conservation, utilization, cultivation and revival 
through approaches like participatory plant breeding, participatory varietal selection or 
plant biotechnology.

Keywords: Oryza sativa, climate change, high yielding varieties, cold tolerance, 
characterization, India

1. Introduction

The state of Jammu and Kashmir comprises the extreme western part of the Himalayas 
(32.44°N and 74.54°E), with altitude ranging from 200 to 7000 m amsl. The valley of Kashmir 
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Variety and year of 
release

Cross combination Salient feature

Plains (upto 1650 m amsl)

China 1039 (1955) Introduction Yield potential 50–55 q/ha, cold tolerant, lodging and shattering 
susceptible, maturity 136–140 days (1650 m amsl). Moderately 
susceptible to blast, recommended for cultivation upto an 
altitude of 1650 m amsl

China 1007 (1956) Introduction Yield potential 50–60 q/ha, lodging and shattering resistant, cold 
tolerant at early stages of growth, maturity 145–147 days, special 
attribute: resistant to blast and suitable for low lying areas.

China 988 (1956) Introduction Lodging and shattering resistant, cold tolerant at early stages 
of growth, maturity 147–150 days, moderately tolerant to blast, 
suitable for low lying areas.

China 972 (1956) Introduction Lodging and shattering resistant, cold tolerant at early stages 
of growth, maturity 147–152 days, moderately tolerant to blast, 
suitable for low lying areas

K-60 (1962) China 47/RIKUU-132 Resistant to shattering and lodging, resistant to cold, maturity 
140–145 days, blast resistant

K-65 (1966) NORIN-8/China-47 Easy threshability, lodging susceptible, low head rice recovery, 
maturity 140–145 days, suitable for low lying areas

K-39 (1978) China 1039/IR-580 Yield potential 58–62 q/ha, high yielding, recommended upto 
1650 m amsl, mod: susceptible to blast, resistant to lodging, 
maturity 140–145 days. High head rice recovery (%age)

(temperate zone) is approximately 120 km long and 32 km wide with an altitude range of 
1524–2286 m amsl. Annual precipitation varies from 700 to 1500 mm. The temperature remains 
generally low, varying from −10°C during winter to 30°C during summer, with a yearly aver-
age of around 13°C. Generally, soil in rice growing areas is clay loam with a neutral pH. The 
economy of Jammu and Kashmir is predominantly agrarian, rice being the staple food and 
the most important food crop occupying an area of almost 140 thousand hectares. There are 
many well-known landraces of rice in Kashmir, noted for their unique qualities, peculiar 
taste and texture after cooking, early maturity and cold tolerance. When Green Revolution 
made its impact in India, the state of Jammu and Kashmir did not lag behind. Some introduc-
tions from China like China-1039, China 1007 and locally bred varieties like K-39, Jehlum and 
Chenab spread to every nook and corner of the state through vigorous political and infra-
structural support by way of different Govt. sponsored schemes. As a result, faster replace-
ment of indigenous low yielding landraces by modern High Yielding Varieties (HYVs) took 
place in the sixties and the entire rice area of Kashmir valley got covered under a few varieties.

China 1039 and China 1007 were the most popular varieties during 60s and 70s; K39 was the 
dominant rice variety from 80s to mid-1990s; while Jhelum took over as the most popular vari-
ety for the decade beginning from mid 90s. This variety has an excellent cooking quality and 
is most preferred even today, but due to its susceptibility to blast there has been a decline in 
its area. In order to save farmer’s interests a blast tolerant variety Shalimar Rice-1 was released 
in 2005 by the State Varietal Release Committee for the valley basin irrigated areas of Kashmir. 
This was followed by release of Shalimar Rice-2, Shalimar Rice-3, Shalimar Rice-4, all of which 
are blast tolerant and have good cooking quality (Table 1).
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Variety and year of 
release

Cross combination Salient feature

Chenab (1996) K-21/IR-2053 Yield potential 60–65 q/ha, coarse grained, moderately tolerant 
to blast, cold tolerant, possess complete synchronous flowering 
recommended upto 1650 m amsl, better cooking quality, 
maturity 138–140 days.

Jehlum (1996) JAKKOKU/IET-1444 Yield potential 60–65 q/ha, high yielding, better cooking quality, 
greater tolerance to cold, moderately susceptible to blast. 
Recommended upto 1650 m amsl, maturity 138–140 days.

Shalimar Rice-1 (2005) China 1007/IET 1444 Yield potential 65–70 q/ha, high yielding, better cooking quality, 
greater tolerance to cold, highly resistant to blast. Recommended 
upto 1650 m amsl, maturity 142–145 days, medium bold grain 
size.

Shalimar Rice-2 (2012) VL Dhan 221/K 39 High yielding (80–85 q/ha) moderately blast resistant indica rice 
variety having long panicle, more number of grains/panicles 
strong stem, resistant to lodging, high phenotypic acceptability 
takes 139–143 days to mature. Recommended for plains of the 
valley (upto 1650 m).

Shalimar Rice-3 (2012) IR32429-47-3-2-2/K 438 High yielding (80–85 q/ha), early maturing, cold tolerant indica 
variety having moderate resistance to blast, erect plant type, easy 
thresh ability, erect flag leaf, recommended for cultivation in 
plains of the valley (upto 1650 m)

Shalimar Rice-4 (2016) Jehlum/84017-IR745-12-1 High yielding (75–80 q/ha), early maturing, cold tolerant 
indica variety having resistance to blast, easy thresh ability, 
recommended for cultivation in plains of the valley (upto 
1650 m)

Higher belts (upto 1800–2100 m amsl)

Shenei (1967) Introduction Yield potential (30–35 q/ha), moderately tolerant to blast, 
cold tolerant, maturity 130–135 days, recommended ecology 
1850–2200 m amsl

China 971 (1967) Introduction Yield potential (30–35 q/ha), moderately tolerant to blast, 
cold tolerant, maturity 130–135 days, recommended ecology 
1850–2200 m amsl

Barkat (1974) Shenei/China 971 Yield potential (38–40 q/ha), cold tolerant, high head rice 
recovery, susceptible to blast, maturity 140–145 days. Suitable 
for cultivation under mid altitude condition 1650–1850; universal 
donor for cold tolerance

K-332 (1982) Shenei/Norin 11 Yield potential 40–45 q/ha, japonica type, cold tolerant, high 
head rice recovery, moderately resistant to blast, maturity 
130–140 days.

Kohsar (2002) Shenei/GINMASARI Yield potential 45–50 q/ha,  japonica type, cold tolerance 
particularly at seedling stage, high degree of resistance to blast, 
suitable for high hills of the valley (1800–2150 m). The variety 
has high head rice recovery, easy threshability, sticky type of 
grain, short bold grains, and matures in 138–140 days

Subtropical area (<1000 m amsl)

Ranbir Basmati (1996) Selection from Basmati 
370

Suited to non-basmati growing areas, yield potential 20–30 q/ha; 
altitudinal tolerance upto 1000 m.

Table 1. The most popular rice varieties and their salient features.
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Narrow genetic base increases the vulnerability of rice production system to biotic/abiotic 
stresses and has resulted in yield stagnation. Among the biotic stresses rice blast is the most 
damaging disease in Kashmir, while low temperature ranks first among the abiotic factors 
limiting rice production [1]. Further, climate change is also a potential threat to rice produc-
tion owing to erratic rise/fall in temperature, and change in the dynamics of pests and dis-
eases. These nutritional and food security related issues demand the immediate attention of 
rice breeders and biotechnologists. Locally available rice germplasm is a valuable repository 
of traits which could help address most of these concerns effectively. Novel gene pools could 
be generated from the characterized germplasm and donors for yield, quality and resistance 
to biotic and abiotic stresses identified. Besides, there are some quality rice varieties which 
when cultivated properly can boost the farm income substantially.

2. Collection, conservation and documentation of rice biodiversity - 
How and why?

The advent of Green Revolution had an overwhelming impact on rice production in Kashmir, 
as was elsewhere in the country. In 1966, the International Rice Research Institute (IRRI) 
released the first high yielding rice variety in the Philippines. In the subsequent decade Rice 
Breeders at Rice Research Station, Khudwani introduced Chinese high yielding varieties 
viz., China 1039, China 1007, China 988 and China 972 in selected pockets of Kashmir val-
ley. However, in a matter of few years these varieties and the rice varieties developed by the 
station through crossing programme viz., K-60, K-65 and K-39 (most popular) almost com-
pletely replaced hundreds of the traditional rice landraces previously cultivated by the farm-
ers [2]. The new rice varieties had a higher harvest index (grain/straw ratio), and the benefit 
of delivering significantly higher yields when combined with accompanying management 
practices, including irrigation, weedicide and fertilizer application. These high yielding vari-
eties spread in favorable environments, where the natural and infrastructural setting allowed 
for such practices. In unfavorable environments, in which irrigation and mechanization were 
not possible or agrochemicals were not available, the cultivation of the traditional landraces 
persisted. These marginal areas (upland environments, high altitude belts, very cold areas, 
etc.) could serve as a repository of indigenous rice germplasm/landraces. One such niche area 
is the ‘Sagam’ belt of Anantnag district, which continues to grow aromatic landraces Kamad 
and Mushk budji.

Waking up to the loss of original indigenous varieties of agri-horticulture crops a ‘National 
Agricultural Technology Project on Sustainable Management of Plant Biodiversity (1995–
2005)’ was undertaken by scientists of SKUAST-K. Under this project a total 1911 germplasm 
accessions, which were under cultivation before the introduction of improved or imported 
varieties, were collected. The collected biodiversity included 742 accessions in cereals, 38 in 
pseudo cereals, 28 in millets, 71 in oilseeds in pulses, 377 in vegetable crops, 21 in spices and 
condiments, 13 in fodder crops, 204 medicinal and aromatic plants, 55 in fruit crops and 4 in 
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others. The university deposited 1447 germplasm specimens with the National Gene Bank 
for storage and handed over 557 germplasm accessions to the Germplasm Handling Unit 
of the National Bureau of Plant Genetic Resources (NBPGR), New Delhi for long term stor-
age. For collection of rice germplasm, expeditions were undertaken by a team of rice experts 
and scientists to collect the rare germplasm from different areas, among which Tral (Wagad, 
Shikargah), Pahalgam (Batekoot, Puhri-pajal, Khayar Hapath-nard), Shopian (Balpora, 
Ganapora, Shadimarg, Kalampora), Badgam (Khan sahab, Chadoora), Kupwara (Nagri mal-
pora), Rajouri and Uri were the prominent ones. Nearly 100 existing landraces of rice were 
collected and assigned accession numbers, for conservation and maintenance in the seed bank 
at Rice Research & Regional Station, Khudwani.

Currently most of the rice fields in Jammu & Kashmir are occupied by merely a small num-
ber of high yielding rice varieties, of which K-39, Jehlum, Chenab, Shalimar Rice 1, Rambir 
Basmati are the prominent ones. This trend is no different than rest of India and other Asian 
regions. In India the most widely grown rice varieties are Swarna, Samba Mahsuri, Sona 
Masuri, Jaya, Ratna, etc. In Philippines almost half of the rice area is devoted to four of the 
most widespread HYVs, Cambodia one single IRRI variety (IR66) accounts for around 90% of 
the rice area, and in Pakistan only four HYVs are planted on 99% of the country’s rice fields. 
This illustrates the immense ‘genetic erosion’ that has occurred in farmers’ fields since the 
onset of the Green Revolution.

At present, 580 germplasm accessions, indigenous and exotic, are being maintained as 
three row material at Mountain Research Centre for Field Crops (erstwhile Rice Research & 
Regional Station), Khudwani. Almost all these accessions have been characterized for differ-
ent agro-morphological traits, diseases resistance score (leaf blast, panicle blast) and aroma 
in a period of 5 years (2008–2013). A systematic and exhaustive morphological and molecular 
characterization of the ‘speciality’ rice types has revealed some interesting results [3]. DNA 
fingerprints of 16 pigmented and aromatic genotypes, mostly of Western Himalayan region 
(32° 44′–35° 2′ N and 74° 28′–75° 48′ E at altitude range of 1540–2200 mamsl in Kashmir; and 
31° 17′ N and 76° 51′ E at an altitude of 1190 mamsl in Himachal Pradesh (India) have been 
developed and these were evaluated for genetic diversity using SSR markers. Various popula-
tion parameters viz. range, mean, skewness and kurtosis from the data generated have shown 
wide range of variability (unpublished). This has enormous implications for future studies 
on gene/allele mining, as germplasm in Western Himalayas could serve as a vital resource of 
genetic repository for marginal areas.

The germplasm bank at MRCFC Khudwani maintains some well adapted exotic introduc-
tions (including Goshigon, Chengshi, Koshihikari, Cheolwean 32, Kunusa rex) and some indig-
enous introductions (like Heera, Dullar, Bahrigu dhan) from other rice growing regions of 
India. It also maintains some international blast differentials (like C101-LAC, C101-A51, 
C101-PKT, C105-TTP-4-1-23, RIL 10, RIL 29, NP 125, USEN, Tadukan, Shia-tai-tsau, HR 12, 
CO 39 etc.) which are being used in the development of blast tolerant rice genotypes [4] 
(Figure 1).
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3. Why are landraces important?

3.1. Genetic and agronomic value

The local varieties are a repository of diverse genes, some of which are of practical importance 
in the changing socio-economic as well as edaphic/climatic conditions. While all high yield-
ing varieties in Kashmir are white, mostly with medium bold grains, local rice varieties often 
exhibit tremendous morphological diversity. The color of the outer layer (pericarp) can range 
from black/purple to red and brownish to white. The grain weight of landraces in Kashmir, as 
characterized by the thousand-kernel weight, varies between 15 and 32 g, while the HYVs var-
ies only between 22 and 34 g. In fact, more than 90% out of 92 identified landraces cultivated 
in the area are no longer under cultivation (Figure 2).

The findings of a recent study, conducted somewhere else, are presented here to illus-
trate the importance of conserving and exploring the ‘genetic value’ of landraces. A major 
quantitative trait locus for phosphorus-deficiency tolerance, Pup1, was identified almost a 
decade back in the traditional aus-type Indian rice variety ‘Kasalath’ [5, 6]. The locus was 
sequenced and Pup1-specific protein kinase gene located, which was recently named as 
phosphorus-starvation tolerance 1 (PSTOL1) gene. It is important to emphasize that this 
gene is absent from the rice reference genome and other phosphorus-starvation-intolerant 
modern varieties. The overexpression of PSTOL1 in such varieties significantly enhances 
early root growth and grain yield in phosphorus-deficient soil by enabling plants to acquire 
more phosphorus and other nutrients [7]. The absence of genes like PSTOL1 and submer-
gence-tolerance gene SUB1A from modern rice varieties underlines the value of traditional 
rice germplasm.

3.2. Socio-economic and cultural value

Rice is not only the dominant staple food, but also an integral part of culture in rural Kashmir. 
Some landraces have a special cultural value, for example scented landraces Mushk budji and 
Kamad have traditionally been served on particular occasions like marriage ceremonies and 
festivals. These varieties used to be sold as ‘food for the royal families’ in the local markets of 

Figure 1. Biodiversity of rice, as depicted through a range in morphological variability.
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Srinagar during the times of Maharajas, which could only be afforded by the affluent and rich 
families owing to their 4–5 times higher market price. These landraces are highly valued even 
in present times and are served to distinguished visitors and dignitaries. Some red rice types 
called ‘Zag’ are used for the preparation of snacks like ‘Vazul bate’ for pregnant ladies owing 
to their higher nutritive value, while some are preferred for preparation of munchies like ‘Bate 
laaye’, ‘Mur-murei’ and ‘Chewrei’. The varieties’ names in the local language often reflect the 
rice’s appearance (Kaw kreer, Laer beoul, Nika katwor, Shala kew), smell (Mushk budji, Mushkandi), 
color (Zag, Safed Khuch, Bari safed, Kaw kreer, Khuch, Sig safed, Safeed braz, Safed cheena), cultiva-
tor’s name (Aziz beoul, Begum, Qadir baig, Rehman bhatti, Noormiree), etc. Many varieties are 
characterized by a very specific taste, and their seeds are exchanged among neighbors/rela-
tives, or are gifted for eating purposes in the form of roasted rice, locally called ‘Bayel tamul’. 
The long-grained basmati type varieties are cooked as ‘Kashmiri pulao’ and served along with 
dry fruit and raisins in the famous Kashmiri cuisine locally called as ‘Wazwan’. The loss of 
biodiversity therefore would also imply a fading rural culture (Figure 3).

3.3. Health value

The taste, texture and organoleptic value of rice depend on many factors. Rice is a starchy staple 
food which provides almost 90% of dietary energy to an average Kashmiri. It is a part of their 
culture, and even in parties, conventions, get-togethers rice is an indispensible component of 
their dishes. No party can ever be even imagined without ‘bate’ (cooked rice)! Starch properties 
of the traditional varieties are therefore an important factor determining the choice of varieties 
for different occasions. Varieties differ widely in the proportion of starch composition/fractions 
of amylose (consisting of linearly linked glucose molecules) and amylopectin (composed of 
glucose molecules with branched links). The waxy rice varieties consist of amylopectin only, 
and have a sticky texture because these absorb less water upon cooking. On the other hand, 
rice landraces with more than 25% amylose content absorb more water and have a fluffy tex-
ture after cooking. Higher proportion of amylose is further associated with low glycemic index 
(slow starch digestion) and longer feeling of satiation after ingestion. On the other hand fast 

Figure 2. Local biodiversity of rice as depicted by the difference of panicle type, grain type, grain color, awn type etc.
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and have a sticky texture because these absorb less water upon cooking. On the other hand, 
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digestion can cause a sensation of hunger shortly after the ingestion of waxy rice and is con-
sidered unfavorable because its long term consumption can induce type II diabetes (i.e. non-
insulin dependent diabetes) in adults. There is a prompt and pronounced increase of the blood 
glucose level (= high glycemic index) after the ingestion of rice (especially waxy rice), similar 
to that caused by white bread or pure glucose. Therefore in some parts of Jammu & Kashmir 
such waxy varieties are used for the preparation of sweet/salty snacks (Meethay chaval, Taeher) 
by cooking them and then cooling before consumption. Some varieties are preferred for the 
preparation of bread (Tomul tschot). Cooling after cooking has been shown to substantially slow 
down starch digestion due to physiochemical changes in the starch structure (retrogradation) 
[8]. Besides starch composition many other factors specific to these varieties viz., physiochemi-
cal starch structure or the size of the starch granules, also contribute to delayed starch digestion.

3.4. Grain nutritional value

Another aspect that makes rice landraces attractive is the wide range in palatability, texture, 
and nutritional value depending upon their genetic makeup. With the advent of high yield-
ing varieties and large scale adoption of the rice milling technology the spread of vitamin 

Figure 3. Agricultural biodiversity shapes food culture (a) Kashmiri salted rice Taeher, generally served at Sufi dargahs 
(b) Sweet Kashmiri pulao served with Wazwan (c) Bate laaye sold by local vendors as snacks for children (d) Cooked 
pigmented rice by a Gujjar family.
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B-deficiency (beri-beri) has become more common, due to the loss of vitamins through the 
disposal of rice bran. Earlier farmers used to process their rice manually and remove only 
the fibrous hull. Rice was then consumed as ‘brown rice’ that included the bran layer. 
The ‘nutritional diversity’ of rice bran added value to the rice bowl, because bran is more 
diverse in its composition and contains protein, lipids, fiber, vitamins, and minerals. The 
major vitamins present in the rice bran are vitamin E (α-tocopherol) and the B-vitamins 
(thiamin, riboflavin, and niacin) while the major minerals are phosphorus, potassium, 
and magnesium. It is a  general practice nowadays to process rice grain by additionally 
removing the bran layer from the endosperm to obtain milled rice. This is done due to 
the consumers’ preferences but it takes away the nutritive ‘value’ from nutritionally rich 
landraces, making them at par with other landraces or varieties. A study on Philippine rice 
landraces has suggested that their average lipid content is significantly higher than that 
of the HYVs collected from the same area. The lipid content of HYVs (brown rice) ranged 
between 2.0 and 2.1%, while its average value for the landraces was 2.3%, with some indi-
vidual varieties having 3.2% lipid content. Similar study was undertaken on landraces of 
Kashmir [9]. A highly aromatic landrace of Kashmir Himalayas ‘Mushk budji’, which is 
grown in mid altitude cold regions, showed maximum total protein (8.86%) content as well 
as highest fiber content (3.31%). However, it recorded the lowest starch content of 70.45% 
while a popular high yielding variety grown in the plains of Kashmir valley ‘Shalimar rice-
1’ recorded the highest (79.36%) starch content as well as maximum amylose percentage 
(24.34%). Total Phenol content showed a wide range from 4.87 to 1.02 mg/g, with maximum 
in a pigmented rice genotype ‘Purple rice’ while lowest in ‘Jhelum’, a popular high yield-
ing rice variety. Besides, purple rice also had maximum total anthocyanin (9995.34 μg/g) 
content, while lowest (5943.14 μg/g) was recorded in Jhelum. Similarly, total carotenoids 
too varied in a wide range, with ‘Khuch’ recording almost 10 times (0.022 μg/g) than the 
lowest (0.002 μg/g) in Shalimar Rice-1 and Jhelum. These results indicate that scented and 
pigmented rice genotypes of Kashmir Himalayan region are of better nutritional quality 
than the conventional high yielding varieties and could be promoted as ‘Specialty’ rice for 
better economic returns to the farmers [9].

Similarly, higher levels of β-carotene are generally found in pigmented (colored) rice varieties 
[10]. Such landraces of Kashmir with colored pericarp viz., brown (Zag, Khuch, Khuch niver, Mir 
zag, Niver, Mir sagi, GS 10, GS 44, GS 51, GS 52, GS 80, GS 83, GS 224, GS 268, GS 289, GS 484, GS 
501), purple (Purple rice), black (Zager, Kaw kreer) are only cultivated in remote areas maintain-
ing a higher diversity of rice genotypes. Carotenoids being fat soluble, such varieties generally 
possess higher lipid content too. From a nutritional point of view this is favorable because it 
ensures the supply of unsaturated fatty acids necessary for the transformation of β-carotene 
into vitamin A. As with vitamins, minerals like iron and zinc are chiefly located in the bran of 
the rice grain. Generally, iron and zinc contents tend to be higher in aromatic and colored (red 
and black) rice varieties than in colorless varieties and ordinary HYVs [11, 12] (Figure 4).

3.5. Disease management value

Magnaporthe grisea, the causal agent of blast disease, is a serious pathogen of graminaceous 
species and is best known as the causal agent of the rice blast disease. The disease is a serious  
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the fibrous hull. Rice was then consumed as ‘brown rice’ that included the bran layer. 
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ensures the supply of unsaturated fatty acids necessary for the transformation of β-carotene 
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production constraint for rice in the northwestern Himalayan region of India, comprising 
the states of Jammu and Kashmir, Uttaranchal and Himachal Pradesh [13]. The disease is 
endemic to most rice growing areas of Jammu and Kashmir due to prevailing blast-conducive 
environmental conditions during the crop season. Although, chemical control of the disease 
is available, it is economically expensive for resource poor farmers and is environmentally 
undesirable. Since host resistance offers cost effective and eco-friendly method for disease 
management, a study in China has demonstrated how diversification of rice varieties is able 
to significantly reduce rice blast infestation [14]. Genetic diversity is a defense against dis-
eases and pests owing to the presence of diverse genes and genetic components, which give 
 selective advantage to these varieties under heavy selection pressure imposed by diseases. 
The rice blast disease is one of the major diseases in Kashmir, which exists as a combina-
tion of pathogenic races. Therefore, rice resistance genes often remain effective only for a 
few years of agricultural production, before succumbing to new pathogenic races. In the 
Chinese study diversification as a pest management strategy was so successful that farmers 
were able to abandon the use of fungicides in just 2 years. Similar results were obtained in 
Philippines, where more than 50 rice landraces were cultivated in two upland municipalities, 
and there were no reports of any rice pest infestation, except rats and birds [10]. A preliminary 
study with this purpose was conducted at MRCFC, Khudwani wherein rice germplasm was 
screened for blast tolerance under temperate conditions of Kashmir valley. Evaluation was 

Figure 4. Pigmented rice types (a) Purple rice (b) Niver (c) Zag (d) Zager
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made by the IRRI’s standard evaluation system of rice on 0–9 scale. The promising test entries 
with tolerance to blast can increase prospects of producing rice organically.

4. Initiatives in biodiversity management of rice

4.1. Purification of scented local landraces

Kashmir is well known for the cultivation of some local scented landraces grown in different 
agroecological niches and maintained by farmers since time immemorial. Of the aromatic 
 cultigens, Mushk budji and Kamad are in great demand due to their excellent cooking and 
eating qualities [15, 16]. Earlier, in absence of blast infestation these varieties would yield 
grain of 3.0–3.5 t/ha in farmers field. However, the yields declined drastically due to their 

Figure 5. Popular landraces of rice in Kashmir (central two are scented, and outer two are red rice types).
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 vulnerability to virulent races of rice blast pathogen (Magnaporthe grisea). Therefore, these 
varieties were thrown out of cultivation, except in some small isolated pockets where these 
varieties are being grown as complex mixtures. These varieties fetch 5–6 times higher price 
in local markets than the commonly grown high yielding varieties. In view of this an attempt 
was made at MRCFC, Khudwani to purify the farmers bulks and identify superior pure lines 
of Mushk budji and Kamad with good quality and agronomic attributes to boost the income 
of farmers. Fifty-five single plant selections of Mushk budji and 64 single plant selections of 
Kamad were chosen from the farmers’ fields in kharif 2008 and threshed separately to raise 
the head to row progeny during kharif 2009. Based on yield, disease and quality traits, 18 
promising progenies of Mushk budji and Kamad were selected for further evaluation during 
kharif 2010. Out of 16 Mushk budji pure line selections made from 55 single plant selections col-
lected from different areas of Kashmir valley, three selections were finally found to be at par 
with each other in terms of grain yield and aroma and were chosen for seed multiplication, 
while one Kamad line was selected for its seed multiplication. During kharif 2011 these lines 
were multiplied to produce nucleus seed, and evaluated for agro-physiological characters 
and distinguishing morphological descriptors. During kharif 2012 these were being multiplied 
for distribution among farmers. The Mushk budji seed was distributed at MRCFC Khudwani 
among the farmers of Sagam, Kokernag, and Batengu; while in districts of Budgam, Kulgam, 
and Pulwama it was distributed to farmers through the respective Krishi Vigyan Kendras 
(KVKs). However, not much success could be achieved in identifying blast tolerant genotypes 
among these accessions and blast resistance remained a challenge. A programme on Marker 
Assisted introgression of blast resistance genes (pita, pi54) in Mushk budji was introduced 
recently (2014) with some progress already achieved (personal communication).

4.2. Identification and evaluation of local red rice type land races

As discussed earlier, a fruitful outcome of germplasm characterization was that some of the 
promising nutritive red rice types having colored pericarp were identified for evaluation, 
molecular intervention and biofortification. Preliminary evaluation of the 13 major red rice 
types viz., Zag, Kupwara Zag, Uri Zag, Mir Zag, Khuch, Mir Sagi and some other accessions (GS 
51, GS 80, GS 83, GS 224, GS 268, GS 289, GS 484) was also completed for yield and agronomic 
traits (2011–2012). The biochemical and mineral contents (Iron & Zinc) of these landraces are 
being determined using modern techniques (Figures 5 and 6).

Figure 6. Evaluation, purification and selection of best genotype from Zag, Mushk budji and Kamad at MRCFC, Khudwani.
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5. The way forward: What do we need to do?

Rice is cultivated in different agro-ecological regions of J&K, comprising sub-tropical area 
>1000 m amsl of Jammu region; mid altitude areas (1000 to <1650 m amsl) of Poonch, Rajouri 
and Doda districts; temperate or valley basin area (1650 to 1900 m amsl) and cold high alti-
tude areas (>1950 to 2400 m amsl) of mountainous terrain of Kashmir. Nearly 10–12% of total 
rice cultivated area of the valley falls in the higher altitude region. The population of this 
region lives in harsher climate and difficult hilly/mountainous terrain. The farmers in this 
region still grow old non-descript varieties/cultivars which have poor yield potential and are 
susceptible to Paddy blast. Low temperature and very short summer months reduce yield 
and affect nutrient availability/mobilization rate from the soil. These are a big impediment to 
the introduction of varieties from mainland India, most of which thrive well under subtropi-
cal conditions [17]. Attempts were made in the past to develop high yielding cold tolerant 
rice varieties like Barkat, K332, Kohsar etc. [1, 15, 16]. Similarly, an innovative programme on 
development of a hybrid rice was started at SKUAST (K), Khudwani, after procuring cyto-
plasmic male sterile (CMS) lines and their maintainers from various institutions such as the 
International Rice Research Institute (Philippines), Directorate of Rice Research (Hyderabad), 
Central Rice Research Institute (Cuttack), and Punjab Agricultural University (Ludhiana). 
Studies on the performance of these CMS and maintainer lines (of tropical and subtropi-
cal regions) for various agro-morphological traits under temperate conditions of Kashmir 
revealed that these lines, because of poor phenotypic acceptability, cannot be used to develop 
experimental hybrids [18]. In addition, a good number of hybrids released in India were also 
evaluated along with their parental lines under temperate conditions and were found to be 
not suitable for cultivation in such an environment [19]. Thus, efforts were made to develop 
new CMS lines in the background of agronomically adapted and popular varieties of the 
region in order to fully exploit this technology. This led to the development of two cold-
tolerant CMS lines suitable for Kashmir Himalayas [19]. These CMS lines were then success-
fully employed for development of medium-bold rice hybrids with good grain quality for 
Kashmir Himalayas [20].

The challenges to nutritional and food security need to be addressed. At the same time 
weightage of an equal measure needs to be given towards the conservation and utilization 
of rice genetic diversity. This can be done using a multi-pronged strategy involving the 
following:

5.1. Conservation and rejuvenation

Most of locally adapted aromatic and non-aromatic rice genotypes have evolved as a conse-
quence of natural and human selection, and are highly adapted to specific ecological niches 
carrying the genes for adaptability, early maturity and cold tolerance. These genotypes, 
having evolved under specific ecological niches of Kashmir carry combined adaptive traits 
for such difficult ecological regime, and are not much amenable to high input agriculture. 
Therefore, these need to conserved/maintained, and periodically cultivated for evaluation 
under resource poor and marginal conditions of far flung areas.
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for distribution among farmers. The Mushk budji seed was distributed at MRCFC Khudwani 
among the farmers of Sagam, Kokernag, and Batengu; while in districts of Budgam, Kulgam, 
and Pulwama it was distributed to farmers through the respective Krishi Vigyan Kendras 
(KVKs). However, not much success could be achieved in identifying blast tolerant genotypes 
among these accessions and blast resistance remained a challenge. A programme on Marker 
Assisted introgression of blast resistance genes (pita, pi54) in Mushk budji was introduced 
recently (2014) with some progress already achieved (personal communication).

4.2. Identification and evaluation of local red rice type land races

As discussed earlier, a fruitful outcome of germplasm characterization was that some of the 
promising nutritive red rice types having colored pericarp were identified for evaluation, 
molecular intervention and biofortification. Preliminary evaluation of the 13 major red rice 
types viz., Zag, Kupwara Zag, Uri Zag, Mir Zag, Khuch, Mir Sagi and some other accessions (GS 
51, GS 80, GS 83, GS 224, GS 268, GS 289, GS 484) was also completed for yield and agronomic 
traits (2011–2012). The biochemical and mineral contents (Iron & Zinc) of these landraces are 
being determined using modern techniques (Figures 5 and 6).
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and Doda districts; temperate or valley basin area (1650 to 1900 m amsl) and cold high alti-
tude areas (>1950 to 2400 m amsl) of mountainous terrain of Kashmir. Nearly 10–12% of total 
rice cultivated area of the valley falls in the higher altitude region. The population of this 
region lives in harsher climate and difficult hilly/mountainous terrain. The farmers in this 
region still grow old non-descript varieties/cultivars which have poor yield potential and are 
susceptible to Paddy blast. Low temperature and very short summer months reduce yield 
and affect nutrient availability/mobilization rate from the soil. These are a big impediment to 
the introduction of varieties from mainland India, most of which thrive well under subtropi-
cal conditions [17]. Attempts were made in the past to develop high yielding cold tolerant 
rice varieties like Barkat, K332, Kohsar etc. [1, 15, 16]. Similarly, an innovative programme on 
development of a hybrid rice was started at SKUAST (K), Khudwani, after procuring cyto-
plasmic male sterile (CMS) lines and their maintainers from various institutions such as the 
International Rice Research Institute (Philippines), Directorate of Rice Research (Hyderabad), 
Central Rice Research Institute (Cuttack), and Punjab Agricultural University (Ludhiana). 
Studies on the performance of these CMS and maintainer lines (of tropical and subtropi-
cal regions) for various agro-morphological traits under temperate conditions of Kashmir 
revealed that these lines, because of poor phenotypic acceptability, cannot be used to develop 
experimental hybrids [18]. In addition, a good number of hybrids released in India were also 
evaluated along with their parental lines under temperate conditions and were found to be 
not suitable for cultivation in such an environment [19]. Thus, efforts were made to develop 
new CMS lines in the background of agronomically adapted and popular varieties of the 
region in order to fully exploit this technology. This led to the development of two cold-
tolerant CMS lines suitable for Kashmir Himalayas [19]. These CMS lines were then success-
fully employed for development of medium-bold rice hybrids with good grain quality for 
Kashmir Himalayas [20].

The challenges to nutritional and food security need to be addressed. At the same time 
weightage of an equal measure needs to be given towards the conservation and utilization 
of rice genetic diversity. This can be done using a multi-pronged strategy involving the 
following:

5.1. Conservation and rejuvenation

Most of locally adapted aromatic and non-aromatic rice genotypes have evolved as a conse-
quence of natural and human selection, and are highly adapted to specific ecological niches 
carrying the genes for adaptability, early maturity and cold tolerance. These genotypes, 
having evolved under specific ecological niches of Kashmir carry combined adaptive traits 
for such difficult ecological regime, and are not much amenable to high input agriculture. 
Therefore, these need to conserved/maintained, and periodically cultivated for evaluation 
under resource poor and marginal conditions of far flung areas.
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Conservation should aim to preserve all of the genetic variation that is available in a popu-
lation, and is best insured by seed rejuvenation in an environment as similar as the native 
habitat of the population. On the contrary, evaluation should aim at the identification and 
isolation of obviously useful genotypes, involving selection and purification in the process. 
Splitting of original stocks into pure lines, and repeated seed increase cycles, are adjuncts 
of evaluation and utilization. Conservation maintains the germplasm inputs, while eval-
uation and utilization make these conservation efforts worthwhile. The dynamics of any 
crop needs to be understood prior to initiating any on-farm conservation and utilization 
programme. The conventional approach so far has been to transfer technologies generated 
elsewhere to the farmers. But such an approach has not only been less efficient in the adop-
tion of the technologies by the farmers, but has also led to replacement or erosion of local 
genetic resources. This raises the question of how to generate relevant and farmer preferred 
technologies, while attempting to conserve, manage and utilize the rice diversity at com-
munity level.

Can participatory plant breeding be a guiding principle for redesigning/revitalizing 
the landraces to suit modern times? And can participatory varietal selection help in con-
serving the landraces in pure form wherever they fit farmers’ criteria and consumers’ 
preferences.

5.2. Participatory plant breeding and participatory varietal selection

There is a serious concern among the farmers, scientists, policymakers and environmentalists 
regarding continuous erosion of genetic biodiversity. When uniformity becomes the cause of 
genetic vulnerability, genetic diversity is the only insurance against it. In the era of climate 
change complex biotic and abiotic stresses shall cause the high yielding varieties succumb 
and lose their comparative economic advantage. The crisis is further expected to deepen in 
scope as well as intensity, when pressure due to population increase and urbanization causes 
shrinkage in rice area, as well as shift in rice cultivation towards newer areas with untested 
soil types, different climatic patterns, and new pathogenic interactions. Under these circum-
stances, can local landraces be a part of the solution?

Although many landraces are preserved by breeders in seed banks, farmers do not have 
access to these for cultivation. Moreover, preservation in seed banks does not allow these 
landraces to adapt to changing environmental settings and changing agricultural practices. In 
order to address both these issues and meet the challenges (discussed in above paragraph), 
systematic screening of the desired rice types by local farmers of an area, through participa-
tory varietal selection (PVS), can lead to useful site-specific introductions [21]. In this perspec-
tive it may be renamed as participatory varietal dispersal (PVD), and can lead to high seed 
replacement rate. PVS will also generate wealth of information about the (a) farmer preferred 
traits, and (b) trade-off between traits, which can then be followed by participatory plant 
breeding (PPB) for incorporating such useful traits/genes into the existing varieties and land-
races. This would ensure genetic diversity on ground, and guarantee sustained levels of high 
productivity (Figure 7).
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5.3. Value addition and promotion of domestic/international trade

Many landraces, mostly of japonica background, are known for their superior agro-morpho-
logical and quality traits like taste, aroma, texture, colored aleurone, early maturity and cold 
tolerance. Notable among them are Mushk budji, Kamad, Nun beoul, Laer beoul, Zag and Khuch. 
While their collection, characterization and conservation in hot spots of the valley is impor-
tant from genetic point of view, their purification and commercialization is of special impor-
tance from the farmers’ perspective of livelihood security. Therefore, there is an urgent need 
to add value to these landraces by enriching them with minerals and micronutrients like iron, 
zinc etc., and promote their commercialization as ‘speciality rices’.

Further, scientific studies on aromatic rice of Kashmir have not given ample attention to their 
domestic trade in the past, despite the fact that scented rice varieties have competitive inter-
national price and the state can earn foreign exchange from them. However, in the present 
decade Ministry of Agriculture, Government of J&K has keenly supported the promotion and 
revival of these varieties. The Ministry of Commerce, Government of India, has permitted 
export of Sarveshwar Basmati of Jammu & Kashmir to USA, Jordan and Saudi Arabia so that 
the farmers of the state could get benefited [2]. In order to further the cause it is important 
for the farmers, scientists, policymakers and environmentalists to understand the pattern of 
domestic trade of aromatic rices at the micro level to address the basic issues of promoting 
their cultivation, production and export. The marketing and price-spread patterns of aromatic 
rices of Jammu and Kashmir like Mushk budji, Kamad, Ranbir basmati have to be examined 
and policy interventions suggested with regard to their production and trade in the state. 
A beginning in this direction was made in the year 2012 by setting up demonstrative plots 
of Mushk budji and Kamad on an area of 0.8 ha in Sagam, and cultivated by local farmers 
under the guidance of SKUAST-K. The revival programme was a huge success. The landrace 
Mushk budji was released by Hon’ble Governor J&K at 3rd Agricultural Science Congress of 
J&K (2014) under Public Private partnership mode by SKUAST-K and Sarveshwar Overseas 
Ltd. The farmers that were involved in the programme bagged the Plant Genome Savior 
Community Award (2016) from Protection of Plant Varieties and Farmers Rights Authority, 
Ministry of Agriculture & Farmers Welfare, Govt. of India (Figure 8).

Figure 7. Participatory varietal selection (PVS) could be a good strategy for evaluation, dispersion and distribution of 
local landraces.
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5.4. Production of organic rice

The continuous cultivation of only a few select rice varieties has led to the loss of genetic 
diversity of landraces. Although many landraces are preserved in seed banks these are not 
accessible to the farmers. Ensuring genetic diversity requires that rice landraces are culti-
vated continuously, and not simply stored in seed banks. In view of a preferred shift towards 
organic cultivation, and consumers’ readiness to pay higher price for organically cultivated 
rice, the scope of traditional rice landraces has increased tremendously. Earlier HYVs enjoyed 
a distinct advantage, owing to their being fertilizer responsive, but under organic cultiva-
tion these are bound to lose the yield advantage. Therefore on-farm cultivation of landraces 
organically shall not only be a profitable economic enterprise for the farmer but would also 
lead to their conservation and adaptation. This process would be dynamic, i.e. the landraces 
would get subjected to continuous selection by the farmers, and would thus be allowed to 
develop and evolve.

The challenges in production of organic rice would however be in the form of ‘paddy blast’ 
and ‘weed growth’, both of which are currently controlled by chemical intervention.

5.5. Promotion of brown rice

As rice bran contains up to 20% lipids, this makes brown rice susceptible to rancidity. In ear-
lier times, rancidity due to these rice lipids was prevented by removing the hull shortly before 
its consumption, and thus protecting it from oxidation. Rice (with bran) could then be stored 
for about 1 year, without leading to rancidity. Rice bran is characterized by high nutritional 
value. It contains high proportion (nearly 80%) of unsaturated fatty acids, which are known 
to have blood cholesterol lowering effects. The major unsaturated fatty acids in rice are oleic 
acid (a monounsaturated acid) and linoleic acid (an essential polyunsaturated fatty acid), and 
these are not synthesized in humans and therefore need to be taken from outside. These lipids 
play important roles in cell membrane function and functioning of the nervous system. The 
consumers’ preference for milled rice has further reduced the availability of iron and zinc 
substantially in their diet. The variability in mineral content among different rice landraces of 

Figure 8. a) Award ceremony; b) Flow chart showing strategy for enhancing market ‘value’ of local landraces.
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Kashmir is quite pronounced, with zinc content ranging between 30 and 80 mg/kg and iron 
content between 16 and 55 mg/kg.

The current prevalence of milled rice on the market reduces the rice’s nutritional value and 
essentially turns it into a simple carbohydrate food. Therefore, in addition to developing more 
nutritious varieties, awareness of the benefits of eating brown rice should be raised among 
rice consumers. Such a combined approach would ultimately result in a sustainable enhance-
ment of the essential nutrient supply in rice-based diets.

5.6. Gene mining using genomics and biotechnological approaches

Rice is a diverse crop that grows in different ecosystems. Genomics-based strategies for gene 
discovery, coupled with the validation of transgenes by genetic transformation, have accel-
erated the identification of candidate genes from this broad genetic diversity. It is therefore 
important to explore landraces as well as wild rice species, and characterize their genes for 
further use rather than storing them in gene banks. Current gene revolution has broadened 
the scope for the application of biotechnology in rice, across ecosystems and genetic barriers. 
In order to prevent biopiracy policymakers should look into the potential use of biotechnol-
ogy in safeguarding intellectual property rights of rice farmers and scientists by promotion of 
finger-printing technologies for molecular characterization of rice germplasm.

With accumulation of genes from a few elite parental lines in the current generation rice vari-
eties, the genetic base has plateaued leading to comparatively lower genetic gains over the 
existing high yielding varieties. The primary attention of converging genes for yield and yield 
component traits needs to be diversified. Grain quality and physiological traits like cold toler-
ance, thermosensitivity, source-sink relationship and harvest index, lodging resistance, better 
nutrient absorption, efficient number of productive tillers per hill, etc. have not been explored 
biotechnologically to generate meaningful results for higher and sustainable crop yields in 
rice under Kashmir conditions.

5.7. Combining high yields with high nutritional value through molecular breeding 
and biotechnology

The immense genetic diversity in rice landraces is reflected by their multiplicity of nutri-
tional characteristics. Suitable rice varieties exist for enhancing the supply of various nutri-
ents, including protein, essential lipids, certain minerals, and to some extent β- carotene also. 
The diversity of such favorable nutritional characteristics is not represented in most of the 
widespread HYVs currently prevailing in Kashmir. These HYVs have been developed mainly 
to optimize the quantitative yields, and not the nutritional value. The high nutritional quality 
of rice landraces can form a solid base for changing priorities in rice breeding, putting more 
emphasis on the grain nutritional value. In order to meet the targets of nutritional security 
and food security, biotechnology and molecular breeding techniques, like marker-assisted 
selection, marker-assisted backcrossing, and genetic transformation need to be employed for 
 accelerating the development of more nutritious rice varieties. Combining high yields and 
high grain nutritional value thus appears to be possible through these molecular interventions.
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Abstract

Phaseolus vulgaris L. of the family Fabaceae is widely grown for essential nutrients in its
edible leaves, immature pods, and mature seeds. Landraces are local crops with wide
morphological and genetic diversity. Morpho-agronomically, P. vulgaris landraces vary
exceptionally in their vegetative and reproductive traits. These landraces vary in their
germination rate and final percentage. Their growth form varies from bushy to vining type.
Flowers range in their time to flowering, color, and size. Pods also varywidely in their time
to pod formation; pod size, color, and shape; number of pods per plant; and time to pod
maturity. Seeds also vary in their size, shape, color, and mass, as well as their number per
pod and per plant. These landraces also vary in their resistance to pests and diseases from
seed germination, plant growth and yield, and seed storageduration.A reviewon variation
amongP. vulgaris landraces formsbasis for their future breeding as theyare a good source of
genetic diversity. This enables a possible selection for leaf, pod, and seed consumption, as
well as resistance toward pests and diseases during the entire growth.

Keywords: Phaseolus vulgaris, traits, variability, landraces, morpho-agronomic

1. Introduction

Phaseolus vulgaris L. known as common bean is a member of the family Fabaceae [1]. It is an
annual leguminous crop grown for its nutritional leaves, tender pods, and dry seeds [2]. It
is a warm season legume crop and is self-pollinating with low frequency of crossing [3]. P.
vulgaris provides protein and calories [4] as well as micronutrients such as zinc (Zn) and
iron (Fe), essential vitamins, dietary fiber, and fat [5]. It is also an important legume which
contains antioxidants [6, 7] and other chemically diverse components which fight against
many diseases [8].

A landrace is defined as a crop with wide genetic diversity, which is usually identifiable, is
known locally, has a local name, and has not undergone the proper crop improvement [4].
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annual leguminous crop grown for its nutritional leaves, tender pods, and dry seeds [2]. It
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Landraces of P. vulgaris show a wide range of variation in their vegetative and reproductive traits
[5]. The germination percentage among common bean cultivars ranges from 89 to 94% [9]. P.
vulgaris landraces either show bushy, determinate, or indeterminate climbing growth form [10].
The number of branches among P. vulgaris landraces ranges from 17 to 57, and the number of
leaves ranges from 19 to 37 [1]. Furthermore, days to flowering ranges from 26 to 40 days after
sowing in P. vulgaris cultivars [9]. Some P. vulgaris landraces show white flower color, while
others lilac [10]. P. vulgaris landraces have green and yellow mottling color of immature and
matured pods, respectively [11]. Seed colors vary from black, brown, cream, green, mix red and
white around the hilum, purple, and white to white/mottled [10, 12]. Pod color varies from pure
green to green with purple or carmine stripes [11]. Pod length varies from 67.4 to 163.4 mm [13].
The number of pods per plant among P. vulgaris cultivars ranges from 5.4 to 9.9, while the
number of seeds per pod ranges from 2.9 to 4.4 [9]. Seed length also ranges from 10.0 to
16.7 mm, width from 6.1 cm to 9.8 mm, and height from 4.2 to 8.2 mm [14]. Studies on the
variation among P. vulgaris landraces are essential to select the desired traits for future breeding.

2. Taxonomy, uses, and variation among Phaseolus vulgaris landraces

2.1. Taxonomy, origin, and distribution of Phaseolus vulgaris

P. vulgaris L. belongs to subclass Rosidae, order Fabales, family Fabaceae, and subfamily
Papilionoidea [5]. It is commonly known as the common bean [1], French bean, garden bean,
kidney bean, snap bean, or string bean [15]. The genus Phaseolus contains more than 150
species [1], where the major domesticated species are Phaseolus acutifolius A. Gray, P. coccineus
L., P. lunatus L., P. polyanthus Greenman, as well as P. vulgaris L [16]. P. vulgaris is the third
important legume crop grown worldwide, after soya beans (Glycine max L.) and peanut
(Arachis hypogea L.) [17].

Common beans are mostly annual, while others are short-lived perennial. They are cultivated in
the warm climatic regions especially in tropical, semitropical, and temperate regions [18]. P.
vulgaris is predominantly self-pollinating species with low average of cross-pollinating rate (3%)
[3]. P. vulgaris is cultivated under various conditions in all continents and countries [19]. It is
grown in a variety of soil types rich in organic matter, light loamy, sandy loam, well-drained soils
with range pH of 5.7 and 7.0 neutral [20]. Fall, summer, and spring are seasons suitable for good
crop production of P. vulgariswith optimum growth temperature ranges from 16 to 30

�
C [1].

P. vulgaris is native to Central and Southern America, where the world biodiversity hotspots of
P. vulgaris are South-Central Mexico [19]. It was introduced to Africa and worldwide by
Spaniards and Portuguese [2]. The African countries that are major producers of P. vulgaris
are Burundi, Democratic Republic of Congo, Ethiopia, Kenya, Malawi, Rwanda, South Africa,
Tanzania, and Uganda [20].

2.2. Uses of P. vulgaris

P. vulgaris is considered as a basic crop in many developing countries due to its high content
of protein, micronutrients, vitamins, minerals, fiber, and carbohydrates [21]. It also serves as a
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source of iron and thus is consumed as a meat substitute [7]. In some varieties, green immature
pods are cooked as vegetable, while mature seeds are cooked and consumed for their high
nutrient content [21]. The consumption of P. vulgaris is higher among both rural and urban
societies with low income [20].

The consumption of common bean has health benefits by decreasing and preventing the
glucose and cholesterol level [21, 22]. It also prevents stress and cancer and decreases heart
diseases and obesity [8, 21]. It consists of enzyme inhibitors as well as compounds such as
phenolic, phytates, and lectins, which help in metabolic functions in animal and human body
systems [6].

However, P. vulgaris also has some problems due to the presence of certain anti-nutritional
compounds such as saponins, flatulence factors, lectins, and phytic acid, and it also needs
prolonged cooking [21, 22]. P. vulgaris fixes nitrogen to the soil through rhizobia by nitrogen-
fixing bacteria [23].

2.3. Landraces and their uses

Landraces are crops with wide genetic diversity, which are usually identifiable, are known
locally, and have not undergone the proper crop improvement [4]. Landraces are categorized
into primary and secondary landraces [24]. Primary landraces contain their original and
uncontaminated traits, whereas secondary (improved) landraces consist of foreign material
that was incorporated into them through partial breeding [24]. Secondary landrace may
change back to primary landrace after sometime [24]. An autochthonous landrace is a variety
which is native and grown for a long period of time in a certain environment within a
particular agricultural system [25]. It has specialized traits that allow biotic and abiotic stress
conditions to increase and stabilize their yield [25]. Allochthonous landraces are varieties
which are taken from other regions and introduced (grown) in another region and then
allowed to adapt to that new region [24]. Landraces are naturally selected and are also
characterized by the lack of formal genetic improvement [26].

Landraces play a significant role in agricultural production ensuring quality and well-
managed crops [26]. They are varieties that have genotypes with wide specific traits [27]. These
traits are adaptive to a specific environment and produces well-improved genotype, reduces
the vulnerability, resistance to pests and diseases [27]. Landraces serve as a source of genetic
diversity, and plant breeders often use specific traits to create new variation and maximize
genetic diversity [12]. It also plays important role in ensuring food security [26]. Landraces
result in high to intermediated yield, which is also stable under a low-input agricultural
system in small-scale farmers [24, 27, 28]. They are a unique source of special traits which have
marginal environment tolerance and nutritional quality [26]. The basis of diversity in landraces
is genetic heterogeneity [29].

Common bean landraces have advantages of adaptation to cultural practices and local climatic
conditions, resistance or tolerance to diseases, and early or late seed maturation, resulting high
to intermediate yields under low inputs [10]. In eastern and southern Africa, farmers grow P.
vulgaris landraces as genetic resources to be used for breeding programs [11]. P. vulgaris
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�
C [1].
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P. vulgaris is considered as a basic crop in many developing countries due to its high content
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systems [6].
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Landraces are crops with wide genetic diversity, which are usually identifiable, are known
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particular agricultural system [25]. It has specialized traits that allow biotic and abiotic stress
conditions to increase and stabilize their yield [25]. Allochthonous landraces are varieties
which are taken from other regions and introduced (grown) in another region and then
allowed to adapt to that new region [24]. Landraces are naturally selected and are also
characterized by the lack of formal genetic improvement [26].

Landraces play a significant role in agricultural production ensuring quality and well-
managed crops [26]. They are varieties that have genotypes with wide specific traits [27]. These
traits are adaptive to a specific environment and produces well-improved genotype, reduces
the vulnerability, resistance to pests and diseases [27]. Landraces serve as a source of genetic
diversity, and plant breeders often use specific traits to create new variation and maximize
genetic diversity [12]. It also plays important role in ensuring food security [26]. Landraces
result in high to intermediated yield, which is also stable under a low-input agricultural
system in small-scale farmers [24, 27, 28]. They are a unique source of special traits which have
marginal environment tolerance and nutritional quality [26]. The basis of diversity in landraces
is genetic heterogeneity [29].

Common bean landraces have advantages of adaptation to cultural practices and local climatic
conditions, resistance or tolerance to diseases, and early or late seed maturation, resulting high
to intermediate yields under low inputs [10]. In eastern and southern Africa, farmers grow P.
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landraces result to higher variation within the population [10]. Landraces are also much
appreciated for their taste, high nutritional value, and short cooking time [28].

2.4. Germination percentage

The higher germination percentage of seed depends on the availability of environmental
factors, like adequate temperature, light, salinity, moisture, and water [30]. The germination
stage is the most important stage in the crop survival, which is to determine the amount of
water and nutrient resources that need to be applied [31]. In Mexico the germination percent-
age ranges from 58.27 to 73.51% among the P. vulgaris landraces [31]. P. vulgaris landraces from
Uganda show uniformity in seed germination, where after 5 days of planting all genotypes
emerge from the soil [11].

2.5. Growth form, plant height, and number of branches and leaves

P. vulgaris differed in their growth habits which may be climbing or semiclimbing, erect or
even bush type [1]. Their growth habit can either be determinate or indeterminate [17]. These
growth habits are classified into four major classes, namely, Type 1 has determinate, upright,
and bushy habit; Type 2 has indeterminate, upright, and bushy habit; Type 3 has indetermi-
nate, prostrate with no climbing or semiclimbing, habit; and Type 4 has indeterminate and
strong climbing habit [17].

The plant height of Brazilian P. vulgaris landraces ranges from 338 to 988 mm [27]. According
to Stoilova et al. [32], plant height of landraces from Portugal and Bulgaria ranges from 195 to
1234 mm with the average of 447 mm. However, Sozen et al. [33] record plant height among
Turkey landraces ranging from 200 and 3100 mm. The plant height shows wide variability
among the landraces in Madeira where climbing landraces have a variation from 1086 to
1441 mm and bushy from 138 to 382 mm [5].

P. vulgaris landraces from Portugal and Bulgaria with climbing growth form have the numer-
ous branches than bushy type [10]. The number of shoots in the main stem shows variation,
with a range either from 4 to 14 among the landraces in Uganda [11] or from 17 to 57 in Nigeria
[1]. The number of leaves per plant varies with a range from 45 to 96 leaves among P. acutifolius
landraces in Botswana [34].

2.6. Days to first flower formation and flower color

Days to flowering also vary among P. vulgaris landraces, which generally commences from 26
to 51 days after planting in Portugal and Bulgaria landraces [10], Honduras [35], and Uganda
[11]. However, a variation in days to flowering from 35 to 75 days after sowing is evident
among landraces from Mexico [32]. The color of the flowers among P. vulgaris landraces can be
white, carmine, red, purple, pink, white with lilac edges, or white with red stripes [11, 32].

2.7. Color, shape, number, and size of pods

The color of immature pods in Uganda P. vulgaris landraces is pure green; green with purple,
carmine, or red stripes; dark purple; carmine, red, or pink, whereas physiologically matured
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pods are yellow, yellow mottling, red, pink, or dark purple in color [11]. Pod shape varies from
straight to slightly curved to fully curved [35]. In Portugal and Bulgaria, Stoilova et al. [10]
reported a number of pods per plant as ranging from 6.4 to 20.8 among landraces. In Greece,
the number of pod per plant shows wide variation between the local landraces and commer-
cial cultivars. The numbers of pod per plant ranges from 21.5 to 51.3, among local landraces,
and from 20.4 to 28.4 among cultivars [36]. The number of pods per plant ranges from 6.3 to
18.1 among P. vulgaris landraces from Brazil [27]. Turkey landraces have a number of pods per
plant ranging from 1 and 163 [33]. The number of pods among landraces from Chrisoupoli and
Nakolets in Greece ranges from 51.8 to 101.1, respectively [37]. Pod length shows wide varia-
tion among P. vulgaris landraces, with a range from 89 to 129 mm in Portugal and Bulgaria [10],
from 123 to 309 mm in Island of Madeira [5], and from 40 to 120 mm in Uganda [11]. P. vulgaris
landraces also show variation in yield parameters, where the number of pods per plant varies
from 20.5 to 51.3 [36]. Pod length varies from 67.4 to 163.4 mm [13].

2.8. Color, shape, number, and size of seeds as well as seed maturity

Genetic variability in P. vulgaris landraces is sometimes indicated by seed color, size, and shape
(Figure 1) [28, 38]. Shininess of seeds can either be shiny, intermediate, or opaque [39]. There is
a wide variation in both seed coat main and secondary colors. Seed coat main color can be
brown, cream, red, white, or yellow, while the secondary color can be black, red, or violet on
the entire grain [28, 40]. White grain seed is commonly used by commercial farmers [41]. Seed
shape can be round (circular), oval, kidney, hook, truncate, as well as cuboid (rectangular)
shape [12, 40].

The number of seeds per pod among the P. vulgaris landraces has comparable ranges from 4.96
to 5.01 in Greece [37], from 2.8 to 6.6 in Italy [13], and from 3.60 to 5.53 in Zimbabwe [42].
Landraces from Italy that are categorized into traditional and nontraditional agro-food prod-
ucts vary from 3.2 to 6.3 and from 3.0 to 4.9 seeds per pod, respectively [43].

Seed size varies widely among P. vulgaris landraces. In Kosovo, seed length has a range of
12.8–18.3 mm, width 7.4–10.1 mm, and thickness 4.6–6.9 mm [44]. In Turkey, seed length has a
variation of 11.8–23.1 mm, width 5.8–15.4 mm, and thickness 0.7–10.0 mm [38]. Seed length
also ranges from 10.0 to 16.7 mm, from width 6.1 cm to 9.8 mm, and thickness from 4.2 to
8.2 mm, in Iran [14]. Consumers normally favor medium-sized to large-sized seeds probably
because of their mass, taste, and easiness in hydration when cooked [45]. Seeds have certain
properties such as early or late maturity, as some physiological maturity ranges from 65 to
120 days [10, 46].

2.9. Plant resistance to diseases and pests

In Tanzania, the screening of different P. vulgaris landraces and released varieties against
Phaeoisariopsis griseola (Sacc) [Ferr], which causes angular leaf spot disease, shows that land-
races were resistant, while varieties were either intermediate resistant or susceptible to this
disease [20]. This suggests the presence of resistant genes on these landraces toward the P.
griseola. The response of P. vulgaris parental lines to infestation by bean fly (Ophiomyia phaseoli)
ranges from susceptible to resistant in Kenya [47].
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2.6. Days to first flower formation and flower color

Days to flowering also vary among P. vulgaris landraces, which generally commences from 26
to 51 days after planting in Portugal and Bulgaria landraces [10], Honduras [35], and Uganda
[11]. However, a variation in days to flowering from 35 to 75 days after sowing is evident
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to 5.01 in Greece [37], from 2.8 to 6.6 in Italy [13], and from 3.60 to 5.53 in Zimbabwe [42].
Landraces from Italy that are categorized into traditional and nontraditional agro-food prod-
ucts vary from 3.2 to 6.3 and from 3.0 to 4.9 seeds per pod, respectively [43].
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Phaeoisariopsis griseola (Sacc) [Ferr], which causes angular leaf spot disease, shows that land-
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Figure 1. Variation in shape, size, and color of some Italian P. vulgaris landraces [28].
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3. Conclusion

A wide variation in growth and yield of P. vulgaris landraces discussed in this review will
enable a possible breeding selection for leaf consumption based on bigger and soft-textured
leaves. A selection for green beans can be on pod size, texture, and yield. Further, selection for
dry beans can be based on seed yield, size, taste, and cooking time, to name a few. Breeding for
resistance toward pests and diseases can be enhanced on landraces with resistant genes.
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Abstract

Okra,Abelmoschus esculentusL. (Moench), is an important fruit vegetable cropwhichbelongs
to the familyMalvaceae. It is a good source of protein, carbohydrates, vitamins,minerals, and
enzymes that are often consumed in small quantities in developing country. Okra is a highly
nutritiousunderutilized fruit vegetable crop inSouthAfrica.However, despite its importance
for food, nutritional, and health benefits, the crop is rarely produced in some areas of South
Africa. The study was carried out to assess the genetic diversity using agro-morphological
traits and nutritional contents towards future use in the okra breeding programme. The
experiment was carried out at the Roodeplaat research farm of the Agricultural Research
Council in a randomized complete block design replicated three times. Agro-morphological
traits and selected nutrients were determined. The analysis of variance for both showed
highly significant differences for most traits recorded. The multivariate analysis showed a
wide genetic diversity among the okra genotypes, which could be exploited in selecting
suitable and potential parents when breeding for high yield and nutritional qualities. The
present study revealed thegeneticpotential of thegenotypes studiedand their importance for
use in the breeding programme aimed toward addressing malnutrition, food security, and
poverty alleviation by breeding for increased yields, and nutritional contents in SouthAfrica.

Keywords: fruit, genetic diversity, multivariate analysis, nutritional content, okra

1. Introduction

Okra (Abelmoschus esculentus (L.) Moench) is an annual fruit vegetable crop propagated
through seed and commonly grown commercially in tropical and sub-tropical regions of the
world. It is also grown in warmer temperate regions of the Mediterranean region [1]. Cur-
rently, this crop is found all over the African continent [2–5]. It is one of the most important
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Okra,Abelmoschus esculentusL. (Moench), is an important fruit vegetable cropwhichbelongs
to the familyMalvaceae. It is a good source of protein, carbohydrates, vitamins,minerals, and
enzymes that are often consumed in small quantities in developing country. Okra is a highly
nutritiousunderutilized fruit vegetable crop inSouthAfrica.However, despite its importance
for food, nutritional, and health benefits, the crop is rarely produced in some areas of South
Africa. The study was carried out to assess the genetic diversity using agro-morphological
traits and nutritional contents towards future use in the okra breeding programme. The
experiment was carried out at the Roodeplaat research farm of the Agricultural Research
Council in a randomized complete block design replicated three times. Agro-morphological
traits and selected nutrients were determined. The analysis of variance for both showed
highly significant differences for most traits recorded. The multivariate analysis showed a
wide genetic diversity among the okra genotypes, which could be exploited in selecting
suitable and potential parents when breeding for high yield and nutritional qualities. The
present study revealed thegeneticpotential of thegenotypes studiedand their importance for
use in the breeding programme aimed toward addressing malnutrition, food security, and
poverty alleviation by breeding for increased yields, and nutritional contents in SouthAfrica.
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1. Introduction

Okra (Abelmoschus esculentus (L.) Moench) is an annual fruit vegetable crop propagated
through seed and commonly grown commercially in tropical and sub-tropical regions of the
world. It is also grown in warmer temperate regions of the Mediterranean region [1]. Cur-
rently, this crop is found all over the African continent [2–5]. It is one of the most important
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African indigenous fruit vegetable crops belonging to the family Malvaceae. It originated in
Ethiopia [6], the former Abyssinia, and was cultivated by the ancient Egyptians. Its cultivation
spread throughout Middle East and North Africa [7, 8]. In Ethiopia it is also called Kenkase
(Berta), Andeha (Gumuz), and Bamia (Oromica/Amharic) [9]. Authors of Refs. [4, 9–11]
reported that okra is a multipurpose crop due to its various uses of the pods, fresh leaves,
buds, flowers, stems, and seeds. The immature fruits can be consumed as vegetables, in the
form of salads, soups and stews, fresh or dried, fried or boiled. The plant contains mucilage in
various plant parts, which is associated with other important substances including tannins
[12]. The biological functions of mucilage within the plant includes aiding in water storage,
decrease diffusion in plants, aid in seed dispersal and germination, and act as a membrane
thickener and food reserve. Okra contains proteins, carbohydrates, and vitamins [8] that plays
a substantial role in food security, human health [5], and nutritional security. Consumption of
young and green immature okra fruits is very important as fresh fruits, and it can be consumed
in different forms [13] such as boiled, fried, or cooked. Okra seeds contain about 20% protein
and 20% oil [7]. It was reported that the seeds can be dried and the dried seeds are a nutritious
material that can be used to prepare vegetable curds or roasted and ground to be used as coffee
additive or substitute [14]. Moreover, okra leaves can also be used as animal feed. In similar
fashion, the green leaf buds and flowers are also edible [15]. Okra mucilage is used for
industrial and medicinal applications [16] in different parts of the country in the world.
Industrial use of mucilage is usually for glace paper production and has a confectionery use.
Okra has foundmedical application as a plasma replacement or blood volume expander [17, 18].
A study conducted in China suggested that an alcohol extract of okra leaves can eliminate
oxygen free radicals, alleviate renal tubular-interstitial diseases, reduce proteinuria, and improve
renal function [19].

Okra is a traditional crop, which requires relatively low agronomic input, but can contribute
substantially to sustainable agricultural production and productivity in South Africa and
beyond. This species is under-exploited and have potential for contributing toward food, nutri-
tional, and health security for current alarmingly growing population, contributes a vital role in
income generation and poverty alleviation. It is a valuable source of nutrients [20] with impor-
tant medicinal properties [21]. Its wide range of biodiversity contributes to food, nutritional
security, health benefit, and income diversification in the subsistence farming system that pre-
dominates in the different parts of the world. Therefore, improving the genetic potential of
indigenous fruit vegetables like okra species is of paramount importance for yield, and nutri-
tional quality. Evaluation and characterization of germplasm is important and the first step to the
breeders who desire sources of genes for novel traits. It was reported that characterization of
genetic resources refers to the process by which accessions are identified, differentiated, or
distinguished according to their morphological and/or nutritional quality traits [22]. Currently,
there is no clear record on genetic characterization and evaluation of the genetic resources of this
crop under South African condition. Okra production and productivity is negatively due to the
use of low yielding local landraces and use of poor agronomic management practices. Further-
more, production technology, development of new cultivar, and okra management practices are
very limited in South Africa. To date, there are no reports of any improved cultivars developed in
South Africa for high yield, nutritional contents as well as disease and pest tolerance. In addition,
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the variation in the agro-morphological and nutritional composition of okra has not been deter-
mined in the country. Therefore, it is important to profile okra genotypes using agro-
morphological traits and nutritional contents in the immature fruits of okra for future breeding
purposes in South Africa.

2. Agronomic performance and nutritional quality of okra

For field evaluation, 50 genotypes of okra (Table 1) were obtained from the AVRDC (World
Vegetable Center), Taiwan. In this study, the field experiment was conducted in the Gauteng
province of South Africa under rain-fed conditions during the 2015 and 2016 summer growing
seasons at Roodeplaat (25�590S; 28�350E) research farm of the Agricultural Research Council. It is
situated at an altitude of 1168 m above sea level. Roodeplaat has annual maximum average
temperature ranged from 15.38 to 30.36�C and receives an average annual rainfall of 584.21 mm
during the cropping seasons. The experimental site has loam clay type of soil. Two seeds of each
okra genotype was planted in three rows of 4 m length spaced at 0.85 m between rows and 0.4 m
between the plants. The seedlings were thinned into one when fully establishment in the field. A
randomized complete block design with three replications was applied. Trial management such
as plot preparation, and hand weeding were done when required and supplementary irrigation
was employed when rainfall is not enough for the growth and development of the crop under
research.

2.1. Agronomic characterization

Morphological phenotypic traits were evaluated and recorded using the International Plant
Genetic Resources [23] okra descriptor list. The agro-morphological traits record includes plant
height (PH), number of fruits per plant (NFP), number of branches per plant (NB), number of
leaves per plant (NL), number of internodes (NI), internode length (IL), stem diameter (SD),
leaf length (LL), leaf width (LW), days to 50% flowering (D50%F), fruit length (FL), fruit
diameter (FD), fresh fruit yield (FYLD), number of seeds per fruit (NSF), 1000 seed weight
(TSwt), shell weight (Swt), fruit harvest index (FHI) and grain yield per plant (GY) (Table 1).

2.2. Nutritional characterization

The fresh and immature fruits of the okra genotypes were harvested and analyzed for total
protein content and selected mineral elements (calcium, copper, iron, potassium, magnesium,
manganese, sodium, phosphorus, aluminum, boron and zinc) at the analytical laboratory of
the Agricultural Research Council in Pretoria, South Africa. Fruits of okra were collected from
each replicate in the field for analysis of mineral elements and protein content. Laboratory
analysis were performed in triplicate and the results were expressed as mean for analysis
(Table 2).

Protein analysis: A dry oxidation method was used to determine the total nitrogen and the
crude protein contents (N � 6.25) of the samples [24, 25].
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African indigenous fruit vegetable crops belonging to the family Malvaceae. It originated in
Ethiopia [6], the former Abyssinia, and was cultivated by the ancient Egyptians. Its cultivation
spread throughout Middle East and North Africa [7, 8]. In Ethiopia it is also called Kenkase
(Berta), Andeha (Gumuz), and Bamia (Oromica/Amharic) [9]. Authors of Refs. [4, 9–11]
reported that okra is a multipurpose crop due to its various uses of the pods, fresh leaves,
buds, flowers, stems, and seeds. The immature fruits can be consumed as vegetables, in the
form of salads, soups and stews, fresh or dried, fried or boiled. The plant contains mucilage in
various plant parts, which is associated with other important substances including tannins
[12]. The biological functions of mucilage within the plant includes aiding in water storage,
decrease diffusion in plants, aid in seed dispersal and germination, and act as a membrane
thickener and food reserve. Okra contains proteins, carbohydrates, and vitamins [8] that plays
a substantial role in food security, human health [5], and nutritional security. Consumption of
young and green immature okra fruits is very important as fresh fruits, and it can be consumed
in different forms [13] such as boiled, fried, or cooked. Okra seeds contain about 20% protein
and 20% oil [7]. It was reported that the seeds can be dried and the dried seeds are a nutritious
material that can be used to prepare vegetable curds or roasted and ground to be used as coffee
additive or substitute [14]. Moreover, okra leaves can also be used as animal feed. In similar
fashion, the green leaf buds and flowers are also edible [15]. Okra mucilage is used for
industrial and medicinal applications [16] in different parts of the country in the world.
Industrial use of mucilage is usually for glace paper production and has a confectionery use.
Okra has foundmedical application as a plasma replacement or blood volume expander [17, 18].
A study conducted in China suggested that an alcohol extract of okra leaves can eliminate
oxygen free radicals, alleviate renal tubular-interstitial diseases, reduce proteinuria, and improve
renal function [19].

Okra is a traditional crop, which requires relatively low agronomic input, but can contribute
substantially to sustainable agricultural production and productivity in South Africa and
beyond. This species is under-exploited and have potential for contributing toward food, nutri-
tional, and health security for current alarmingly growing population, contributes a vital role in
income generation and poverty alleviation. It is a valuable source of nutrients [20] with impor-
tant medicinal properties [21]. Its wide range of biodiversity contributes to food, nutritional
security, health benefit, and income diversification in the subsistence farming system that pre-
dominates in the different parts of the world. Therefore, improving the genetic potential of
indigenous fruit vegetables like okra species is of paramount importance for yield, and nutri-
tional quality. Evaluation and characterization of germplasm is important and the first step to the
breeders who desire sources of genes for novel traits. It was reported that characterization of
genetic resources refers to the process by which accessions are identified, differentiated, or
distinguished according to their morphological and/or nutritional quality traits [22]. Currently,
there is no clear record on genetic characterization and evaluation of the genetic resources of this
crop under South African condition. Okra production and productivity is negatively due to the
use of low yielding local landraces and use of poor agronomic management practices. Further-
more, production technology, development of new cultivar, and okra management practices are
very limited in South Africa. To date, there are no reports of any improved cultivars developed in
South Africa for high yield, nutritional contents as well as disease and pest tolerance. In addition,
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the variation in the agro-morphological and nutritional composition of okra has not been deter-
mined in the country. Therefore, it is important to profile okra genotypes using agro-
morphological traits and nutritional contents in the immature fruits of okra for future breeding
purposes in South Africa.

2. Agronomic performance and nutritional quality of okra

For field evaluation, 50 genotypes of okra (Table 1) were obtained from the AVRDC (World
Vegetable Center), Taiwan. In this study, the field experiment was conducted in the Gauteng
province of South Africa under rain-fed conditions during the 2015 and 2016 summer growing
seasons at Roodeplaat (25�590S; 28�350E) research farm of the Agricultural Research Council. It is
situated at an altitude of 1168 m above sea level. Roodeplaat has annual maximum average
temperature ranged from 15.38 to 30.36�C and receives an average annual rainfall of 584.21 mm
during the cropping seasons. The experimental site has loam clay type of soil. Two seeds of each
okra genotype was planted in three rows of 4 m length spaced at 0.85 m between rows and 0.4 m
between the plants. The seedlings were thinned into one when fully establishment in the field. A
randomized complete block design with three replications was applied. Trial management such
as plot preparation, and hand weeding were done when required and supplementary irrigation
was employed when rainfall is not enough for the growth and development of the crop under
research.

2.1. Agronomic characterization

Morphological phenotypic traits were evaluated and recorded using the International Plant
Genetic Resources [23] okra descriptor list. The agro-morphological traits record includes plant
height (PH), number of fruits per plant (NFP), number of branches per plant (NB), number of
leaves per plant (NL), number of internodes (NI), internode length (IL), stem diameter (SD),
leaf length (LL), leaf width (LW), days to 50% flowering (D50%F), fruit length (FL), fruit
diameter (FD), fresh fruit yield (FYLD), number of seeds per fruit (NSF), 1000 seed weight
(TSwt), shell weight (Swt), fruit harvest index (FHI) and grain yield per plant (GY) (Table 1).

2.2. Nutritional characterization

The fresh and immature fruits of the okra genotypes were harvested and analyzed for total
protein content and selected mineral elements (calcium, copper, iron, potassium, magnesium,
manganese, sodium, phosphorus, aluminum, boron and zinc) at the analytical laboratory of
the Agricultural Research Council in Pretoria, South Africa. Fruits of okra were collected from
each replicate in the field for analysis of mineral elements and protein content. Laboratory
analysis were performed in triplicate and the results were expressed as mean for analysis
(Table 2).

Protein analysis: A dry oxidation method was used to determine the total nitrogen and the
crude protein contents (N � 6.25) of the samples [24, 25].
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Mineral analysis: K+, Ca2+, P3�, Mg2+, Na+, Fe2+, Mn2+, B3+, Al3+, Zn2+ and Cu+ contents in the
samples of immature fruits were determined using the inductively coupled plasma-optical
emission spectrometric method [26].

2.3. Data and analysis

The morphological phenotypic and nutritional data were subjected to analysis of variance using
Agronomix computer software [27]. The means of all okra genotypes were compared by the
least significance difference (LSD) at 0.05 probability level. The mean data were standardized
and subjected to multivariate analysis [28] using principal component analysis (PCA). The
correlation coefficients were also computed to determine the degree of trait association [28].

3. Results and discussion

3.1. Variation in agronomic traits

Characterization and evaluation of crop species is essential in crop improvement programme
[29] to identify potential parents according to their traits [22]. In the present study, 50 okra
genotypes were characterized for agro-morphological and nutritional traits. The mean squares
for the analysis of variance for most of the agro-morphological traits and nutritional values
recorded showed highly significant differences (Tables 1 and 2) among the genotypes indicating
that there were the existence of wide genetic and phenotypic and nutritional variability among
the 50 okra genotypes evaluated. Furthermore, the existence of significant genotype by season
interaction showed the influence of the growing season on the agronomic performance of traits.
The maximum variation was observed in leaf width, branches, number of fruits closely followed
by number internodes. Other characters also showed considerable variability. Even though plant
height and leaf length was not significantly different, the genotype VI060803 appeared to have
the tallest plant compared to the rest of the genotypes (150 cm) and the shortest genotypes was
VI060790 (45.81 cm) (Table 1) and these traits were influenced by the gene factor. It is usually
observed that tall and thin plants easily lodge due to environmental factors such as excessive
flooding, rain, wind and when they produce high fruit during favorable growing seasons,
however, they are also essential for firewood, construction of houses, fences and for livestock
feed. Furthermore, selection for tallness gene might be important when the yield performance is
low during unfavorable environmental conditions. This okra genotype may produce high dry
biomass compared to the rest of the genotypes and can be used as livestock feed during the dry
season. Plant height and leaf length were not significantly different which might be due to these
traits are controlled by dominant gene. The present values were double higher than the values
(17.96–76.65 cm) reported in 21 okra genotypes in Ghana [30]. This might be due to the variation
in genetic and environmental factors which prevailed during the growth period. According to
Ref. [31], the plant height is controlled by gene. He also reported that it is closely associated with
number of flowering nodes, average fruits per plant and number of internodes.

The number of fruits per plant varied from 2.00 in genotype VI055884, VI060313, and VI050956
to 31 in genotype (VI037993) followed by genotypes VI056457 (27) and VI039618 (27). Ref. [30]
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reported the average mean value of 6.00, which was lower than the values reported in the
current study. They also reported 20.00 fruits per plant, which was lower than the values found
in the current investigation. Furthermore, [32] reported the number of fruits per plant that
varied from 3.22 to 5.67 in Nigeria. The immature fruits of okra are consumed as a vegetable
and should be fresh, tender, and green without indication of coloration. Selection of potential
parents based on this phenotypic trait would be essential in okra breeding programmes to
develop new cultivar in the country.

Number of branches ranged from 3.83 to 10.44 and the highest value was recorded in genotype
VI060313 and closely followed by VI055219. Moreover, the number of leaves ranged from
21.00 in genotype VI055996 to 60.67 in genotype VI050956 followed by VI060131, VI055119
and VI037993 during flowering. Leaves are the primary sources of photosynthesis to produce
better yield and yield-related traits in okra genotypes. The values currently reported were
higher than the values what [32] reported in Nigeria. Highly significant variation was also
observed in the number of internodes, internode length, stem diameter, leaf length and width.
The genotype that had tallness gene had highest number of internodes, internode length, and
thick stem. The thicker the stem, resists the environmental influences from lodging and can
withstand high fruit yield. Days to 50% flowering varied from 46.63 to 74.50 and influenced by
genotype and genotype by season interaction. The genotype VI050956 was the first to flower,
which is significantly flowered early compared to the rest of the genotypes. Some of the
genotypes were expected to be similar in early flowering (Table 1). This genotype could be
selected for earliness trait. Early maturing in okra genotypes can be useful to escape drought
condition and can be cultivated as climate change crop in drought prone areas of South Africa.
Therefore, this trait is potentially very important in okra improvement programmes for earli-
ness and drought escaper genes. Depending on the traits of interest, the user of this crop can
select the genotypes for early maturity or late maturity groups for future use. These values
reported in the present study were lower than the values reported in Nigeria for days to 50%
flowering among the genotypes [30]. Fruit length significantly varied from 10.41 to 32.32 in
which the highest value was recorded in genotype VI055777. This trait is the most economi-
cally important trait, which affects the yield of okra. As a fruit vegetable crop, the longer pods
are very important for consumption and preferred by the consumers in the South Africa,
therefore, this trait is important as selection criteria for the improvement programme of okra
in the county. Ref. [30] reported that fruit length is the most important determinants in okra
production. The wider the size and the longer the fruit is associated with higher number of
seeds in the fruit per plant. In this study, the widest fruit was recorded in the genotypes
VI037993 and VI039652 with the highest number of seed (67.78) per plant and thousand seed
weight, which were the primary determination of the ultimate yield in okra. Hence, widest
fruit, highest number of seeds and thousand seed weight were considered as selection criteria
for the breeding of okra genotypes for yield and yield related traits. Ref. [33] reported that seed
weight is largely a function of seed components such as protein, fat, ash, and nitrogen free
extracts. The highest fresh fruit yield, number of seeds per fruit and grain yield per plant were
found in the genotypes VI046567 and VI060802. The values reported in the present study were
higher than the values reported by [30] in 21 okra genotypes. The genotypes that produced the
heaviest pod wall (fruit shell wall) could be selected for parental lines to produce high fodder
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Mineral analysis: K+, Ca2+, P3�, Mg2+, Na+, Fe2+, Mn2+, B3+, Al3+, Zn2+ and Cu+ contents in the
samples of immature fruits were determined using the inductively coupled plasma-optical
emission spectrometric method [26].

2.3. Data and analysis

The morphological phenotypic and nutritional data were subjected to analysis of variance using
Agronomix computer software [27]. The means of all okra genotypes were compared by the
least significance difference (LSD) at 0.05 probability level. The mean data were standardized
and subjected to multivariate analysis [28] using principal component analysis (PCA). The
correlation coefficients were also computed to determine the degree of trait association [28].

3. Results and discussion

3.1. Variation in agronomic traits

Characterization and evaluation of crop species is essential in crop improvement programme
[29] to identify potential parents according to their traits [22]. In the present study, 50 okra
genotypes were characterized for agro-morphological and nutritional traits. The mean squares
for the analysis of variance for most of the agro-morphological traits and nutritional values
recorded showed highly significant differences (Tables 1 and 2) among the genotypes indicating
that there were the existence of wide genetic and phenotypic and nutritional variability among
the 50 okra genotypes evaluated. Furthermore, the existence of significant genotype by season
interaction showed the influence of the growing season on the agronomic performance of traits.
The maximum variation was observed in leaf width, branches, number of fruits closely followed
by number internodes. Other characters also showed considerable variability. Even though plant
height and leaf length was not significantly different, the genotype VI060803 appeared to have
the tallest plant compared to the rest of the genotypes (150 cm) and the shortest genotypes was
VI060790 (45.81 cm) (Table 1) and these traits were influenced by the gene factor. It is usually
observed that tall and thin plants easily lodge due to environmental factors such as excessive
flooding, rain, wind and when they produce high fruit during favorable growing seasons,
however, they are also essential for firewood, construction of houses, fences and for livestock
feed. Furthermore, selection for tallness gene might be important when the yield performance is
low during unfavorable environmental conditions. This okra genotype may produce high dry
biomass compared to the rest of the genotypes and can be used as livestock feed during the dry
season. Plant height and leaf length were not significantly different which might be due to these
traits are controlled by dominant gene. The present values were double higher than the values
(17.96–76.65 cm) reported in 21 okra genotypes in Ghana [30]. This might be due to the variation
in genetic and environmental factors which prevailed during the growth period. According to
Ref. [31], the plant height is controlled by gene. He also reported that it is closely associated with
number of flowering nodes, average fruits per plant and number of internodes.

The number of fruits per plant varied from 2.00 in genotype VI055884, VI060313, and VI050956
to 31 in genotype (VI037993) followed by genotypes VI056457 (27) and VI039618 (27). Ref. [30]
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reported the average mean value of 6.00, which was lower than the values reported in the
current study. They also reported 20.00 fruits per plant, which was lower than the values found
in the current investigation. Furthermore, [32] reported the number of fruits per plant that
varied from 3.22 to 5.67 in Nigeria. The immature fruits of okra are consumed as a vegetable
and should be fresh, tender, and green without indication of coloration. Selection of potential
parents based on this phenotypic trait would be essential in okra breeding programmes to
develop new cultivar in the country.

Number of branches ranged from 3.83 to 10.44 and the highest value was recorded in genotype
VI060313 and closely followed by VI055219. Moreover, the number of leaves ranged from
21.00 in genotype VI055996 to 60.67 in genotype VI050956 followed by VI060131, VI055119
and VI037993 during flowering. Leaves are the primary sources of photosynthesis to produce
better yield and yield-related traits in okra genotypes. The values currently reported were
higher than the values what [32] reported in Nigeria. Highly significant variation was also
observed in the number of internodes, internode length, stem diameter, leaf length and width.
The genotype that had tallness gene had highest number of internodes, internode length, and
thick stem. The thicker the stem, resists the environmental influences from lodging and can
withstand high fruit yield. Days to 50% flowering varied from 46.63 to 74.50 and influenced by
genotype and genotype by season interaction. The genotype VI050956 was the first to flower,
which is significantly flowered early compared to the rest of the genotypes. Some of the
genotypes were expected to be similar in early flowering (Table 1). This genotype could be
selected for earliness trait. Early maturing in okra genotypes can be useful to escape drought
condition and can be cultivated as climate change crop in drought prone areas of South Africa.
Therefore, this trait is potentially very important in okra improvement programmes for earli-
ness and drought escaper genes. Depending on the traits of interest, the user of this crop can
select the genotypes for early maturity or late maturity groups for future use. These values
reported in the present study were lower than the values reported in Nigeria for days to 50%
flowering among the genotypes [30]. Fruit length significantly varied from 10.41 to 32.32 in
which the highest value was recorded in genotype VI055777. This trait is the most economi-
cally important trait, which affects the yield of okra. As a fruit vegetable crop, the longer pods
are very important for consumption and preferred by the consumers in the South Africa,
therefore, this trait is important as selection criteria for the improvement programme of okra
in the county. Ref. [30] reported that fruit length is the most important determinants in okra
production. The wider the size and the longer the fruit is associated with higher number of
seeds in the fruit per plant. In this study, the widest fruit was recorded in the genotypes
VI037993 and VI039652 with the highest number of seed (67.78) per plant and thousand seed
weight, which were the primary determination of the ultimate yield in okra. Hence, widest
fruit, highest number of seeds and thousand seed weight were considered as selection criteria
for the breeding of okra genotypes for yield and yield related traits. Ref. [33] reported that seed
weight is largely a function of seed components such as protein, fat, ash, and nitrogen free
extracts. The highest fresh fruit yield, number of seeds per fruit and grain yield per plant were
found in the genotypes VI046567 and VI060802. The values reported in the present study were
higher than the values reported by [30] in 21 okra genotypes. The genotypes that produced the
heaviest pod wall (fruit shell wall) could be selected for parental lines to produce high fodder
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yield for animal feed compared to the rest of the genotypes where the highest pod wall were
recorded in VI037996, VI046567 followed by VI033778 and VI060802. This could help to
provide the type of okra which is useful as fodder during the dry season. In this experiment,
it is clearly seen that the late maturing genotypes produced significantly higher fodder yield
compared to other genotypes. Fruit harvest index is one of the most important trait for drought
tolerance and results in yield gains in both drought, irrigated or rain fed environmental
conditions. In the present study, the highest fruit harvest index was recorded in the genotypes
VI055421 and VI056450 and could be used as parental lines in the development of new cultivar
for drought condition in the South Africa.

3.2. Variation in nutritional traits

Vegetables are major sources of essential minerals and vitamins and are often low in calories,
fat, and sugar that are an important addition to any diet consumed, particularly for resource
poor community. Deficiency of mineral elements and crude protein content is a wide problem
in alarmingly growing human populations in the world. The mineral elements play an impor-
tant role in the development of the human body [34]. The existence of wide genetic differences
among the crop plants for the nutritional quality would assist the improvement of the crop of
interest for high quality through breeding in the available germplasm collection/gene pool
[34–36]. Identification of okra genotypes based on selected mineral elements and crude protein
content will help in the selection of the best parents for breeding nutritionally enhanced okra
for food and nutritional security in South Africa [36]. Calcium and phosphorus are very
important in the formation of strong bones and teeth, for growth, blood clotting, heart function
and cell metabolism [37, 38]. In the present study, the mean squares for the analysis of variance
for the concentration of mineral elements and protein content recorded showed highly signif-
icant differences for all the nutritional traits (Table 2) in the immature fruits of okra genotypes
indicating that there was a wide genetic variability among the genotypes evaluated. It was
reported that potassium is the major cation of intracellular fluid, which helps to regulate the
acid base balance, osmotic pressure and water balance [39, 40]. The concentration of potassium
varied from 17983.32 to 30384.65 mg kg�1 and the highest concentration and uptake of potas-
sium was observed in the genotype VI050958 closely followed by genotype VI033803, while
significantly the lowest uptake was observed found in the genotype VI060679, respectively
(Table 2). The overall mean value of the genotypes recorded in this study was much higher
than the values what [41] reported in okra in Cameroon. Okra is a good source of potassium
for human health. The predominant mineral element in the current study was potassium and
the concentration of this mineral element is superior to that of the rest of the elements evalu-
ated. It is a primary mineral element found in the body and plays an important role in
maintaining fluid balance.

Genotypes VI055423 (8242.49 mg kg�1), VI041763 (7854.91 mg kg�1) and VI055996 (23505.800
mg kg�1) were significantly higher in calcium content compared to all other genotypes
(Table 2), respectively. The mineral element, calcium plays a significant function in the growth
and development of plant meristems, root hairs and root tips as well as for bone development
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and strength [42]. Calcium deficiency in plants leads to stunted growth and development of
roots [38]. The values detected in this study were higher than the values reported by [43, 44].

The highest concentration of phosphorus was 5246.95 mg kg�1 and found in genotype
VI055423; while significantly lowest concentration was recorded in genotypes VI060313
(3187.60 mg kg�1) and VI056457 (2992.73 mg kg�1) (Table 2). The concentration of phosphorus
in immature and green fruits of okra determined in this study (expressed in mg kg�1) were
higher than the values reported by [44] in the previous study. Furthermore, the genotype
VI055423 showed the highest concentration of micronutrients such as zinc, manganese and
copper are the essential micro-elements that plays a great role in the human growth and
development. Ref. [45] reported that zinc is one of the essential trace mineral nutrient for
human nutrition. The values reported in current study for zinc content in okra fruits was
higher than the values reported previously by [43]. This genotype also contributed to the
substantial concentration of magnesium next to the genotype VI049632 (4544.91 mg kg�1) with
the concentration of 4346.06 (mg kg�1). The overall concentration of mean value of magnesium
(3506.61 mg kg�1) determined in the genotype VI046567 mg kg�1) was higher than the values
reported by [43]. The sodium concentration varied from 244.87 to 778.83 mg kg�1 (Table 2).
The highest significant concentration was found in VI060313 and VI060131, respectively, com-
pared to other okra genotypes.

The iron content of genotype VI060822 (118.28 mg kg�1) was significantly lower than that of
the other genotypes studied, while genotypes VI060824, VI060802 and VI056450 had the
highest concentration compared to the rest of the genotypes evaluated for this mineral element
which is higher than the values reported by [43, 44]. In similar fashion, the genotype VI060824
had showed significantly highest concentration of aluminum (462.57 mg kg�1). Among all
genotypes, significantly highest concentration of boron was recorded in the genotype VI050957
(48.96 mg kg�1) and the lowest in VI060802 (26.77 mg kg�1). Okra had a mineral concentration
mean values in the order of K > Ca > P > Mg > Na > Fe > Al > Zn > B > M > Cu, that magnifies
the importance of macro- and micro-elements in health, growth and development of human
body. The existence of mineral elements such as iron, zinc, manganese and nickel has been
reported in the immature pods of okra [44, 46]. Okra provides an important source of vitamins
and mineral elements which are often lacking in the diet in developing countries [44].

Protein is an essential component of the diet of animals and human and supplies the required
amino acids [47]. Protein played a significant role in growth, development and replacement of
lost tissues in the human body. It is an important nutritional component in the body to build
and repair body tissues that is a building block of bones, muscles, cartilage, skin and blood.
Protein is a macronutrient, which the human body needs relatively in a large amount. In this
experiment, the crude protein content of immature fruits of okra was analyzed and it varied
from negligible amount, of which nitrogen was not detected in genotypes VI055996, VI056450
and VI060678 to 21.45% in VI041210 followed by VI049632 and VI039618 (Table 2) indicating
that there was a high significant variation among the genotypes due to the effect of genes they
carry. Similarly, [48] reported 21.40% of crude protein in the fruits of okra. Ref. [49] also found
21% protein content in okra pods. Moreover, the current value was also almost similar to the
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yield for animal feed compared to the rest of the genotypes where the highest pod wall were
recorded in VI037996, VI046567 followed by VI033778 and VI060802. This could help to
provide the type of okra which is useful as fodder during the dry season. In this experiment,
it is clearly seen that the late maturing genotypes produced significantly higher fodder yield
compared to other genotypes. Fruit harvest index is one of the most important trait for drought
tolerance and results in yield gains in both drought, irrigated or rain fed environmental
conditions. In the present study, the highest fruit harvest index was recorded in the genotypes
VI055421 and VI056450 and could be used as parental lines in the development of new cultivar
for drought condition in the South Africa.

3.2. Variation in nutritional traits

Vegetables are major sources of essential minerals and vitamins and are often low in calories,
fat, and sugar that are an important addition to any diet consumed, particularly for resource
poor community. Deficiency of mineral elements and crude protein content is a wide problem
in alarmingly growing human populations in the world. The mineral elements play an impor-
tant role in the development of the human body [34]. The existence of wide genetic differences
among the crop plants for the nutritional quality would assist the improvement of the crop of
interest for high quality through breeding in the available germplasm collection/gene pool
[34–36]. Identification of okra genotypes based on selected mineral elements and crude protein
content will help in the selection of the best parents for breeding nutritionally enhanced okra
for food and nutritional security in South Africa [36]. Calcium and phosphorus are very
important in the formation of strong bones and teeth, for growth, blood clotting, heart function
and cell metabolism [37, 38]. In the present study, the mean squares for the analysis of variance
for the concentration of mineral elements and protein content recorded showed highly signif-
icant differences for all the nutritional traits (Table 2) in the immature fruits of okra genotypes
indicating that there was a wide genetic variability among the genotypes evaluated. It was
reported that potassium is the major cation of intracellular fluid, which helps to regulate the
acid base balance, osmotic pressure and water balance [39, 40]. The concentration of potassium
varied from 17983.32 to 30384.65 mg kg�1 and the highest concentration and uptake of potas-
sium was observed in the genotype VI050958 closely followed by genotype VI033803, while
significantly the lowest uptake was observed found in the genotype VI060679, respectively
(Table 2). The overall mean value of the genotypes recorded in this study was much higher
than the values what [41] reported in okra in Cameroon. Okra is a good source of potassium
for human health. The predominant mineral element in the current study was potassium and
the concentration of this mineral element is superior to that of the rest of the elements evalu-
ated. It is a primary mineral element found in the body and plays an important role in
maintaining fluid balance.

Genotypes VI055423 (8242.49 mg kg�1), VI041763 (7854.91 mg kg�1) and VI055996 (23505.800
mg kg�1) were significantly higher in calcium content compared to all other genotypes
(Table 2), respectively. The mineral element, calcium plays a significant function in the growth
and development of plant meristems, root hairs and root tips as well as for bone development
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and strength [42]. Calcium deficiency in plants leads to stunted growth and development of
roots [38]. The values detected in this study were higher than the values reported by [43, 44].

The highest concentration of phosphorus was 5246.95 mg kg�1 and found in genotype
VI055423; while significantly lowest concentration was recorded in genotypes VI060313
(3187.60 mg kg�1) and VI056457 (2992.73 mg kg�1) (Table 2). The concentration of phosphorus
in immature and green fruits of okra determined in this study (expressed in mg kg�1) were
higher than the values reported by [44] in the previous study. Furthermore, the genotype
VI055423 showed the highest concentration of micronutrients such as zinc, manganese and
copper are the essential micro-elements that plays a great role in the human growth and
development. Ref. [45] reported that zinc is one of the essential trace mineral nutrient for
human nutrition. The values reported in current study for zinc content in okra fruits was
higher than the values reported previously by [43]. This genotype also contributed to the
substantial concentration of magnesium next to the genotype VI049632 (4544.91 mg kg�1) with
the concentration of 4346.06 (mg kg�1). The overall concentration of mean value of magnesium
(3506.61 mg kg�1) determined in the genotype VI046567 mg kg�1) was higher than the values
reported by [43]. The sodium concentration varied from 244.87 to 778.83 mg kg�1 (Table 2).
The highest significant concentration was found in VI060313 and VI060131, respectively, com-
pared to other okra genotypes.

The iron content of genotype VI060822 (118.28 mg kg�1) was significantly lower than that of
the other genotypes studied, while genotypes VI060824, VI060802 and VI056450 had the
highest concentration compared to the rest of the genotypes evaluated for this mineral element
which is higher than the values reported by [43, 44]. In similar fashion, the genotype VI060824
had showed significantly highest concentration of aluminum (462.57 mg kg�1). Among all
genotypes, significantly highest concentration of boron was recorded in the genotype VI050957
(48.96 mg kg�1) and the lowest in VI060802 (26.77 mg kg�1). Okra had a mineral concentration
mean values in the order of K > Ca > P > Mg > Na > Fe > Al > Zn > B > M > Cu, that magnifies
the importance of macro- and micro-elements in health, growth and development of human
body. The existence of mineral elements such as iron, zinc, manganese and nickel has been
reported in the immature pods of okra [44, 46]. Okra provides an important source of vitamins
and mineral elements which are often lacking in the diet in developing countries [44].

Protein is an essential component of the diet of animals and human and supplies the required
amino acids [47]. Protein played a significant role in growth, development and replacement of
lost tissues in the human body. It is an important nutritional component in the body to build
and repair body tissues that is a building block of bones, muscles, cartilage, skin and blood.
Protein is a macronutrient, which the human body needs relatively in a large amount. In this
experiment, the crude protein content of immature fruits of okra was analyzed and it varied
from negligible amount, of which nitrogen was not detected in genotypes VI055996, VI056450
and VI060678 to 21.45% in VI041210 followed by VI049632 and VI039618 (Table 2) indicating
that there was a high significant variation among the genotypes due to the effect of genes they
carry. Similarly, [48] reported 21.40% of crude protein in the fruits of okra. Ref. [49] also found
21% protein content in okra pods. Moreover, the current value was also almost similar to the
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values what [41] reported in the fruits of okra; while higher than the values reported by [43] in
Nigeria. Ref. [50] reported 19.5% crude protein content in the fruits of okra, which is lower
than the values reported in the current study. This difference might be due to genetic and
environmental conditions prevailed during the growth period. Ref. [51] reported 23.40% of
crude protein in the fruits of okra in dry basis in Nigeria, which is relatively higher than the
current study. Similarly, [52] reported that 23.68% of protein content in two okra genotypes in
Pakistan. The green okra fruit showed slightly lower protein content, when compared to the
protein contents reported in the immature green pods and fresh young leaves of cowpea
genotypes [53, 54] evaluated in South Africa, and hence, okra could be considered as protein
fruit vegetable in the dietary requirements. It was earlier reported that okra is a good source of
protein among a few protein vegetables such as spinach, cauliflower, broccoli, asparagus and
others. The genetic variation existed in this study would assist the breeders in selection of
potential parental okra lines for the development of new okra cultivars with high protein
content. Okra pre-breeding for nutritional quality would start with the selection of potential
parents based on their individual nutritional values determined in the current evaluation. Due
to the current prevalence of malnutrition in the world, particularly in sub-Saharan Africa and
South Africa, breeding for higher nutritional quality which is suitable for human are so quite
important for end users. Therefore, quantification and identification of the nutritional compo-
sition in the immature and green fruits of collection of okra genotypes is important to develop
new okra cultivar with high nutritional composition of interest in the South Africa.

3.3. Trait association

3.3.1. Morphological phenotypic traits

The results of the association analysis for 18 morphological phenotypic traits are presented in
Table 3. A strong positive and highly significant association was observed between grain yield
and number of fruit per plant (r = 0.85), fruit length (r = 0.75), and fruit diameter (r = 0.73).
Grain yield was also positively and significantly associated with number of seeds per plant as
well as thousand seed weight, which indicates that all yield components are important for the
improvement of grain yield in okra genotypes. Number of fruit was positively and signifi-
cantly associated with yield contributing traits such as fruit length, fruit diameter, fruit yield,
grain yield, number of seeds per fruit, thousand seed weight as well as shelled fruit weight
without seeds. Moderately positive and significant association was also observed between
grain yield and fruit yield (r = 0.48) and plant height (r = 0.34). Plant height was moderately
and positively significantly associated with number of fruits per plant, number of internodes,
number of seeds per fruit, internode length, and thousand seed weight. Moreover, fruit length
was also positively and significantly associated with grain yield and its related traits. The
strong positive association between the different phenotypic traits would allow the breeder
for simultaneous selection and improvement of these traits. In this study, plant height, number
of fruits per plant, fruit length, fruit diameter, fruit yield, grain yield, number of seeds per fruit,
and thousand seed weight were identified as selection criteria for obtaining potential and good
parents for the development of new cultivar in the okra breeding programme in the South
African condition.
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values what [41] reported in the fruits of okra; while higher than the values reported by [43] in
Nigeria. Ref. [50] reported 19.5% crude protein content in the fruits of okra, which is lower
than the values reported in the current study. This difference might be due to genetic and
environmental conditions prevailed during the growth period. Ref. [51] reported 23.40% of
crude protein in the fruits of okra in dry basis in Nigeria, which is relatively higher than the
current study. Similarly, [52] reported that 23.68% of protein content in two okra genotypes in
Pakistan. The green okra fruit showed slightly lower protein content, when compared to the
protein contents reported in the immature green pods and fresh young leaves of cowpea
genotypes [53, 54] evaluated in South Africa, and hence, okra could be considered as protein
fruit vegetable in the dietary requirements. It was earlier reported that okra is a good source of
protein among a few protein vegetables such as spinach, cauliflower, broccoli, asparagus and
others. The genetic variation existed in this study would assist the breeders in selection of
potential parental okra lines for the development of new okra cultivars with high protein
content. Okra pre-breeding for nutritional quality would start with the selection of potential
parents based on their individual nutritional values determined in the current evaluation. Due
to the current prevalence of malnutrition in the world, particularly in sub-Saharan Africa and
South Africa, breeding for higher nutritional quality which is suitable for human are so quite
important for end users. Therefore, quantification and identification of the nutritional compo-
sition in the immature and green fruits of collection of okra genotypes is important to develop
new okra cultivar with high nutritional composition of interest in the South Africa.

3.3. Trait association

3.3.1. Morphological phenotypic traits

The results of the association analysis for 18 morphological phenotypic traits are presented in
Table 3. A strong positive and highly significant association was observed between grain yield
and number of fruit per plant (r = 0.85), fruit length (r = 0.75), and fruit diameter (r = 0.73).
Grain yield was also positively and significantly associated with number of seeds per plant as
well as thousand seed weight, which indicates that all yield components are important for the
improvement of grain yield in okra genotypes. Number of fruit was positively and signifi-
cantly associated with yield contributing traits such as fruit length, fruit diameter, fruit yield,
grain yield, number of seeds per fruit, thousand seed weight as well as shelled fruit weight
without seeds. Moderately positive and significant association was also observed between
grain yield and fruit yield (r = 0.48) and plant height (r = 0.34). Plant height was moderately
and positively significantly associated with number of fruits per plant, number of internodes,
number of seeds per fruit, internode length, and thousand seed weight. Moreover, fruit length
was also positively and significantly associated with grain yield and its related traits. The
strong positive association between the different phenotypic traits would allow the breeder
for simultaneous selection and improvement of these traits. In this study, plant height, number
of fruits per plant, fruit length, fruit diameter, fruit yield, grain yield, number of seeds per fruit,
and thousand seed weight were identified as selection criteria for obtaining potential and good
parents for the development of new cultivar in the okra breeding programme in the South
African condition.
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3.3.2. Nutritional traits

Moderate to highly significant association was observed for the mineral and protein content
determined in the okra genotypes (Table 4). Highly to moderate significant positive associa-
tions were observed between K and Ca, P, Mg, Zn, Mn, and Cu; while negative and moderate
correlation was observed between K and Na. Similarly, there were significantly positive asso-
ciation between Ca and P, Mg, Na, B, Zn, Mn and Cu. It was also observed that there were
highly significant associations between P and Mg, Zn, Mn, and Cu. These results suggested
that high P content might be accompanied with increased concentration of Mg, Zn, Mn, and
Cu contents of okra fruits and vice-versa. Na was negatively and significantly associated with
all micronutrients except B indicating that high Na content associated with the low contents of
the Fe, Al, Zn, Mn, and Cu. An extremely strong association was observed between Al and Fe
(0.91) which might be the indication of the existence of genetic control compared to the rest of
the traits evaluated. Strong association was also found between K and P as well as K and Mg.
Significantly, negative association was observed between protein and Fe, and between protein
and Mn. In general, in the current study most of the traits evaluated showed highly and
significantly positive and moderate associations among them indicating that there were some
functional interaction existed among the mineral elements and protein content. Ref. [55]
reported the positive correlation among the mineral elements in rice was due to the interaction
between ions whose chemical properties were sufficiently similar, and they compete for site of
absorption, transport, and function in plant tissues. Hence in the present study, positive
association between and among the mineral elements and protein contents showed that

Mineral elements
and protein

Concentration of mineral elements (mg kg�1) and total protein content (%) in dry mass basis

K Ca P Mg Na Fe Al B Zn Mn Cu

K 1.00

Ca 0.24** 1.00

P 0.75** 0.34** 1.00

Mg 0.75** 0.63** 0.74** 1.00

Na �0.32** 0.35** �0.36** �0.06 1.00

Fe �0.01 �0.33** �0.00 �0.23** �0.34** 1.00

Al 0.05 �0.30** 0.09 �0.16 �0.29** 0.91** 1.00

B �0.14 0.50** �0.07 0.14 0.36** �0.42** �0.27** 1.00

Zn 0.55** 0.26** 0.73** 0.58** �0.37** 0.14 0.18** 0.001 1.00

Mn 0.46** 0.35** 0.42** 0.45** �0.32** 0.35** 0.34** �0.05 0.33 1.00

Cu 0.37** 0.23** 0.48** 0.38** �0.25** 0.111 0.039 �0.110 0.54** 0.27** 1.00

Protein 0.03 �0.06 0.05 0.02 0.04 �0.26** �0.16 0.064 �0.11 �0.27** �0.11

** significant at the 0.01 probability level.

Table 4. The correlation coefficients between mineral elements and total protein contents evaluated in immature fruits of
okra genotypes.
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selecting and improving the primary traits of interest would have a positive effect on the
secondary traits in the breeding programme for nutritional quality.

3.4. Multivariate analysis

3.4.1. Morphological phenotypic traits

The principal component analysis (PCA) was used for the reduction of data set and transforming
the available raw data set into principal components or component factors, which are equal to
the number of evaluated morphological phenotypic traits (Table 5). From the current experi-
ment, the PCA transformed 18 raw set of data into 18 factors loadings or principal components
with the pattern that the first principal component (PC1) contributed the most variability and the
last principal component (PCn) contributed the lowest variability, which accounted for the entire
(100%) variability. However, the PC1, PC2, PC3, and PC4 showed high significant variability
compared to the rest of the PCs (Table 5) with the eigenvalues greater than one and cumula-
tively accounted for 68.49% of the total variation among the okra genotype. These PCs had
eigenvalue more than 1 [56, 57]; while the rest of the PCS had eigenvalue less than 1 [58], and
would not be considered in the interpretation of the results obtained and removed, as they were
not significantly influencing and contributing to the variability among the genotypes. Morpho-
logical phenotypic traits showed different pattern of contribution to the variability in the princi-
pal components loading suggesting the existence of genetic variability that would be used in the
okra improvement programme. The current cumulative variation explained by the first four PCs
was comparable with what [59, 60] reported in contributing to the variations among different
okra genotypes. In the first principal component, grain yield, number of fruits, fruit diameter,
shelled pod weight, thousand seed weight, number of seeds per fruit and fruit length, respec-
tively, contributed high variability with positive loading compared to the rest of the traits. This
principal component alone explained 33.10% of the total variability among the okra genotypes
with the eigenvalue of 5.96. The PC2 accounted for 16.10% of the total variation and was mainly
influenced by vegetative growth traits such as number of branches, stem diameter, leaf width,
leaf length, number of internodes and number of leaves with positive loading. The PC3 with
12.72% variance distinguished the okra genotypes based on fruit harvest index, plant height,
fruit yield, and internode length with all positive loading except fruit yield. Similarly, the PC4
was associated and dominantly influenced by the number of leaves, leaf length and number of
branches with all positive loadings except leaf length and this PC accounted 6.58% variances.
The remaining phenotypic traits had no any significant contribution to the variation in the four
PCs and hence were of minor importance in the characterization of okra genotypes.

Biplot analysis was carried out based on the first two PCs. The genotypes and morphological
phenotypic traits were shown on a biplot to clearly visualize their associations and differences
(Figure 1). This PCA biplot more explained the 49.20% of total variability among the geno-
types, displaying that number of branches, number of seeds, grain yield, number of fruit, fruit
harvest index, and days to 50% flowering were considered as the most discriminating param-
eters (Figure 1). The genotypes that were positioned on the right top quadrant were closely
associated and characterized by longest fruit, largest seed size, heavy fruit shell, highest fruit
yield, highest number of seeds per fruit, tallest plant, longest internode, and highest number of
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3.3.2. Nutritional traits
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tions were observed between K and Ca, P, Mg, Zn, Mn, and Cu; while negative and moderate
correlation was observed between K and Na. Similarly, there were significantly positive asso-
ciation between Ca and P, Mg, Na, B, Zn, Mn and Cu. It was also observed that there were
highly significant associations between P and Mg, Zn, Mn, and Cu. These results suggested
that high P content might be accompanied with increased concentration of Mg, Zn, Mn, and
Cu contents of okra fruits and vice-versa. Na was negatively and significantly associated with
all micronutrients except B indicating that high Na content associated with the low contents of
the Fe, Al, Zn, Mn, and Cu. An extremely strong association was observed between Al and Fe
(0.91) which might be the indication of the existence of genetic control compared to the rest of
the traits evaluated. Strong association was also found between K and P as well as K and Mg.
Significantly, negative association was observed between protein and Fe, and between protein
and Mn. In general, in the current study most of the traits evaluated showed highly and
significantly positive and moderate associations among them indicating that there were some
functional interaction existed among the mineral elements and protein content. Ref. [55]
reported the positive correlation among the mineral elements in rice was due to the interaction
between ions whose chemical properties were sufficiently similar, and they compete for site of
absorption, transport, and function in plant tissues. Hence in the present study, positive
association between and among the mineral elements and protein contents showed that
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Protein 0.03 �0.06 0.05 0.02 0.04 �0.26** �0.16 0.064 �0.11 �0.27** �0.11

** significant at the 0.01 probability level.

Table 4. The correlation coefficients between mineral elements and total protein contents evaluated in immature fruits of
okra genotypes.
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selecting and improving the primary traits of interest would have a positive effect on the
secondary traits in the breeding programme for nutritional quality.

3.4. Multivariate analysis

3.4.1. Morphological phenotypic traits

The principal component analysis (PCA) was used for the reduction of data set and transforming
the available raw data set into principal components or component factors, which are equal to
the number of evaluated morphological phenotypic traits (Table 5). From the current experi-
ment, the PCA transformed 18 raw set of data into 18 factors loadings or principal components
with the pattern that the first principal component (PC1) contributed the most variability and the
last principal component (PCn) contributed the lowest variability, which accounted for the entire
(100%) variability. However, the PC1, PC2, PC3, and PC4 showed high significant variability
compared to the rest of the PCs (Table 5) with the eigenvalues greater than one and cumula-
tively accounted for 68.49% of the total variation among the okra genotype. These PCs had
eigenvalue more than 1 [56, 57]; while the rest of the PCS had eigenvalue less than 1 [58], and
would not be considered in the interpretation of the results obtained and removed, as they were
not significantly influencing and contributing to the variability among the genotypes. Morpho-
logical phenotypic traits showed different pattern of contribution to the variability in the princi-
pal components loading suggesting the existence of genetic variability that would be used in the
okra improvement programme. The current cumulative variation explained by the first four PCs
was comparable with what [59, 60] reported in contributing to the variations among different
okra genotypes. In the first principal component, grain yield, number of fruits, fruit diameter,
shelled pod weight, thousand seed weight, number of seeds per fruit and fruit length, respec-
tively, contributed high variability with positive loading compared to the rest of the traits. This
principal component alone explained 33.10% of the total variability among the okra genotypes
with the eigenvalue of 5.96. The PC2 accounted for 16.10% of the total variation and was mainly
influenced by vegetative growth traits such as number of branches, stem diameter, leaf width,
leaf length, number of internodes and number of leaves with positive loading. The PC3 with
12.72% variance distinguished the okra genotypes based on fruit harvest index, plant height,
fruit yield, and internode length with all positive loading except fruit yield. Similarly, the PC4
was associated and dominantly influenced by the number of leaves, leaf length and number of
branches with all positive loadings except leaf length and this PC accounted 6.58% variances.
The remaining phenotypic traits had no any significant contribution to the variation in the four
PCs and hence were of minor importance in the characterization of okra genotypes.

Biplot analysis was carried out based on the first two PCs. The genotypes and morphological
phenotypic traits were shown on a biplot to clearly visualize their associations and differences
(Figure 1). This PCA biplot more explained the 49.20% of total variability among the geno-
types, displaying that number of branches, number of seeds, grain yield, number of fruit, fruit
harvest index, and days to 50% flowering were considered as the most discriminating param-
eters (Figure 1). The genotypes that were positioned on the right top quadrant were closely
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internodes. The genotypes demarcated on the top left quadrant were associated with highest
number of branches and leaves, widest stem and leaves, longest leaves as well as late maturing
genotypes. Furthermore, the biplot demarcated the genotypes on the left bottom quadrant
based on derived traits called fruit harvest index. This trait is the most important trait to select
the genotypes for drought tolerance and these traits were suggested to have drought tolerance
traits. Similarly, the right bottom quadrant consists of genotypes with highest grain yield,
fruits per plant and widest fruits. The genotypes concentrated around the origin had similar
genetic characteristics, while the genotypes that were found far from the origin are discrimi-
nated from the rest of the group due to their peculiar genes/alleles and considered as unrelated
genotypes. Therefore, selection of these genotypes as potential parents would result in suc-
cessful hybridization to develop heterotic groups in the okra-breeding programme (Figure 3).

3.4.2. Nutritional traits

The data set of all the mineral elements and crude protein contents were subjected to principal
component analysis (PCA), which removed the highly inter-correlated and redundancy nature
of the prevalent variations among the okra genotypes (Table 6). The PCA grouped the mineral

Figure 1. Plant characteristics.
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internodes. The genotypes demarcated on the top left quadrant were associated with highest
number of branches and leaves, widest stem and leaves, longest leaves as well as late maturing
genotypes. Furthermore, the biplot demarcated the genotypes on the left bottom quadrant
based on derived traits called fruit harvest index. This trait is the most important trait to select
the genotypes for drought tolerance and these traits were suggested to have drought tolerance
traits. Similarly, the right bottom quadrant consists of genotypes with highest grain yield,
fruits per plant and widest fruits. The genotypes concentrated around the origin had similar
genetic characteristics, while the genotypes that were found far from the origin are discrimi-
nated from the rest of the group due to their peculiar genes/alleles and considered as unrelated
genotypes. Therefore, selection of these genotypes as potential parents would result in suc-
cessful hybridization to develop heterotic groups in the okra-breeding programme (Figure 3).

3.4.2. Nutritional traits

The data set of all the mineral elements and crude protein contents were subjected to principal
component analysis (PCA), which removed the highly inter-correlated and redundancy nature
of the prevalent variations among the okra genotypes (Table 6). The PCA grouped the mineral

Figure 1. Plant characteristics.
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Mineral
elements and
protein
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PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12

K 0.410 �0.037 0.199 0.128 �0.320 0.102 �0.181 0.597 0.056 �0.201 �0.479 �0.017

Ca 0.215 �0.392 �0.399 0.089 0.039 0.144 0.196 �0.392 �0.394 �0.245 �0.424 �0.155

P 0.441 �0.048 0.176 0.080 0.028 0.002 �0.214 �0.133 �0.380 0.725 0.017 0.176

Mg 0.407 �0.250 �0.003 0.115 �0.176 0.142 �0.130 �0.017 �0.082 �0.389 0.726 0.073

Na �0.208 �0.322 �0.321 0.106 0.095 0.669 �0.268 0.130 0.339 0.268 0.009 0.081

Fe 0.070 0.522 �0.257 0.186 0.168 0.166 �0.010 �0.023 �0.131 �0.218 �0.087 0.703

Al 0.089 0.475 �0.257 0.388 0.229 0.080 �0.179 0.133 �0.151 0.032 0.126 �0.633

B �0.035 �0.376 �0.349 0.230 0.364 �0.579 �0.048 0.419 �0.023 0.050 0.061 0.176

Zn 0.402 0.021 0.057 �0.113 0.394 �0.171 �0.389 �0.375 0.546 �0.143 �0.160 �0.038

Mn 0.325 0.124 �0.368 0.172 �0.376 �0.123 0.506 �0.063 0.467 0.277 0.055 �0.001

Cu 0.313 0.020 0.056 �0.453 0.520 0.270 0.481 0.324 �0.027 0.027 0.088 �0.062

Protein �0.058 �0.146 0.521 0.677 0.276 0.121 0.348 �0.106 0.132 �0.043 �0.031 0.041

Eigenvalue 4.043 2.867 1.374 0.895 0.774 0.643 0.541 0.307 0.200 0.185 0.119 0.051

Variability
(%)

33.693 23.893 11.454 7.455 6.449 5.359 4.508 2.560 1.669 1.540 0.993 0.426

Cumulative
%

33.693 57.586 69.040 76.495 82.944 88.303 92.811 95.371 97.040 98.581 99.574 100.000

Table 6. Principal component analysis of mineral elements and protein traits in 46 okra genotypes showing eigenvectors,
eigenvalues, individual, and cumulative percentage of variation explained by the first three PC axes.

Figure 2. Fruit characteristics.
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elements and protein traits into 12 components, which accounted for the entire (100%) genetic
variability among the evaluated okra genotypes. According to Chatfied and Collins [58, 61],
components with an eigenvalue of less than one should be removed so that fewer components
with significant meanings are considered. Furthermore, Ref. [56] suggested that eigenvalues
greater than one are considered significant and component loadings greater than �0.3 were
considered meaningful. Hence, from this study, as it can be seen clearly that only the first three
eigenvectors which had eigenvalues greater than one and cumulatively explained about 69.04%
of the total variation by the first, second and third principal components in the whole data set for
the genotypes and provide discriminatory information in respective to the mineral elements and
protein. The first principal component, that is the PC1 alone describes and explains 33.69% of the
total variability among the okra genotypes, which was mainly contributed by the variances due
to K, P, Mg, Zn, Mn and Cu (Table 6) with positive loading. The second principal component

Figure 3. Scatter plot of the first and second principal component analysis for morphological phenotypic traits and okra
genotypes.
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Table 6. Principal component analysis of mineral elements and protein traits in 46 okra genotypes showing eigenvectors,
eigenvalues, individual, and cumulative percentage of variation explained by the first three PC axes.

Figure 2. Fruit characteristics.
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elements and protein traits into 12 components, which accounted for the entire (100%) genetic
variability among the evaluated okra genotypes. According to Chatfied and Collins [58, 61],
components with an eigenvalue of less than one should be removed so that fewer components
with significant meanings are considered. Furthermore, Ref. [56] suggested that eigenvalues
greater than one are considered significant and component loadings greater than �0.3 were
considered meaningful. Hence, from this study, as it can be seen clearly that only the first three
eigenvectors which had eigenvalues greater than one and cumulatively explained about 69.04%
of the total variation by the first, second and third principal components in the whole data set for
the genotypes and provide discriminatory information in respective to the mineral elements and
protein. The first principal component, that is the PC1 alone describes and explains 33.69% of the
total variability among the okra genotypes, which was mainly contributed by the variances due
to K, P, Mg, Zn, Mn and Cu (Table 6) with positive loading. The second principal component

Figure 3. Scatter plot of the first and second principal component analysis for morphological phenotypic traits and okra
genotypes.
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(PC2) represents and accounted for 23.89% with eigenvalue of 2.87 had dominantly influenced
by the mineral elements such as Ca, Na, Fe, Al, and B with the highest loading vector of Fe
followed by Al with positive loading. The nutritional trait that contributed great variability
among the genotypes showing 11.45% of variation were protein with the highest positive
loading. The mineral elements Ca, Na, B, and Mn also contributed differences in this PC.

The existence of wider nutritional variability among okra genotypes studied was further
described by the PCA biplot (Figure 2) using multivariate technique. The PCA biplot pro-
vided important information regarding the similarities as well as the pattern of differences
among the nutritional traits of the different okra genotypes and of the interrelationships
between the quantified nutritional traits. The PCA clustered the okra genotypes into differ-
ent groups over the four quadrants based on the nutritional traits determined (Figure 2). The
okra genotypes scattered in all four quadrants on the axes, indicating that there were a wide
genetic variability for the traits studied. Accessions that overlapped and closer to each other
in the principal component axes had similar genetic relationships in the nutritional traits.
However, genotypes which are far from each other could be considered as genetically

Figure 4. Biplot generated using the concentration of mineral elements and protein content data set of okra genotypes.

Rediscovery of Landraces as a Resource for the Future92

distinct [54]. The okra genotypes in the top right quadrant were closely associated with the
mineral elements such as Al, Fe, Cu, Zn, and Mn (Figure 2). The right bottom quadrant
consists of the okra genotypes that are closely related with the mineral elements such as K,
Mg, P, and Ca. Those genotypes that found on the left bottom quadrant were mostly
associated with the low concentration of mineral elements such as Na and B and protein
content. In the present study, the genotypes VI056457, VI033796, VI060824, VI060802,
VI055423, and VI049632 stand out clearly as the most genetically divergent okra genotypes
for the nutritional traits evaluated. This indicated that they might have a peculiar gene/allele
that separated them from the group of the genotypes assessed for the nutritional composi-
tion and could be used as parental genotypes for hybridization to develop new cultivar for
the traits of interest in our breeding programme (Figure 4).

4. Conclusion

In the present study, the existence of genetic variability in the morphological, phenotypic and
nutritional traits would help the breeder in selection of the okra genotypes for the improvement
for these traits, which would help to increase the frequency of favorable genes in the pre-breeding
programme. This is a first pre-breeding programme of okra in South Africa established recently
as a prerequisite for the development of new cultivar in the country and beyond for yield and
nutritional quality. The okra genotypes in this study showed enormous phenotypic and nutri-
tional variations that would help in the okra improvement programme. The significant positive
association between grain yield and yield traits as well as nutritional quality traits could be used
as selection criteria for potential and good parental lines in okra breeding programme in South
Africa. Understanding and the knowledge of variability and trait association in this study is
important in the okra-breeding programme as an initial step to develop new cultivar for the traits
of interest. To my best knowledge, this is the first study on this under-utilized fruit vegetable crop
species in South Africa that would contribute to food, nutritional and health security.
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(PC2) represents and accounted for 23.89% with eigenvalue of 2.87 had dominantly influenced
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among the nutritional traits of the different okra genotypes and of the interrelationships
between the quantified nutritional traits. The PCA clustered the okra genotypes into differ-
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in the principal component axes had similar genetic relationships in the nutritional traits.
However, genotypes which are far from each other could be considered as genetically

Figure 4. Biplot generated using the concentration of mineral elements and protein content data set of okra genotypes.
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4. Conclusion

In the present study, the existence of genetic variability in the morphological, phenotypic and
nutritional traits would help the breeder in selection of the okra genotypes for the improvement
for these traits, which would help to increase the frequency of favorable genes in the pre-breeding
programme. This is a first pre-breeding programme of okra in South Africa established recently
as a prerequisite for the development of new cultivar in the country and beyond for yield and
nutritional quality. The okra genotypes in this study showed enormous phenotypic and nutri-
tional variations that would help in the okra improvement programme. The significant positive
association between grain yield and yield traits as well as nutritional quality traits could be used
as selection criteria for potential and good parental lines in okra breeding programme in South
Africa. Understanding and the knowledge of variability and trait association in this study is
important in the okra-breeding programme as an initial step to develop new cultivar for the traits
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Traditional agricultural system is referring to the maize production based on indig-
enous or farmers knowledge and practices that have been developed through many 
generations. In the area of study, genetic maize diversity was explored by the expres-
sion of quantitative traits of the ear and the race classification approach. Evaluation 
results indicated that the native populations adapted to the transition and highland 
(above 2000 masl) areas, showed a contrasting yield response when they were evalu-
ated at the intermediate environment; whereas, those populations adapted to the 
lowland and intermediate altitudes showed a satisfactory yield performance in both 
environments. The above performance pattern is essential because it may be useful to 
identify favorable alleles that, in a local population per se or through genetic combina-
tion, results in population changes in allele frequencies that could mitigate the effects 
of climate changes, particularly in maize populations adapted to highland altitudes. 
Selection procedures applied to a local adapted population can be managed attending 
different goals, including the conservation of genetic diversity (per se selection), and to 
develop novel germplasm. The introgression of foreign germplasm into a local popula-
tion and the application of three selection cycles resulted in a novel variety (JAGUAN) 
adapted to a regional northeast Mexico environmental conditions.
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greater than 2550 m. In Mexico, 78.3% of the maize production is sown under rain-fed condi-
tions, mainly with native (landrace) adapted varieties [1]. Those varieties are usually grown 
in non-optimum agronomic conditions, therefore they are adapted to variable rainfall, and 
are in some extent, tolerant to biotic and abiotic stresses. These varieties are available to the 
farmers for sowing, due to their flexible response to adverse situations, and are frequently 
used for seed exchange among farmers, within the same community or with other com-
munities. In the Coahuila state, 24,900 ha of maize for grain production were sown during 
2016, 84.7% was sown in the southeast region, mainly with local adapted populations (land-
race populations), and 94.8% of these were sown under rain-fed conditions [1]. Typically, 
the native maize production is mainly for local consumption, both human and livestock as 
forage.

The area of study is located in the southeast of the Coahuila state in Mexico, and it is rep-
resented by five counties (Arteaga, General Cepeda, Parras, Ramos Arizpe, and Saltillo). 
Coahuila state is situated in the central part of the North of Mexico, with a territorial area of 
151,571 km2. The climate in the state is dry to very dry, semi warm (75% of total area), average 
temperature ranging from 18 to 20°C; annual average precipitation of 316 mm. Based on the 
environmental conditions, the region of study is considered as critical, determined by an aver-
age annual precipitation ranging between 350 and 450 mm; average temperature of 16.8°C; 
with presence of drought and frost seasons in the year. Moreover, to the environmental and 
ecological conditions in the region, the maize diversity is determined by the adaptation, and 
genetic combinations among race complexes allowed by seed exchange within and among 
different communities [2, 3].

Exploring and understanding the genetic potential of adapted cultivars on traits of inter-
est may determine and guide further research for a particular environment or crop system, 
as well as the efficient use of both economic and human resources. Thus, the objectives of 
research work were to describe the regional maize genetic diversity, determine the genetic 
potential of locally adapted maize populations and to identify strategies for crop improve-
ment to resolve current and future aims.

2. Regional maize genetic diversity

In any crop system, the genetic diversity is determined—among other factors—by the use of 
diverse types of local varieties. Conceptually, two types of genetic materials are commonly 
developed, those obtained from preferences (color, flavors, crop type, etc.) and those selected 
for adaptability to biotic or abiotic micro-environments [4]. In addition to the native popu-
lation for a particular environment, maize genetic diversity is associate to other factors that 
may change the genetic structure in a population such as the seed exchange among farmers 
within a community or among different communities, and, depending on the migration index 
and introgression of foreign germplasm, would contribute to the genetic variation in a native 
population [5, 6].
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The maize (Z. mays L.) is a native crop of Mexico, and it is the place where the highest genetic 
diversity is found. This crop is adapted to the most diverse environmental conditions; thus, 
the specific local adapted populations (landrace) have been developed, with particular attri-
butes that differentiate each other, within and among regions, circumstances that make pos-
sible to recognize Mexico as center of origin and diversification [7]. Commonly, the maize 
diversity has been described by the racial classification approach, which allowed to identify 
the first 25 races of maize in Mexico, based on morphological data (plant, ear, and tassel) [8].

In the region of study, the maize diversity has been documented by the presence of rep-
resentative race populations in Coahuila state, such as Tuxpeño [8], Raton and Tuxpeño 
Norteño [9], Celaya, Conico Norteño, Elotes Conicos, and Olotillo [10]. A case study carried 
out in native populations from Coahuila State in Mexico, indicated that genetic diversity 
shows a continuous pattern among racial complexes, and is associated to the altitudinal and 
ecological regions [11].

2.1. Relationship among local populations

In this section, several quantitative traits of the ear and grain were considered to analyze the 
maize genetic diversity and the relationship among local populations within the southeast 
region of the Coahuila state in Mexico. The racial classifications and relationship among the 
native adapted populations (landraces) were studied with a sample of 77 maize populations 
that were collected in the region from altitudes ranged from 774 to 2557 masl. A total of 51 of 
these populations were collected in 2008 [10] and 26 during 2010 (unpublished data), which 
represents the maize genetic diversity in the region of study.

Sample sizes of 10 representative ears were first used for a visual classification of the maize 
populations based on the primary race classification [8]. In addition to the race classification, a 
set of quantitative traits from the ear and grain were used to analyze the relationship among the 
native maize populations. Several authors have emphasized that the reproductive organ traits 
such as the ear traits, are the most useful for race classification in maize [12, 13]. Thus, eight 
racial complexes were identified: Celaya, Conico Norteño, Elotes Conicos, Elotes Occidentales, 
Olotillo, Raton, Tuxpeño, and Tuxpeño Norteño. At the same time, maize populations were 
grouped by an altitudinal stratum: lowland (0–1000 m), intermediate (1001–1800 m), transition 
(1801–2000 m), and highland (above 2000 m) (Table 1).

Ten quantitative ear and grain traits were obtained from the collected sample to analyze the 
maize diversity. Five ear traits: ear and cob diameter (EAR_DIAM, COB_DIAM) (cm), ear length 
(EAR_LENG) (cm), ear rows (EAR_ROWS), shelling percent (SHELL_PCT), and five kernel traits: 
Kernel measurements such as kernel length (KER_LENG), width (KER_WIDTH) and thickness 
(KER_THICK) (mm), kernel per row (KER_PER_ROW), weight of 100 dry kernel (WT_100_KER) 
(g) [14]. Data were explored by the analysis of variance to test adaptation groups and racial com-
plexes differences. In both cases, populations within groups and populations within races were 
analyzed using the PROC GLM procedure of SAS [15]. Data means were used to explore maize 
diversity by principal component analysis using the quantitative traits as testers [16].
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The races Conico Norteño and Elotes Conicos (the ear conical type) are adapted from the 
transition to the highland areas, in altitudes above 1700 m; whereas, Raton, Tuxpeño, and 
Tuxpeño Norteño (the ear cylindrical type), the adaptation area is widely: Raton (84–1300 m), 
Tuxpeño (0–1950 m), and Tuxpeño Norteño (1400–1701) [17]. The maize diversity in the 
Coahuila state is represented mainly by three racial complexes: Conico Norteño, Raton, and 
Tuxpeño Norteño [10].

The eight racial complexes and the four adaptation groups were statistically different (P ≤ 0.01) 
for most traits, indicating relative differences among the race type and the adaptation of land-
race populations in the region; the populations within racial complexes and populations 
within adaptation groups were significant (P ≤ 0.01), indicating the variation associated within 
race groups, the genetic combination among populations and race complexes (Table 1), and 
the specific adaptation to the different ecological environments within the region.

The scatter plot of the interaction among the 77 native maize populations with the 10 quantita-
tive traits is presented in Figure 1.

The maize populations and the traits studied are all distributed along Figure 1, where indi-
vidual points (maize population or traits) reached a vector from the origin indicates the joint 
association that makes the distinctions among maize populations and the relationship with 
the associated traits. The group of populations indicated by the dashed oval corresponds to 
the Conico Norteño and Elotes Conicos, two races adapted to highland altitude, characterized 
by a conical ear type. Populations outside the oval show the cylindrical ear type represented 
mainly by the races Raton, Tuxpeño, and Tuxpeño Norteño (Table 1). By the exploration of 
dispersion of these population × racial groups in Figure 1, it is possible to detect a continu-
ous pattern among the races Raton and Tuxpeño Norteño. Similar genetic variation pattern 
was found among racial groups through the landraces analyses in the state of Coahuila [11].

Race classification Race ID Lowland 
(<1000)

Intermediate 
(1001–1800)

Transition 
(1801–2000)

Highland 
(>2000)

Total

Celaya C 4 4

Cónico Norteño CN 3 8 23 34

Elotes Cónicos EC 1 1 1 3

Elotes Occidentales EO 2 2

Olotillo O 1 1

Ratón R 4 16 1 21

Tuxpeño T 1 1

Tuxpeño Norteño TN 1 9 1 11

Total 5 37 11 24 77

Table 1. Racial classification of local native populations from the Southeast of Coahuila State in Mexico.
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Dispersion in Figure 1 shows the identification of two main groups: the group of maize 
populations with the conical ear type (transition and highland altitudes) and those with 
the cylindrical ear type (lowland to intermediate altitudes) (Table 1). This indicates the 
usefulness of the ear and grain traits in exploring the association among maize popula-
tions as suggested by [12, 13]. The continuous pattern among the different races within the 
two main groups is explained by the adaptation of the local populations (Table 1), and the 
genetic combination among races as a consequence of seed exchange by farmers within 
the community and with other communities [5, 6]. The seed exchange among farmers is 
a common practice in the area of study, is evident by the presence of some maize popula-
tions located at a different adaptation area (Table 1), explained by the genetic combinations 
among different races, and further adaptation to micro-environments as was verified in 
several regional studies [3, 11].

Figure 1. Scatter plot of the first two principal component scores showing the dispersion of the 77 maize populations and 
relationship among traits. Populations are identified by the population number and combinations of letters that indicate 
the race classification: C = Celaya; CN = Conico Norteño; EC = Elotes Conicos; EC = Elotes Occidentales; O = Olotillo; 
R = Raton; T = Tuxpeño; and TN = Tuxpeño Norteño.
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3. Genetic potential of maize populations

Maize genetic diversity accounted by the locally adapted populations (landraces) within a tra-
ditional agricultural system is not static; it varies from 1 year to the another as a consequence 
of many factors such as migration (seed, pollen), selection, genetic drift [18], and adaptation 
to changes and interactions with external factors within the ecosystem development, as part 
of the evolutionary process and selection [19]. Thus, genetic variation is closely related to the 
environmental and production conditions and to the different uses of the crop, in particular 
the grain (color and flavor). The knowledge and understanding of the genetic variation, the 
environmental interaction and its potential use, may determine both the genetic conservation 
strategy and the possible utilization in breeding programs to improve local populations or for 
developing novel germplasm for particular goals.

3.1. Yielding potential and environmental response

The maize genetic diversity in the Coahuila state was determined initially by the description of 
90 native maize populations that were collected during 2008 [10]. At the same time, those popu-
lations were established on field experiments for agronomic evaluation for 2 years (2008–2009), 
at two contrasted locations to determine the grain yielding potential. The agronomic evalua-
tion was conducted in: El Mezquite, Galeana, Nuevo Leon (1890 masl), and General Cepeda, 
Coahuila (1350 masl). These locations are representative of both, the highland and intermediate 
environmental conditions in the area of study. The combination of two locations and 2 years of 
evaluation was named as four different environments. To analyze the environment response, 
the native populations were grouped based on the adaptation altitude: lowland (0–1000), inter-
mediate (1001–1800), transition (1801–2000), and highland (greater than 2000 masl).

The local population × environment interaction analysis allowed to identify three groups that 
describe the specific adaptation of the maize populations [20]: the first one with adaptation 
to El Mezquite (33.3%), the second adapted to General Cepeda (42.2%), and a third group 
(24.4%) with an average yielding potential across environments, indicating a form of stabil-
ity [16, 21]. In this study, it was shown that the racial types are associated to the locations of 
evaluation: the race Conico Norteño to El Mezquite (highland) and the races Raton, Tuxpeño, 
and Tuxpeño Norteño to the General Cepeda site (intermediate), which are also associated to 
the adaptation origin as indicated in Table 1. In Mexico, the maize genetic diversity is associ-
ated to the agro-ecological conditions that determine the different races types and their ear 
and grain distinctiveness and uses [17]. Results of the study determined the yielding poten-
tial and population response to the environmental evaluation, outstanding the racial groups 
Tuxpeño, Tuxpeño Norteño, and Raton with the highest yielding potential.

The assigned groups of native maize populations and the groups × environments were sta-
tistically different (P ≤ 0.01), explained by the diversity in altitudinal origin of maize popula-
tions and the differential response on the evaluation environments. A relative comparison of 
the average grain yield of the groups of native populations evaluated in the two contrasted 
environments during 2 years is presented in Figure 2.
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The maize populations represented in the transition and highland groups, showed a con-
trasted yielding response when evaluated at the General Cepeda area (intermediate altitude), 
in comparison with El Mezquite environment; whereas those populations adapted to the 
lowland and intermediate altitudes showed an adequate yield performance in both environ-
ments. Similar response pattern has been reported by [22], who also mentioned that popula-
tions adapted to highland areas have a difficult performance when established at lowland 
altitudes; on the other hand, those populations with an adaptation to lowland to intermedi-
ate areas have an acceptable agronomic performance. Thus, populations from lowland and 
intermediate altitudes have better adaptation range with satisfactory yielding potential. The 
above performance pattern is important because it may be useful to identify favorable alleles 
that, in a local population per se or through genetic combination among different racial com-
plexes, resulting in population changes in allele frequencies controlling traits of interest, con-
sequently, it could mitigate the effects of climate changes, particularly in maize populations 
adapted to highland altitudes [23].

In a different study, carried out in the southeast of the Coahuila state, an agronomic evalua-
tion of native maize populations was performed in 2013 (unpublished data). The objectives 
of the research work were to determine the agronomic performance and yield potential of 
local maize populations, and to define the area of adaptation using two contrasting and 

Figure 2. Groups of native maize populations by the environment interaction based on grain yield.
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representative environments of the southeast of the Coahuila state in Mexico. The agro-
nomic evaluation of 63 maize populations and 7 improved checks was carried at 2 locations 
and 2 replications (blocks) under irrigation conditions: El Mezquite, Galeana, N. L. (1890 
masl) and General Cepeda, Coah. (1350 masl). The combination of two locations and two 
replications was named as four different environments (GC1, GC2, MEZ1, and MEZ2). In 
both locations, replications were established independently, and in General Cepeda, the two 
replications represented two planting dates. The genetic diversity was represented by eight 
racial complexes: Celaya (3), Conico Norteño (26), Elotes Conicos (4), Elotes Occidentales 
(1), Olotillo (3), Raton (16), Tuxpeño (6), and Tuxpeño Norteño (4). The improved mate-
rials used as checks have variability on maturity and grain type: an experimental variety 
(POBAM), two improved varieties (VAN210 and JAGUAN), and four synthetic populations 
(6221, 6222, Pool31, and Pool32). The yield potential was analyzed across environments and 
the genotype × environment interaction based in the model of the additive main effects and 
multiplicative interaction (AMMI) [24].

The analysis of variance showed differences (P ≤ 0.01) among environments, genotypes (popu-
lations and checks) and genotype × environment interaction. Among the 25 outstanding pop-
ulations, the racial groups with higher yield grain potential correspond mainly to the Raton 
races (9 populations), Tuxpeño (6 populations), and Tuxpeño Norteño (4 populations). Also, 
there were five native maize populations adapted to intermediate areas: three of the Tuxpeño 
race (I38T, I52T, and I54T) and two of the Raton race (I13R and I40R) with similar yields to the 
best improved check. In a previous study, the races Raton, Tuxpeño, and Tuxpeño Norteño 
had also the highest yield potential [20].

In the environmental response analysis based on the AMMI model, (Figure 3) shows the main 
effects for grain yield (Genotype and Environment) on the abscissa axis, and the first interac-
tion principal component (IPC1) on the ordinate axis.

The AMMI model (Figure 3) allowed identifying genotypes with specific adaptation to 
the two contrasting environments, and the average response across environments. For 
instance, using an approximate range of −0.25 ≤ 0 ≤ 0.25 of the IPC1 as criteria to identify 
those genotypes with an average performance across environments, represents a form of 
stability stability [21]. There were five populations identified with good yield potential and 
a type of stability across environments: two Conico Norteño (H28CN and H27CN), one 
of Tuxpeño Norteño (I59TN), and two of Raton race (I56R and I40R). Likewise, in addi-
tion to the two Conico Norteño populations (H43CN and T08CN), there were four popula-
tions with adaptation to intermediate areas, with good potential in high altitude valleys: 
Tuxpeño race (I52T and I54T), a population of Elotes Occidentales (I33EO), and another 
Raton population (I35R). Most of the populations with the highest grain yield on Figure 3 
(positive values of main effects) have adaptation to intermediate areas, and have a potential 
performance in the two contrasting environments and the stability as well. This pattern 
agrees with the results presented in Figure 2, suggesting that those native populations may 
be used in a breeding strategy, individually, or as a combination with populations adapted 
to highland altitudes to identify useful alleles for developing novel germplasm that could 
mitigate the climate change.
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4. Strategies for crop improvement

In a traditional agricultural system, the native maize populations are developed and maintained 
by farmers through multiple cycles of empirical mass selection. Those populations are com-
monly the only source of genetic variation available for sowing, due to their flexible response 
to adverse situations, and usually two types of local varieties may be distinguished: the local 
varieties that are planted in a very small area for special uses, basically for consumption, and 

Figure 3. Scatter plot of AMMI model for grain yield of 70 maize genotypes evaluated at 2 contrasting environments 
(GC1, GC2, MEZ1, and MEZ2). Population’s data points are indicated by combinations of letters and numbers. The first 
character indicates the adaptation area L = lowland, I = intermediate, T = transition and H = highland; followed by the 
population number and finally, the racial group: C = Celaya, CN = Conico Norteño, EC = Elotes Conicos, EO = Elotes 
Occidentales, O = Olotillo, R = Raton, T = Tuxpeño, and TN = Tuxpeño Norteño.
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representative environments of the southeast of the Coahuila state in Mexico. The agro-
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represent the diversity of the crop; whereas, in the second case, varieties are planted in a larger 
areas, widely distributed, and are frequently used for seed exchange among farmers within the 
same community or with other communities. In either case, strategies for the efficient use of the 
germplasm need to be determined. For instance, in the first case, the recurrent selection strategy 
applied is basically to improve it; while, the second group, in addition to per se selection, those 
varieties are eligible for any form of genetic combination with external exotic germplasm.

4.1. Selection strategies applied to a locally adapted maize population

In the southeast of the Coahuila state, a wide adapted local maize population was identified to 
apply different selection strategies [25]. The native variety named JAGUEY, representative of 
the race Conico Norteño, is adapted to Jagüey de Ferniza, Saltillo, Coahuila (2100 masl). This 
variety was exposed to different management and selection procedures where four popula-
tions were obtained: (1) the original adapted population (OP); (2) the first generation from 
the local population (G1), obtained through a seed production scheme (detasseled rows); 
(3) and (4) two populations generated by the combination of the original population with 
an improved population, using a divergent selection for early (EM) and late (LM) maturi-
ties, respectively. After the populations were developed, a set of 25 half sib families was ran-
domly obtained from each of the 4 populations for evaluation in 2 locations during 2003: El 
Mezquite, Galeana, Nuevo Leon (1890 m) and Jagüey de Ferniza, Saltillo, Coahuila (2100 m), 
being the irrigated and rain-fed environments, respectively. The four populations were com-
pared to analyze the effects of selection procedures on agronomic traits using the site and the 
local population as references. Data were recorded for days to anthesis, plant height (m), husk 
cover (%), stalk and root lodging (%), moisture content of seed (%), number of ears per plant, 
and ear yield (t ha−1) adjusted to a 15% moisture content.

Results showed significant differences (P ≤ 0.01) among populations for most traits. A relative 
comparison among pairs of populations from a multivariate analysis, based on the agronomic 
traits evaluated is presented in Table 2.

A relative comparison among pairs of populations based on a multivariate analysis, showed 
significant differences (P ≤ 0.01) among the OP and G1, with the two populations obtained 
by the introgression with improved germplasm, in the two environments evaluated (EM and 
LM), indicating the contribution of the improved material to the original population. On the 
other hand, there was not any evidence of a difference among the OP and the G1; at the 
same time, they were comparatively more diverse than EM and LM, as an effect of the selec-
tion methodology. Thus, populations showed significant differences in the agronomic traits, 
determined by both, procedures and selection applied criteria, which determine the selection 
strategy and management for the conservation and use of genetic diversity.

Contribution of selection methodologies after the first selection cycle, indicated by the average 
difference in grain yield between G1 and OP, was 1.7%; whereas, the contribution associated 
to the germplasm combination, the EM against OP was in the order of 24.0%. In both cases, 
the first cycle of selection was associated with reduction in root and stalk lodging percentages, 
asynchrony silk interval, husk cover, and plant and ear height, in reference to the original 
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population. These results indicate that genetic variation of local populations can be managed 
attending different goals including conservation of genetic variation and crop improvement 
by the introgression of exotic germplasm.

4.2. Potential of local × improved combination to enhance a locally adapted maize 
population

Based on the results of the research paper carried out by [25], plants of the local population 
JAGUEY were crossed with an improved population to determine the value of a breeding mate-
rial to enhance a local adapted maize population. Introgression of exotic germplasm to adapted 
material in maize has been a powerful tool to increase genetic variability in the local population, 
as well as to transfer favorable alleles, such as insect or disease resistance. The proportion of 
the exotic germplasm has been addressed in several studies to determine the usefulness of the 
foreign material on the foundation of breeding base populations [26–28]. The relevance of the 
introgression of foreign or exotic germplasm to an adapted population may change depend-
ing on the particular objectives. For instance, the improvement of a local farmer population by 
the introgression of exotic or foreign germplasm requires the identification of a good source 
donor and the establishment of the selection strategy. However, the application of breeding 
techniques to local maize populations may change their genetic structure, being the level of 
change related to the breeding methodology and the selection pressure. Besides the improve-
ment of the local material, it is essential to preserve as much as possible the genetic variation 
accounted by the local material. In this case, the maize population JAGUEY adapted to Jagüey 
de Ferniza, Saltillo, Coah., Mexico, was considered the local material (L), and used to assess 
the contribution of an improved material introgressed to the local population [25]. This local 
population is a white dent type of the race Conico Norteño, adapted to rainfall conditions, such 
as low fertilizer inputs and limited water supply, and it is maintained by farmers through an 
empirical mass selection. The improved material (I), considered the foreign material, was an 

Populations† G1 EM LM

Jagüey, Saltillo, Coahuila (Rain-fed)

OP 0.338 3.636** 11.396**

G1 2.850** 12.267**

EM 9.844**

El Mezquite, Galeana, Nuevo Leon (Irrigation)

OP 0.609 3.219** 11.258**

G1 2.806** 10.628**

EM 6.462**

†**, Significant at 0.01 probability level; OP = Original local population; G1 = Fist generation obtained through a 
seed production scheme; EM and LM = Early and Late maturity populations obtained through the local × improved 
germplasm; adapted from Rincón and Ruiz [25].

Table 2. Squared distances among pairs of maize populations based on agronomic traits evaluated at two environments.
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represent the diversity of the crop; whereas, in the second case, varieties are planted in a larger 
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early flowering experimental population (CPRE), previously chosen, based on its combining 
ability performance when crossed with local populations [29]. Initially, full sib (FS) families 
were obtained throughout plant-to-plant crosses between plants from the local (JAGUEY) and 
the improved (CPRE) maize populations [29]. Derived families evaluation data included days 
to flowering (anthesis and silking), plant and ear heights (m), husk cover (%), stalk and root 
lodging (%), number of ear per plant, and grain yield (t ha−1) adjusted to a 15% moisture content. 
Best families (10%) were selected based on the evaluation data under irrigated and the rain fall 
conditions, with special emphasis on the performance under the rainfall environment [30]. After 
the first genetic recombination of selected families (50:50 of local and improved germplasm), 
three full sib selection cycles were applied to develop an improved native maize variety named 
JAGUAN [31]. In addition to grain yield, the selection procedure included number of ears per 
plant, husk cover, with special attention in keeping the same flowering date as the original 
native population using selection indices [32]. The difference in grain yield between JAGUAN 
and the local variety JAGUEY, the original population was 24.5%. JAGUAN is a variety devel-
oped for rain-fed conditions, with intermediate biological cycle (83–90 days flowering), plant 
height of 2.5 m, selected by high planting densities (50,000–60,000 plants ha−1), adapted to the 
transition to highland areas (above 1800 m), and with phenotypic expression as the original 
native population [29].

5. Conclusions

Regional genetic maize diversity was explored based on the race classification approach using 
selected ear and grain traits. Eight race complexes were identified that represent the maize diver-
sity in the region of study. There are local populations with a wide and specific adaptation; for 
those wide adapted populations a crop improvement selection scheme was applied, whereas, 
on the specific adapted populations, a strategy for conservation and use could be implemented. 
Genetic introgression to a native population and further selection criteria has been useful to 
develop a novel variety JAGUAN adapted to regional environmental conditions. Genetic com-
binations among selected populations that represent the genetic diversity within the region have 
been identified as potential allele donors to improve genetic materials to mitigate the alterations 
associated to the climate change effect, particularly in populations adapted to highland altitudes.
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transition to highland areas (above 1800 m), and with phenotypic expression as the original 
native population [29].

5. Conclusions

Regional genetic maize diversity was explored based on the race classification approach using 
selected ear and grain traits. Eight race complexes were identified that represent the maize diver-
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Genetic introgression to a native population and further selection criteria has been useful to 
develop a novel variety JAGUAN adapted to regional environmental conditions. Genetic com-
binations among selected populations that represent the genetic diversity within the region have 
been identified as potential allele donors to improve genetic materials to mitigate the alterations 
associated to the climate change effect, particularly in populations adapted to highland altitudes.
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Abstract

Warming is expected to lead to drier environments worldwide, especially in the tropics, and 
it is unclear how crops will react. Drought tolerance often varies at small spatial scales in 
natural ecosystems, where many of the wild relatives and landraces of the main crops have 
been collected. Through a series of examples, we will show that collections of wild relatives 
and landraces, many of those deposited at germplasm banks, may represent this desired 
source of variation, as they are genetically diverse and phenotypically variable. For instance, 
using a spectrum of genotyping and phenotyping approaches, we have studied the extent 
of genetic and phenotypic diversity for drought tolerance in wild and landraces of common 
bean (Phaseolus vulgaris L.) and compared it with the one available at cultivated varieties. 
Not surprisingly, most of the naturally available variation to cope with drought in the natu-
ral environments was lost through domestication and recent plant breeding. It is therefore 
imperative to exploit the reservoir of wild relatives and landraces to make crops more toler-
ant. Yet, it remains to be seen if the rate at which this naturally available variation can be 
incorporated into the cultivated varieties may keep pace with the rate of climate change.

Keywords: drought tolerance, environmental adaptation, genomic signatures of 
selection, agro-ecological models, divergent selection

1. Introduction: Common bean – a model to explore the usefulness of 
wild relatives and landraces as a resource for the future

In this chapter, we review the utility of genome-environment association approaches to 
infer the potential of wild accessions and landraces to make tropical crops more resistant 
to  climate change, using the food crop common bean (Phaseolus vulgaris L.) as a model. 
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Wild beans are thought to have diversified and adapted locally in South and Central 
America from an original range in Central America [1, 2], after which domestication in 
the southern and northern ends of each region gave origin to Andean and Mesoamerican 
domesticates, respectively [3–7]. Both gene pools followed somewhat parallel pathways of 
dissemination through the world, generating new secondary centers of diversity in Africa 
and Asia [8].

Common bean is a source of nutrients and protein for over 500 million people in Latin 
America and Africa, and more than 4.5 out of 23 million hectares are grown in zones where 
drought is severe, such as in northeastern Brazil, coastal Peru, the central and northern high-
lands of Mexico, and in Eastern and Southern Africa [9, 10]. This situation may worsen as 
increased drought due to climate change will reduce global crop production in greater than 
10% by 2050 [11]. Increasing drought tolerance in common bean varieties is therefore needed. 
Characterizing geo-referenced landraces and wild accessions of common bean at the genetic 
level (e.g., Figure 1) and quantifying single-nucleotide polymorphism (SNP) allelic associa-
tions with a bioclimatic-based drought index offer an  efficient path to identify adaptive varia-
tions suitable to breed new drought-tolerant varieties.

In the following two sections, we fist explain the theoretical bases behind genome-environment 
associations, as well as its caveats (Section 2), and later we exemplify it with concrete cases that 
used geo-referenced landraces and wild accessions of common bean to infer naturally available 
adaptive variations (Section 3).

2. Strategies to infer adaptability of wild relatives and landraces to their 
natural habitats

Understanding the genomic signatures associated with environmental variation provides insights 
into how species adapt to their environment [13–15]. Recent genomic studies in wild populations 
have demonstrated that genome-environment associations, which are associations between SNP 
alleles and accessions’ environment of origin, can indeed be used to identify adap tive loci and 
predict phenotypic variation. For instance, Turner et al. [16] predicted genetic adaptive variation 
to serpentine soils in Arabidopsis lyrata; Hancock et al. [17] identified climate-adaptive genetic 
loci among a set of geographically diverse Arabidopsis thaliana; Fischer et al. [18] predicted adap-
tive variation to topoclimatic factors in Arabidopsis halleri; Pluess et al. [19] predicted genetic 
local adaptation to climate at a regional scale in Fagus sylvatica; and Yeaman et al. [20] detected 
convergent local adaptation in two distantly related species of conifers.

This genome-environment association approach has also been explored in some crop acces-
sions as a prospection strategy of germplasm, alternative to traditional phenotyping. For 
example, Yoder et al. [21] was able to capture adaptive variation to thermal tolerance, drought 
tolerance, and resistance to pathogens in Medicago truncatula; Lasky et al. [22] predicted geno-
type-by-environment interactions to drought stress and aluminum toxicity in Sorghum bicolor; 
and Berthouly-Salazar et al. [23] uncovered genomic regions involved in adaption to abiotic 
and biotic stress on two climate gradients in Cenchrus americanus.
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Wild beans are thought to have diversified and adapted locally in South and Central 
America from an original range in Central America [1, 2], after which domestication in 
the southern and northern ends of each region gave origin to Andean and Mesoamerican 
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and Asia [8].
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convergent local adaptation in two distantly related species of conifers.

This genome-environment association approach has also been explored in some crop acces-
sions as a prospection strategy of germplasm, alternative to traditional phenotyping. For 
example, Yoder et al. [21] was able to capture adaptive variation to thermal tolerance, drought 
tolerance, and resistance to pathogens in Medicago truncatula; Lasky et al. [22] predicted geno-
type-by-environment interactions to drought stress and aluminum toxicity in Sorghum bicolor; 
and Berthouly-Salazar et al. [23] uncovered genomic regions involved in adaption to abiotic 
and biotic stress on two climate gradients in Cenchrus americanus.
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Nonetheless, since genomic signatures associated with habitat heterogeneity can result 
from causes other than adaptation and selection [24, 25], for example, random genetic drift 
(Figure 2), and are also influenced by differences in ancestral variation and recombination 
in the genome [27–29], some further approaches need to be undertaken to clarify the truth-
ful nature of the divergent regions. For instance, the origin of habitat-associated variants 
from novel or standing genetic variation leads to distinctively different patterns of genomic 
divergence [30–32]. One approach that can help to distinguish these underlying causes of 
divergence is comparing summary statistics (i.e., Tajima’s D) from different genomic sections 
because demographic processes usually leave genome-wide signatures while selection tends 
to imprint more localized regions [33]. Specifically, habitat-mediated purifying selection is 
associated with localized low values of nucleotide diversity (π) [34] and Tajima’s D [35] and 
high scores of the Watterson’s theta (θ) estimator [36] because only low-frequency polymor-
phisms can avoid being eliminated by widespread directional selection. Although recent pop-
ulation bottlenecks tend to achieve the same reduction in nucleotide variation, this pattern is 
expected at a more genome-wide level. Similarly, local adaptation tends to homogenize hap-
lotypes within the same niche, fix polymorphisms in different populations, and eliminate low-
frequency polymorphism. Consequently, few haplotypes with high frequency are retained, 

Figure 2. Multiple causes explain genome-environment associations. External processes, such as divergent selection, 
which is the main focus when assessing adaptation in wild relatives and landraces of crops, is only one of many possible 
causes. At the same time, the genomic background may be homogenized by gene flow. Similarly, background selection 
and genomic features in regions of reduced recombination rate and shared ancestral polymorphism (more prone to 
genetic drift due to their reduced effective population size) could induce hotspots of spurious genome-environment 
associations. Therefore, besides external processes driven by natural selection, both inherent properties of the genome 
and the demographic and evolutionary history of the crop influence the extent of the genome-environment associations. 
Modified from Ravinet, Faria [26].
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corresponding to high values of nucleotide diversity (π) and Tajima’s D and low scores of 
the Watterson’s theta (θ) estimator [33]. While independent domestication events, extensive 
population structure, and population expansions after bottlenecks can produce the same pat-
terns, these demographic processes also imprint genomes at a more genome-wide level.

In the following two sub-sections, we explain how to implement genome-environment 
associations in order to infer the adaptability of wild relatives and landraces to their natu-
ral habitats (Section 2.1) and discuss ways to account for causes, other than adaptation and 
selection, that may be shaping the genomic landscape of signatures associated with habitat 
heterogeneity (Section 2.2).

2.1. Using genome-environment association scans to identify loci associated with 
bioclimatic-based indexes

First of all, in order to account for possible demographic effects, subpopulation structure must 
be determined in geo-referenced landraces and wild accessions using principal coordinates 
analysis (PCoA) implemented in the software Trait Analysis by aSSociation, Evolution and 
Linkage, TASSEL v.5 [37]. The same dataset and software can be used to perform association 
analyses between the SNP markers and bioclimatic-based indexes (e.g. [12, 38, 39]).

As a rule of thumb, a total of ten generalized (GLM) and mixed (MLM) linear models should be 
compared [40]. Within each model family, five models are usually built as follows: (1) models 
with the gene pool identity and the first two PCoA axes scores as covariates; (2) models with the 
within-gene pool subpopulation identity (e.g. [41]) and the first two PCoA axes scores as covari-
ates; (3) models with the first two PCoA axes scores as covariates; (4) models with the within-gene 
pool subpopulation identity (e.g. [41]) as covariates; and (5) models with the gene pool identity as 
covariates. All five MLMs usually use a centered IBS kinship matrix as a random effect to control 
for genomic background implementing the EMMA and P3D algorithms to reduce computing 
time [42]. QQ-plots of the P-values should be inspected to assess whether excessive numbers 
of false positives are generated and choose in this way the optimum model. Significant associa-
tions are determined using strict Bonferroni corrections of P-values at alpha = 0.001, leading, for 
example, to a significance threshold of 4.4 × 10      −8   in a usual dataset of ca. 23,000 SNP markers 
(0.001 divided by the number of markers) or −log10(4.4 × 10      −8  ) = 7.36. The construction of custom-
ized PCoA and Manhattan diagrams can be carried out with the software R v.3.3.1 (R Core Team).

Finally, candidate genes for habitat adaptation can be identified within the 1000 bp sections, 
flanking each SNP marker that is associated with a bioclimatic-based index by using the cor-
responding reference genome (e.g. [5]) and the PhytoMine and BioMart tools in Phytozome 
v.12 (phytozome.jgi.doe.gov).

2.2. Accounting for genomic constrains by inspecting genome-wide patterns of variation

In order to identify causes other than adaptation and selection that may be shaping the 
genomic landscape of signatures associated with habitat heterogeneity (i.e., genomic con-
strains and genetic drift), sliding window approaches (e.g., window size = 1 × 106 bps, step 
size = 200 kb) can be implemented to describe patterns of variation and overall divergence 
across the genome. For instance, SNP density, nucleotide diversity as measured by π [34], 
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corresponding to high values of nucleotide diversity (π) and Tajima’s D and low scores of 
the Watterson’s theta (θ) estimator [33]. While independent domestication events, extensive 
population structure, and population expansions after bottlenecks can produce the same pat-
terns, these demographic processes also imprint genomes at a more genome-wide level.

In the following two sub-sections, we explain how to implement genome-environment 
associations in order to infer the adaptability of wild relatives and landraces to their natu-
ral habitats (Section 2.1) and discuss ways to account for causes, other than adaptation and 
selection, that may be shaping the genomic landscape of signatures associated with habitat 
heterogeneity (Section 2.2).

2.1. Using genome-environment association scans to identify loci associated with 
bioclimatic-based indexes

First of all, in order to account for possible demographic effects, subpopulation structure must 
be determined in geo-referenced landraces and wild accessions using principal coordinates 
analysis (PCoA) implemented in the software Trait Analysis by aSSociation, Evolution and 
Linkage, TASSEL v.5 [37]. The same dataset and software can be used to perform association 
analyses between the SNP markers and bioclimatic-based indexes (e.g. [12, 38, 39]).

As a rule of thumb, a total of ten generalized (GLM) and mixed (MLM) linear models should be 
compared [40]. Within each model family, five models are usually built as follows: (1) models 
with the gene pool identity and the first two PCoA axes scores as covariates; (2) models with the 
within-gene pool subpopulation identity (e.g. [41]) and the first two PCoA axes scores as covari-
ates; (3) models with the first two PCoA axes scores as covariates; (4) models with the within-gene 
pool subpopulation identity (e.g. [41]) as covariates; and (5) models with the gene pool identity as 
covariates. All five MLMs usually use a centered IBS kinship matrix as a random effect to control 
for genomic background implementing the EMMA and P3D algorithms to reduce computing 
time [42]. QQ-plots of the P-values should be inspected to assess whether excessive numbers 
of false positives are generated and choose in this way the optimum model. Significant associa-
tions are determined using strict Bonferroni corrections of P-values at alpha = 0.001, leading, for 
example, to a significance threshold of 4.4 × 10      −8   in a usual dataset of ca. 23,000 SNP markers 
(0.001 divided by the number of markers) or −log10(4.4 × 10      −8  ) = 7.36. The construction of custom-
ized PCoA and Manhattan diagrams can be carried out with the software R v.3.3.1 (R Core Team).

Finally, candidate genes for habitat adaptation can be identified within the 1000 bp sections, 
flanking each SNP marker that is associated with a bioclimatic-based index by using the cor-
responding reference genome (e.g. [5]) and the PhytoMine and BioMart tools in Phytozome 
v.12 (phytozome.jgi.doe.gov).

2.2. Accounting for genomic constrains by inspecting genome-wide patterns of variation

In order to identify causes other than adaptation and selection that may be shaping the 
genomic landscape of signatures associated with habitat heterogeneity (i.e., genomic con-
strains and genetic drift), sliding window approaches (e.g., window size = 1 × 106 bps, step 
size = 200 kb) can be implemented to describe patterns of variation and overall divergence 
across the genome. For instance, SNP density, nucleotide diversity as measured by π [34], 
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Watterson’s theta (θ) estimator [36], and Tajima’s D [35] can be computed using the software 
TASSEL v.5 [37] and customized R scripts. Results of all windowed analyses are usually plot-
ted against window midpoints in millions of base pairs (Mb) in the software R v.3.3.1 (R Core 
Team). The centromeres can be marked to visualize the extent of the centromeric repeats and 
its correlation with overall patterns of diversity and divergence.

It is advisable to calculate bootstrap-based means and 95% confidence intervals around the 
mean for some summary statistics (i.e., SNP density, π, θ, and Tajima’s D) when computed 
in sliding windows that contained or did not contain at least one marker that was associated 
with a bioclimatic-based index. For this, each summary statistic of windows containing and 
not containing associated SNPs should be randomly resampled with replacement (bootstrap-
ping) across windows within grouping factors (associated vs. not associated). The overall 
mean is then stored for each grouping factor. This step should be iterated at least 1000 times 
using customized R scripts. Bootstrapping must be performed independently for each sum-
mary statistic in order to eliminate correlations among these.

3. The adaptive potential of wild relatives and landraces in common bean

In common bean, ecological gradients related with drought stress are associated with divergent 
selection at the genetic level, after accounting for gene pool and subpopulation structure. This 
divergent selective pressure might be a consequence of local-level rainfall patterns. Specifically, 
in tropical environments near the equator with bimodal rainfall, a mid-season dry period occurs 
that can last 2–4 weeks. In contrast, in the sub-tropics, a dry period of 3 or more months can 
occur. In response to this mid-cycle drought of the sub-tropics, P. vulgaris enters a survival 
mode of slow growth and reduced physiological activity until rainfall resumes and flowering 
occurs [43]. Beans growing in wetter conditions on the other hand are less frequently subjected 
to these environmental pressures and have a fitness advantage to mature in a shorter length of 
time. Given these ecological differences, and consistent with genomic signatures of divergent 
selection, the reaction typically associated with drought tolerance, although favorable under 
dry conditions, seems detrimental under more humid conditions. The awareness about this 
trade-off may aid the breeding of new drought-tolerant varieties specifically adapted to unique 
microenvironments (e.g. [44]) and local regions rather than varieties eventually obsolete, origi-
nally intended for a wider range of environments.

In the next two sub-sections, we summarize the concrete evidence supporting these state-
ments (Section 3.1) and explain how we can discard other fortuitous causes that may also 
explain the same pattern (Section 3.2), based on the approaches that we introduced in the 
previous section (Section 2).

3.1. The signatures of adaptation in common bean are widespread throughout the genome

SNP markers are good at recovering the well-described Andean and Mesoamerican gene pool 
structure and the five within-gene pool subpopulations observed in wild common bean [41]. 
Because of this, in a previous research by us with more than 22,000 SNP markers, QQ-plots, 
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from the association analyses between those SNP markers and a bioclimatic-based drought 
index [12], indicated that GLM analyses likely had excessive rates of false positives whereas 
MLM models controlling for population structure and using a kinship matrix reduced more 
effectively the false positive rate.

In that particular case, the MLM model with the first two PCoA axes scores used as covariates 
was the best at controlling for false positives. This model yielded a total of 115 SNP markers 
associated with the bioclimatic-based drought index at a Bonferroni-corrected significance 
threshold of 7.36 –log10(P-value). These markers explained on average 51.3% ± 0.4 of the vari-
ation in the bioclimatic-based drought index. The 115 SNPs were clustered in 90 different 
regions, defined as overlapping 1000 bp sections that flanked associated markers (Figure 3). 
Associated SNPs and regions were widespread in all 11 common bean chromosomes.

Following the previous example, chromosomes Pv3 and Pv8 had the highest number of 
associated SNPs with 21 and 32 SNPs clustered in 16 and 21 different regions, respectively. 
Chromosomes Pv1, Pv2, Pv4, Pv5, Pv6, and Pv9 contained an intermediate number of associ-
ated SNPs with 11, 6, 11, 7, 12, and 9 SNPs clustered in 11, 6, 8, 6, 8, and 9 different regions, 
respectively. Chromosomes Pv7, Pv10, and Pv11 had the fewest number of associated SNPs 
with 3, 2, and 1 SNPs clustered in 3, 1, and 1 different regions, respectively. Chromosome 
Pv8 had more regions with at least 2 associated SNPs than any other chromosome, and these 
regions had more associated SNPs than in any other chromosome for a total of 5 regions 
with an average number of associated SNPs of 3.2. The single region that contained more 
associated SNPs was also situated in chromosome Pv8 with 6 SNPs explaining on average 
51.1% ± 0.3 of the variation in the bioclimatic-based drought index. After chromosome Pv8, 
Pv3 was also outstanding, having 4 regions (with at least 2 associated SNPs) with an average 
number of associated SNPs of 2.5. Therefore, a total of 75 regions, comprising 99 SNP mark-
ers associated with the bioclimatic-based drought index, contained at least 1 gene for a total 
of 77 genes. Most genes were in chromosomes Pv1, Pv3, and Pv8 with 11, 14, and 16 genes. 
Only two regions, at chromosomes Pv1 and Pv8 and containing a total of seven different 
SNPs, spanned two or more genes. The one in Pv8 was the region with more associated SNPs 
(six in total). One of the two genes in this region encoded an Ankyrin repeat-containing pro-
tein, which was associated with osmotic regulation via the assembly of cation channels in the 
membranes [45]. Among other identified candidate genes, there was a phototropic-responsive 
NPH3 gene [46] in Pv3.

3.2. Rampant divergent selection: interpreting genomic signatures of adaptation 
in common bean beyond genomic constrains

As a follow-up of the previous example, associated genomic windows were enriched for SNP 
density and positive Tajima’s D scores. This conclusion was achieved after implementing a 
sliding window analysis to explore the patterns of genome-wide diversity (Figure 3). Marker 
density decayed drastically toward the centromeres. This decay in diversity proportional to the 
decay in the rate of recombination was first described in D. melanogaster and has been confirmed 
in many organisms since then. The correlation was initially understood as an effect of genetic 
hitchhiking, but background selection has been increasingly appreciated as a contributing factor 
[28], perhaps in many cases the dominating one.
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from the association analyses between those SNP markers and a bioclimatic-based drought 
index [12], indicated that GLM analyses likely had excessive rates of false positives whereas 
MLM models controlling for population structure and using a kinship matrix reduced more 
effectively the false positive rate.

In that particular case, the MLM model with the first two PCoA axes scores used as covariates 
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associated SNPs with 21 and 32 SNPs clustered in 16 and 21 different regions, respectively. 
Chromosomes Pv1, Pv2, Pv4, Pv5, Pv6, and Pv9 contained an intermediate number of associ-
ated SNPs with 11, 6, 11, 7, 12, and 9 SNPs clustered in 11, 6, 8, 6, 8, and 9 different regions, 
respectively. Chromosomes Pv7, Pv10, and Pv11 had the fewest number of associated SNPs 
with 3, 2, and 1 SNPs clustered in 3, 1, and 1 different regions, respectively. Chromosome 
Pv8 had more regions with at least 2 associated SNPs than any other chromosome, and these 
regions had more associated SNPs than in any other chromosome for a total of 5 regions 
with an average number of associated SNPs of 3.2. The single region that contained more 
associated SNPs was also situated in chromosome Pv8 with 6 SNPs explaining on average 
51.1% ± 0.3 of the variation in the bioclimatic-based drought index. After chromosome Pv8, 
Pv3 was also outstanding, having 4 regions (with at least 2 associated SNPs) with an average 
number of associated SNPs of 2.5. Therefore, a total of 75 regions, comprising 99 SNP mark-
ers associated with the bioclimatic-based drought index, contained at least 1 gene for a total 
of 77 genes. Most genes were in chromosomes Pv1, Pv3, and Pv8 with 11, 14, and 16 genes. 
Only two regions, at chromosomes Pv1 and Pv8 and containing a total of seven different 
SNPs, spanned two or more genes. The one in Pv8 was the region with more associated SNPs 
(six in total). One of the two genes in this region encoded an Ankyrin repeat-containing pro-
tein, which was associated with osmotic regulation via the assembly of cation channels in the 
membranes [45]. Among other identified candidate genes, there was a phototropic-responsive 
NPH3 gene [46] in Pv3.

3.2. Rampant divergent selection: interpreting genomic signatures of adaptation 
in common bean beyond genomic constrains

As a follow-up of the previous example, associated genomic windows were enriched for SNP 
density and positive Tajima’s D scores. This conclusion was achieved after implementing a 
sliding window analysis to explore the patterns of genome-wide diversity (Figure 3). Marker 
density decayed drastically toward the centromeres. This decay in diversity proportional to the 
decay in the rate of recombination was first described in D. melanogaster and has been confirmed 
in many organisms since then. The correlation was initially understood as an effect of genetic 
hitchhiking, but background selection has been increasingly appreciated as a contributing factor 
[28], perhaps in many cases the dominating one.
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The average marker density was 44 SNPs per million base pairs (95% CI, 4–143). The average 
nucleotide diversity as measured by π was 0.3 per million base pairs (95% CI, 0.2–0.4). The 
average Watterson’s theta (θ) was 0.20 per million base pairs (95% CI, 0.19–0.21). The average 
Tajima’s D was 0.68 per million base pairs (95% CI, 0.05–1.22). These very same statistics were 
compared between 1 Mb sliding windows that contained (associated) or did not contain (no 
associated) at least one marker that was associated with the bioclimatic-based drought index. 
Genomic windows containing at least one associated SNP had an overall higher SNP density 
(79 ± 6 vs. 39 ± 2), lower values for Watterson’s theta (θ) scores (0.2016 ± 0.0001 vs. 0.2026 ± 0001), 
and more positive Tajima’s D scores (0.71 ± 0.02 vs. 0.678 ± 0.009) than windows without asso-
ciated markers. Nucleotide diversity, as measured by π, was slightly elevated in associated 
windows when compared with no associated windows (0.322 ± 0.006 vs. 0.317 ± 0.003).

Selective process, such as purifying selection and local adaptation (divergent selection), dif-
ferentially imprint regions within the same genome, causing a heterogeneous departure of 
genetic variation from the neutral expectations and from the background trend [28]. Divergent 
selection tends to homogenize haplotypes within the same niche, fix polymorphisms in dif-
ferent populations, and eliminate low-frequency polymorphism. Consequently, few haplo-
types with high frequency are retained, corresponding to high values of nucleotide diversity 
and Tajima’s D and low scores of the Watterson’s theta (θ) estimator [33]. We have identified 
these signatures in the various genomic regions associated with a bioclimatic-based drought 
index. Therefore, it is unlikely that independent domestication events, extensive population 
structure, and population expansions after bottlenecks are responsible for these patterns 
because the mixed linear model that we used to identify the genome-environment associa-
tions accounted for population structure, while demographic processes would leave genome-
wide signatures in both, associated and no-associated windows.

4. Conclusions

Wild accessions and landraces of common bean occupy more geographical regions with 
extreme ecologies [2] and extensive drought stress [12] than cultivated accessions. Those 
regions include the arid areas of Peru, Bolivia and Argentina, and the valleys of northwest 
Mexico. Hence, a broad habitat distribution for wild common bean has exposed these gen-
otypes to both dry and wetter conditions, while cultivated common bean has a narrower 
distribution and is traditionally considered susceptible to drought. These differences in the 
ecologies of wild and cultivated common bean have been associated with higher genetic 
diversity in the former group when surveying candidate genes for drought tolerance such as 
the ASR [47], DREB [48], and ERECTA [49] gene families, once the population structure [41] 
and the background distribution of genetic diversity have been accounted for.

Also, as identified through the genome-environment association approach that was illus-
trated in this chapter, there are notorious differences between the adaptations of wild acces-
sions and landraces found in arid and more humid environments, in congruence with natural 
divergent selection acting for thousands of years. Several of these differences might be valu-
able for plant breeding. Therefore, we reinforce, as was envisioned by Acosta [50], that wild 
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The average marker density was 44 SNPs per million base pairs (95% CI, 4–143). The average 
nucleotide diversity as measured by π was 0.3 per million base pairs (95% CI, 0.2–0.4). The 
average Watterson’s theta (θ) was 0.20 per million base pairs (95% CI, 0.19–0.21). The average 
Tajima’s D was 0.68 per million base pairs (95% CI, 0.05–1.22). These very same statistics were 
compared between 1 Mb sliding windows that contained (associated) or did not contain (no 
associated) at least one marker that was associated with the bioclimatic-based drought index. 
Genomic windows containing at least one associated SNP had an overall higher SNP density 
(79 ± 6 vs. 39 ± 2), lower values for Watterson’s theta (θ) scores (0.2016 ± 0.0001 vs. 0.2026 ± 0001), 
and more positive Tajima’s D scores (0.71 ± 0.02 vs. 0.678 ± 0.009) than windows without asso-
ciated markers. Nucleotide diversity, as measured by π, was slightly elevated in associated 
windows when compared with no associated windows (0.322 ± 0.006 vs. 0.317 ± 0.003).

Selective process, such as purifying selection and local adaptation (divergent selection), dif-
ferentially imprint regions within the same genome, causing a heterogeneous departure of 
genetic variation from the neutral expectations and from the background trend [28]. Divergent 
selection tends to homogenize haplotypes within the same niche, fix polymorphisms in dif-
ferent populations, and eliminate low-frequency polymorphism. Consequently, few haplo-
types with high frequency are retained, corresponding to high values of nucleotide diversity 
and Tajima’s D and low scores of the Watterson’s theta (θ) estimator [33]. We have identified 
these signatures in the various genomic regions associated with a bioclimatic-based drought 
index. Therefore, it is unlikely that independent domestication events, extensive population 
structure, and population expansions after bottlenecks are responsible for these patterns 
because the mixed linear model that we used to identify the genome-environment associa-
tions accounted for population structure, while demographic processes would leave genome-
wide signatures in both, associated and no-associated windows.

4. Conclusions

Wild accessions and landraces of common bean occupy more geographical regions with 
extreme ecologies [2] and extensive drought stress [12] than cultivated accessions. Those 
regions include the arid areas of Peru, Bolivia and Argentina, and the valleys of northwest 
Mexico. Hence, a broad habitat distribution for wild common bean has exposed these gen-
otypes to both dry and wetter conditions, while cultivated common bean has a narrower 
distribution and is traditionally considered susceptible to drought. These differences in the 
ecologies of wild and cultivated common bean have been associated with higher genetic 
diversity in the former group when surveying candidate genes for drought tolerance such as 
the ASR [47], DREB [48], and ERECTA [49] gene families, once the population structure [41] 
and the background distribution of genetic diversity have been accounted for.

Also, as identified through the genome-environment association approach that was illus-
trated in this chapter, there are notorious differences between the adaptations of wild acces-
sions and landraces found in arid and more humid environments, in congruence with natural 
divergent selection acting for thousands of years. Several of these differences might be valu-
able for plant breeding. Therefore, we reinforce, as was envisioned by Acosta [50], that wild 
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accessions and landraces of common bean be taken into account to exploit naturally available 
divergent variations for drought tolerance. We envision that this lesson from common bean 
will inspire the exploitation of wild relatives and landraces of other crops to face the threats 
imposed by current climate change.

5. Prospects

This chapter ultimately illustrates that genomic signatures of environmental adaptation (e.g. [51]) 
are useful for germplasm characterization, potentially enhancing future marker-assisted selection 
and crop improvement. We envision that genome-environment association studies coupled with 
estimates of genome-wide diversity will become more common in the upcoming years. These 
types of studies will likely go beyond estimates of drought tolerance, as exemplified here, to also 
include estimates regarding frost stress (i.e. [52–54]), nutrient limitation [55, 56], as well as other 
threats imposed by climate change [57, 58] in different types of ecosystems (e.g. [59]) and screened 
by a variety wide range of genotyping techniques [60–63]. Genomic selection models [64] could 
also incorporate at some point environmental variables in order to improve the prediction of 
phenotypic variation and the estimation of the genotype-by-environment interactions as well as 
phenotypic characterizations through novel high-throughput methods such as remote sensing 
and image analysis [65], and novel models such as genome-environment associations  [66] in the 
light of linkage disequilibrium (LD) [67] and various stochastic approaches [68, 69].
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accessions and landraces of common bean be taken into account to exploit naturally available 
divergent variations for drought tolerance. We envision that this lesson from common bean 
will inspire the exploitation of wild relatives and landraces of other crops to face the threats 
imposed by current climate change.

5. Prospects

This chapter ultimately illustrates that genomic signatures of environmental adaptation (e.g. [51]) 
are useful for germplasm characterization, potentially enhancing future marker-assisted selection 
and crop improvement. We envision that genome-environment association studies coupled with 
estimates of genome-wide diversity will become more common in the upcoming years. These 
types of studies will likely go beyond estimates of drought tolerance, as exemplified here, to also 
include estimates regarding frost stress (i.e. [52–54]), nutrient limitation [55, 56], as well as other 
threats imposed by climate change [57, 58] in different types of ecosystems (e.g. [59]) and screened 
by a variety wide range of genotyping techniques [60–63]. Genomic selection models [64] could 
also incorporate at some point environmental variables in order to improve the prediction of 
phenotypic variation and the estimation of the genotype-by-environment interactions as well as 
phenotypic characterizations through novel high-throughput methods such as remote sensing 
and image analysis [65], and novel models such as genome-environment associations  [66] in the 
light of linkage disequilibrium (LD) [67] and various stochastic approaches [68, 69].
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Abstract

A total of 90 original articles concerning the varietal characterization and identification
by means of SSR analysis of the five most economically relevant crops in Italy (i.e., Olea
europaea L., Solanum lycopersicum L., Vitis vinifera L., Triticum spp. and Malus � domestica
Borkh.) have been selected and reviewed. Since the genetic traceability of processed
products may result more complex, wine and olive oil have been considered too. Specif-
ically, this chapter deals with three main aspects: (i) the criteria adopted for the selection
of the most appropriate number, type, and distribution of SSR marker loci to be
employed for varietal genotyping, (ii) the use of genetic statistics and parameters for
the evaluation of the discriminant ability and applicability of SSR marker loci, and (iii)
how to make different experimental works on the same species that are standardized,
reliable, and comparable. What emerges from the studies reviewed here is a lack of
wider consensus among the authors regarding the strategy to design and to adopt for
genotyping plant varieties with SSR markers. This finding highlights the urgent need to
establish a common procedure, especially for characterizing and preserving landraces,
and for supporting its rediscovery and valorization locally.

Keywords: DNA genotyping, plant varieties, genetic traceability, food labeling

1. The Italian agriculture scenery and the utility of SSR markers
to develop a reference method for genotyping plant varieties

The Food and Agriculture Organization (FAO) indices of agricultural production describe the
relative level of the aggregate volume of agricultural production for each year in comparison
with the base period 2004–2006 [1]. According to the most recent data available in The Food
and Agriculture Organization Corporate Statistical Database, the gross value of the total
Italian agricultural production was equal to $ 41.9 billion, about € 32.7 billion [2]. It is worth
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noting that 20 products contribute to over 50% of gross production value (GPV), as shown in
Table 1.

On average, each species is characterized by dozens or hundreds of cultivars and, as defined in
Article 2 of the International Code of Nomenclature for Cultivated Plants, a “cultivar is an
assemblage of plants that has been selected for a particular character or combination of
characters, that is distinct, uniform, and stable in those characters, and that when propagated
by appropriate means, retains those characters” [3]. If some cultivars are virtually ubiquitous,
some others are associated with specific geographical contexts and often provide the basis for
the establishment of protected designation of origin (PDO) and protected geographical indica-
tion (PGI) products (Table 1).

It is not a coincidence that Italy, with its 268 brand products, including 106 PGI, 160 PDO, and 2
traditional specialty guaranteed (TSG) labels, is the European leader in terms of certified pro-
ductions and that 20% of them arise from the 20 crops listed in Table 1. As a whole, the Italian
certified products reach around 500 units, including two important derivatives such as olive oil

Crop plants Value [2] of agriculture production
USD (106)

Registered cultivars PDO and PGI [4]

Olives (table and oil) 5064.24 644 [5] 3

Tomatoes 4753.00 445 [6] 3

Grapes (table and wine) 2770.60 638 [7] 3

Wheat (durum, common, spelt) 2558.23 489 [8] 0

Maize 2363.83 1739 [8] 0

Apples 1129.69 75 [9] 5

Oranges 990.80 n.a. 3

Potatoes 751.58 56 [8] 3

Rice, paddy 750.28 194 [8] 3

Peaches and nectarines 570.69 311 [9] 4

Pumpkins 532.35 8 [6] 0

Pears 521.17 32 [9] 2

Mandarins, Clementines 431.27 n.a. 2

Artichokes 386.11 14 [6] 4

Carrots and Turnips 355.33 8 [6] 2

Cauliflowers and Broccoli 314.07 41 [6] 0

Beans 311.63 39 [6] 6

Lemons 267.16 n.a. 6

Onions 264.10 71 [6] 2

Hazelnuts (with shell) 247.36 25 [9] 3

Total 25,333.49 4829 54

Table 1. GPV, registered cultivars, PDO, and PGI products for the 20 most economically important crops in Italy.
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and wine (Table 2). It is worth noting that the wine GPV (Table 2) is four times higher than the
grape GPV and slightly less than half of the total GPV shown in Table 1, a demonstration that
shows producing food derivatives could be more profitable than selling raw products.

One of the main problems that needs to be addressed is the lack of a uniform, complete, and
updated register of cultivars. For the cultivars of some, species like cereals or vegetables are
already available as official registers provided by the Ministry of Agricultural, Food and
Forestry Policies (MIPAAF, National register of agricultural varieties and National register of
horticultural varieties). Concerning fruit trees, on the contrary, there is not a register yet,
although Article 7 of the Italian Legislative Decree no. 124/2010 has established a “National
Register of fruit trees varieties” [11]. For this reason, the inventory of cultivars of some fruit
species is still ongoing and there is a total lack of official data for some of them (see for instance
orange, lemon, and mandarin, Table 1). Moreover, for species of particular interest, there exist
registers apart (see for example, Olea europaea L. and Vitis vinifera L.).

In the past, cultivars have been extensively characterized by morphological traits, including
plant, leaf, fruit, and seed characteristics. Since objectivity is crucial to perform an accurate
morphological typing, it is constraining to use exclusively morphological descriptors for plant
cultivars, especially because most of the morphological traits are influenced by environmental
factors. Several cases of misidentification, owing to classifications carried out only employing
morphological traits, are reported in the scientific literature for a wide range of vegetal crops
[12–14] and fruit trees [15–18]. Moreover, the uneven distribution, simultaneous cultivation of
local varieties, ambiguous names, continuous interchange of plant materials among varieties
and/or farmers of different regions and countries, possibility of the cultivation of varietal
clones, and uncertainty of varietal certification in nurseries have complicated the identification
of genotypes [19–21]. At the same time, cultivar and clone identity is also very important for
protecting plant breeders’ rights not only for commercial seeds but also for processed materials
and food derivatives, especially for the final consumers’ safeguard. Another important aspect
to highlight is the need to ensure that each specific variety grown by farmers and its food
product bought by consumers is the one declared on the label. This is especially true if the
product is sold in a processed or transformed form (thus difficult to recognize phenotypically)
and/or if the product is subjected to a form of certification (PDO or PGI). In a modern market, it
is crucial being able to identify agricultural products and foodstuffs by means of reliable
traceability systems, including genetic molecular markers.

The method of DNA genotyping based on microsatellite markers represents an efficient, reliable,
and suitable technique that is able to complement the information provided by morphological

Value [2] of agriculture production USD (106) PDO and PGI [10]

Wine 11603.83 403

Oil, olive, virgin 2126.78 41

Total 13,730.61 444

Table 2. GPV, PDO, and PGI products for wine and olive oil in Italy.
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traits and that has been extensively used for the characterization of plant varieties [22–24] and
the certification of food products [25–27].

Microsatellites (or simple sequence repeats (SSRs)) are PCR-based molecular markers valued
for their abundant and uniform genome coverage, high levels of polymorphism information
content as a consequence of their marked mutation rates, and other valuable qualities such
codominant inheritance of DNA amplicons/alleles and request of little amount of DNA for the
amplifications [28]. A unique pair of primers defines each SSR marker locus; as a consequence,
the molecular information exchange among laboratories is easy and allows individuals to be
uniquely genotyped in a reproducible way [29].

SSR markers have been shown repeatedly as being one of the most powerful marker method-
ologies for genetic studies in many crop species. In fact, since they are multiallelic chromosome-
specific and well distributed in the genome, microsatellite markers have already been used for
mapping genes with Mendelian inheritance [30], for identifying quantitative trait loci (QTLs,
[31]) and for molecular marker-assisted selection [32]. In many species, microsatellite markers
have also been used for ascertaining the genetic purity of seed lots [33], as well as to assess the
capability to protect the intellectual property of plant varieties [34]. These markers are also
largely used for assessing the genetic diversity and relationships among populations and lines,
and for identifying crop varieties.

The advantages of SSRs over single-nucleotide polymorphisms (SNPs), another co-dominant
marker system increasingly exploited in breeding programs, include relative ease of transfer
between closely related species [35, 36] and high allelic diversity [37, 38]. On the contrary, SSRs
when compared to SNPs have some limits: the development phase is quite long and expensive
for multilocus assays and the throughput is relatively low because of drawbacks for automa-
tion and output data management. Recently, progresses in the development of multilocus
assays have been made in several directions, suggesting that SSR markers still remain as
relevant molecular tools at least for specific applications and genetic studies [39]. In fact, PCR-
based SSR genotyping has rapidly evolved in plants, and methods for the simultaneous
amplification of multiple marker loci coupled to semi-automated detection systems have been
developed [40]. The identification and selection of SSR markers have become cheaper and
faster due to the emergence of next-generation sequencing technology means. Moreover, the
possibility to multiplexing specific combinations of microsatellite markers has become much
easier and the availability of capillary electrophoresis equipment relying on automated laser-
induced fluorescence DNA technology has facilitated the adoption and exploitation of this
methodology in applied breeding programs [41–43].

Genotypic characterization through SSR loci analysis represents a molecular tool applicable to
all species and able to support the phenotypic observation in order to characterize and
describe a cultivated variety as well as to define its uniformity, distinctiveness, and stability
(DUS testing). At the same time, SSR markers are largely used for the genetic identification of
varieties and the authentication and traceability of their foodstuffs [44–46].

The main goal of this work is to provide an updated and detailed description of the applications
of SSR markers for varietal characterization and identification, reviewing the state of the art of
genotyping in the most economically relevant Italian crop plants and food products: Olea
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europaea L., Solanum lycopersicum L., Vitis vinifera L., Triticum spp., andMalus � domestica Borkh.,
wine and olive oil. In this respect, the chapter aims to assess the real achievements of different
genotyping analyses, to evaluate the strengths and limitations according to applied research
studies, and to emphasize the striking lack of data related to the applications of SSR technology.
Through the careful investigation and evaluation of a large number of scientific papers, our
review highlights some critical aspects on the use of microsatellite markers and formulates
recommendations for standardizing the strategies and methods for ascertaining the genetic
identity of plant varieties and for achieving the genetic traceability of their food derivatives.
Here, we focus on three main aspects: (i) how to choose and use SSR markers, (ii) which
parameters/indices calculate for the genetic characterization of plant materials, and (iii) assess a
standardized way to make SSR data from different works on the same species comparable.

2. Applications of SSR markers for the genetic characterization of crop
plant varieties

Some of the most economically important crops in Italy have been chosen for this study, and
the search has been focused on their varietal characterization through SSR analysis. In partic-
ular, olive (Olea europaea L.), grape (Vitis vinifera L.), and apple (Malus � domestica Borkh.) were
reviewed among the fruit trees, whereas wheat (Triticum spp.) and tomato (Solanum
lycopersicum L.) were selected as representative of cereals and vegetables, respectively. A large
number of commercial cultivars are available for each of these species, and the annual Italian
GPV for these crops is about 18 billion Euro [2]. Moreover, scientific articles dealing with the
genetic identification in wines and olive oils were also evaluated because these two derivatives
contribute to the annual Italian GPV for another 15 billion Euro [2].

Although passport data, morphological, and agronomical descriptors have been collected, data
are not informative enough to assess the numerous cases of misidentification, mislabeling,
homonymies, and synonymies as well as voluntary or accidental frauds [47]. With regard to this,
several research groups characterized and identified cultivars using SSR markers (Table 3).

Crops References

Olive (Olea europaea L.) [23, 25, 48–63]

Tomato (Solanum lycopersicum L.) [27, 44, 64–70]

Grape (Vitis vinifera L.) [15, 19, 24, 71–89]

Wheat (Triticum spp.) [22, 26, 90–98]

Apple (Malus � domestica Borkh.) [99–111]

Derivatives

Wine [45, 112–116]

Olive oil [46, 58, 117–125]

Table 3. Crops and derivatives reviewed.
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traits and that has been extensively used for the characterization of plant varieties [22–24] and
the certification of food products [25–27].

Microsatellites (or simple sequence repeats (SSRs)) are PCR-based molecular markers valued
for their abundant and uniform genome coverage, high levels of polymorphism information
content as a consequence of their marked mutation rates, and other valuable qualities such
codominant inheritance of DNA amplicons/alleles and request of little amount of DNA for the
amplifications [28]. A unique pair of primers defines each SSR marker locus; as a consequence,
the molecular information exchange among laboratories is easy and allows individuals to be
uniquely genotyped in a reproducible way [29].

SSR markers have been shown repeatedly as being one of the most powerful marker method-
ologies for genetic studies in many crop species. In fact, since they are multiallelic chromosome-
specific and well distributed in the genome, microsatellite markers have already been used for
mapping genes with Mendelian inheritance [30], for identifying quantitative trait loci (QTLs,
[31]) and for molecular marker-assisted selection [32]. In many species, microsatellite markers
have also been used for ascertaining the genetic purity of seed lots [33], as well as to assess the
capability to protect the intellectual property of plant varieties [34]. These markers are also
largely used for assessing the genetic diversity and relationships among populations and lines,
and for identifying crop varieties.

The advantages of SSRs over single-nucleotide polymorphisms (SNPs), another co-dominant
marker system increasingly exploited in breeding programs, include relative ease of transfer
between closely related species [35, 36] and high allelic diversity [37, 38]. On the contrary, SSRs
when compared to SNPs have some limits: the development phase is quite long and expensive
for multilocus assays and the throughput is relatively low because of drawbacks for automa-
tion and output data management. Recently, progresses in the development of multilocus
assays have been made in several directions, suggesting that SSR markers still remain as
relevant molecular tools at least for specific applications and genetic studies [39]. In fact, PCR-
based SSR genotyping has rapidly evolved in plants, and methods for the simultaneous
amplification of multiple marker loci coupled to semi-automated detection systems have been
developed [40]. The identification and selection of SSR markers have become cheaper and
faster due to the emergence of next-generation sequencing technology means. Moreover, the
possibility to multiplexing specific combinations of microsatellite markers has become much
easier and the availability of capillary electrophoresis equipment relying on automated laser-
induced fluorescence DNA technology has facilitated the adoption and exploitation of this
methodology in applied breeding programs [41–43].

Genotypic characterization through SSR loci analysis represents a molecular tool applicable to
all species and able to support the phenotypic observation in order to characterize and
describe a cultivated variety as well as to define its uniformity, distinctiveness, and stability
(DUS testing). At the same time, SSR markers are largely used for the genetic identification of
varieties and the authentication and traceability of their foodstuffs [44–46].

The main goal of this work is to provide an updated and detailed description of the applications
of SSR markers for varietal characterization and identification, reviewing the state of the art of
genotyping in the most economically relevant Italian crop plants and food products: Olea
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europaea L., Solanum lycopersicum L., Vitis vinifera L., Triticum spp., andMalus � domestica Borkh.,
wine and olive oil. In this respect, the chapter aims to assess the real achievements of different
genotyping analyses, to evaluate the strengths and limitations according to applied research
studies, and to emphasize the striking lack of data related to the applications of SSR technology.
Through the careful investigation and evaluation of a large number of scientific papers, our
review highlights some critical aspects on the use of microsatellite markers and formulates
recommendations for standardizing the strategies and methods for ascertaining the genetic
identity of plant varieties and for achieving the genetic traceability of their food derivatives.
Here, we focus on three main aspects: (i) how to choose and use SSR markers, (ii) which
parameters/indices calculate for the genetic characterization of plant materials, and (iii) assess a
standardized way to make SSR data from different works on the same species comparable.

2. Applications of SSR markers for the genetic characterization of crop
plant varieties

Some of the most economically important crops in Italy have been chosen for this study, and
the search has been focused on their varietal characterization through SSR analysis. In partic-
ular, olive (Olea europaea L.), grape (Vitis vinifera L.), and apple (Malus � domestica Borkh.) were
reviewed among the fruit trees, whereas wheat (Triticum spp.) and tomato (Solanum
lycopersicum L.) were selected as representative of cereals and vegetables, respectively. A large
number of commercial cultivars are available for each of these species, and the annual Italian
GPV for these crops is about 18 billion Euro [2]. Moreover, scientific articles dealing with the
genetic identification in wines and olive oils were also evaluated because these two derivatives
contribute to the annual Italian GPV for another 15 billion Euro [2].

Although passport data, morphological, and agronomical descriptors have been collected, data
are not informative enough to assess the numerous cases of misidentification, mislabeling,
homonymies, and synonymies as well as voluntary or accidental frauds [47]. With regard to this,
several research groups characterized and identified cultivars using SSR markers (Table 3).

Crops References

Olive (Olea europaea L.) [23, 25, 48–63]

Tomato (Solanum lycopersicum L.) [27, 44, 64–70]

Grape (Vitis vinifera L.) [15, 19, 24, 71–89]

Wheat (Triticum spp.) [22, 26, 90–98]

Apple (Malus � domestica Borkh.) [99–111]

Derivatives

Wine [45, 112–116]

Olive oil [46, 58, 117–125]

Table 3. Crops and derivatives reviewed.
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Article searches were performed using the three most popular sources of scientific information:
Scopus, Web of Science, and Google Scholar, while PubMed was excluded from the queried
datasets because it focuses mainly onmedicine and biomedical sciences and also because Google
scholar already includes its index [126]. A total of 90 articles based on SSR genotyping analysis
were selected from the international literature in the last 15 years, covering all the plant species/
food products taken as reference list. Only articles dating from 2000 to now were reviewed
assuming that researches published earlier would have lost their steering effects on the activities
of plant DNA genotyping, given that the development of new and large marker datasets, and
technologically advanced and automated protocols has been very fast in the last 15 years.

3. What number and how to select a panel of SSR marker loci according to
their linkage map position and polymorphism information content

More than 800 SSR markers have been developed in apple (Malus � domestica Borkh., 2n =
2 � = 34), and nearly all of them have been mapped on a consensus map produced starting
from five different genetic maps [127]. These markers are distributed across all 17 linkage
groups, with an average of 49 microsatellites per linkage group. Moreover, the genome data-
base for Rosaceae [128] is a long-standing community database resource providing hundreds
of microsatellite loci, in most cases accompanied by a wealth of information about map
position, repeat motifs, primers, PCR conditions, amplicon length, and publication source. A
discriminatory set of markers should ensure the uniform distribution across the genome of the
microsatellite loci to represent adequately each linkage group and, thus, the genome in its
entirety [91]. In fact, assessing the genetic diversity by focusing only on restricted regions of
the genome may threaten to distort results. Nevertheless, neglecting the most ambitious study
on Malus � domestica Borkh. carried out by Patocchi et al. [105] using an extremely high
number of SSR markers (82), the number of selected and analyzed genomic loci varies from 4
to 19 with an average value of 12 � 6 SSR markers, less than a microsatellite locus per linkage
group. Extending this reasoning to the other crops reviewed, the emerging output is often the
same: for all the plant species, very detailed genetic maps are available [129–132] as well as
dedicated databases for SSR markers (Table 4).

Olea europaea L. (2n = 2 � = 46) includes 23 chromosome pairs and the average number of
microsatellite markers used in the reviewed articles is 11 � 5, much less than a microsatellite
locus per linkage group. The same is also true for Vitis vinifera L. (2n = 2 � = 38) in which the
average number of microsatellite markers explored for genotyping cultivars is 15 � 11 in spite
of the 19 chromosome pairs of this species. Even the varietal identification of their respective
derivatives (olive oil and wine) has been accomplished by exploring, on average, 8 � 3 and
10 � 4 SSR markers, respectively. On the contrary, in wheat, the varieties of both Triticum
durum Desf. (2n = 4 � = 28) and Triticum aestivum L. (2n = 6 � = 42) have been characterized
by means of genotyping with SSR markers analyzing, on average, 18 � 3 and 21 � 6 microsat-
ellite loci respectively, that is more than one microsatellite per linkage group. This latter choice
is perhaps associated with the high complexity and large size of the Triticum aestivum L.
genome, approximately equal to 17 Gb/1C [148]. In fact, for a correct representation of the
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entire genome, not only the number of homologous chromosomes but also their size (i.e., total
amount of DNA) should be considered when choosing the optimal panel of microsatellite loci
to be investigated. Finally, in tomato (Solanum lycopersicum L., 2n = 2 � = 24), the average
number of SSR markers employed for genotyping varieties is 14 � 7 (Table 4).

Only few studies [65, 74, 96, 106] evaluated the position within linkage groups of the
microsatellites selected: the choice often falls on SSR markers with unknown or not specified
position or mapped on few chromosomes, thus resulting in a poor representation of the entire
genome. In this regard, the results from Cipriani et al. [74] and van Treuren et al. [106]
represent a good model for the choice of molecular markers to investigate the genetic diversity
in germplasm collections and to solve synonymy/homonymy cases as well as paternity and
kinship issues. The former group selected microsatellite sequences from scaffolds anchored to
the 19 linkage groups of Vitis vinifera L. with the aim of analyzing 38 well-distributed SSR

Species Genome size
(Gb)

Ploidy SSR available (SSR
database)

SSR employed
(mean � st.
dev)

No. of
reference
cultivars

No. of
reference
SSRs

Olea europaea
L.

1.42–2.28 [133] 2n = 2� = 46 12 (OLEA Database)
[134]

11 � 5 21 [53], 17
[52]

11 [53], 8
[52]

Solanum
Lycopersicum
L.

0.90–0.95 [132] 2n = 2 � = 24 146,602 (Tomato
microsatellite database)
[135]

14 � 7 n.a. n.a.

66,823 (Tomato genomic
resources database)
[136]

21,100 (Tomato: Kazusa
Marker Database) [137]

Vitis vinifera
L.

0.48 [129] 2n = 2� = 38 56 (Grape microsatellite
collection) [138]

15 � 11 49 [139] 6 [139], 38
[74]

443 (Italian Vitis
Database) [140]

6 (The European Vitis
Database) [141]

Triticum spp. 12.3–13.00
(T. durum Desf)
[142]

2n = 4� = 28 588 (Wheat
microsatellite
consortium) [143]

18 � 3 n.a. 46 [144]

16.50–17.00
(T. aestivum L.)
[142]

2n = 6� = 42 21 � 6

Malus �
domestica
Borkh.

0.75 [145] 2n = 2x = 34 664 (HiDRAS SSR
database) [146]

12 � 6 7 [147] 12 [147], 15
[108]

2449 (Genome database
for Rosaceae) [128]

Table 4. Information on the five species analyzed in this book chapter, including genome size, ploidy, available SSR
database and number of microsatellite regions included, average number of SSR employed in the articles reviewed,
number of cultivars, and microsatellite used as reference.
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Article searches were performed using the three most popular sources of scientific information:
Scopus, Web of Science, and Google Scholar, while PubMed was excluded from the queried
datasets because it focuses mainly onmedicine and biomedical sciences and also because Google
scholar already includes its index [126]. A total of 90 articles based on SSR genotyping analysis
were selected from the international literature in the last 15 years, covering all the plant species/
food products taken as reference list. Only articles dating from 2000 to now were reviewed
assuming that researches published earlier would have lost their steering effects on the activities
of plant DNA genotyping, given that the development of new and large marker datasets, and
technologically advanced and automated protocols has been very fast in the last 15 years.

3. What number and how to select a panel of SSR marker loci according to
their linkage map position and polymorphism information content

More than 800 SSR markers have been developed in apple (Malus � domestica Borkh., 2n =
2 � = 34), and nearly all of them have been mapped on a consensus map produced starting
from five different genetic maps [127]. These markers are distributed across all 17 linkage
groups, with an average of 49 microsatellites per linkage group. Moreover, the genome data-
base for Rosaceae [128] is a long-standing community database resource providing hundreds
of microsatellite loci, in most cases accompanied by a wealth of information about map
position, repeat motifs, primers, PCR conditions, amplicon length, and publication source. A
discriminatory set of markers should ensure the uniform distribution across the genome of the
microsatellite loci to represent adequately each linkage group and, thus, the genome in its
entirety [91]. In fact, assessing the genetic diversity by focusing only on restricted regions of
the genome may threaten to distort results. Nevertheless, neglecting the most ambitious study
on Malus � domestica Borkh. carried out by Patocchi et al. [105] using an extremely high
number of SSR markers (82), the number of selected and analyzed genomic loci varies from 4
to 19 with an average value of 12 � 6 SSR markers, less than a microsatellite locus per linkage
group. Extending this reasoning to the other crops reviewed, the emerging output is often the
same: for all the plant species, very detailed genetic maps are available [129–132] as well as
dedicated databases for SSR markers (Table 4).

Olea europaea L. (2n = 2 � = 46) includes 23 chromosome pairs and the average number of
microsatellite markers used in the reviewed articles is 11 � 5, much less than a microsatellite
locus per linkage group. The same is also true for Vitis vinifera L. (2n = 2 � = 38) in which the
average number of microsatellite markers explored for genotyping cultivars is 15 � 11 in spite
of the 19 chromosome pairs of this species. Even the varietal identification of their respective
derivatives (olive oil and wine) has been accomplished by exploring, on average, 8 � 3 and
10 � 4 SSR markers, respectively. On the contrary, in wheat, the varieties of both Triticum
durum Desf. (2n = 4 � = 28) and Triticum aestivum L. (2n = 6 � = 42) have been characterized
by means of genotyping with SSR markers analyzing, on average, 18 � 3 and 21 � 6 microsat-
ellite loci respectively, that is more than one microsatellite per linkage group. This latter choice
is perhaps associated with the high complexity and large size of the Triticum aestivum L.
genome, approximately equal to 17 Gb/1C [148]. In fact, for a correct representation of the
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entire genome, not only the number of homologous chromosomes but also their size (i.e., total
amount of DNA) should be considered when choosing the optimal panel of microsatellite loci
to be investigated. Finally, in tomato (Solanum lycopersicum L., 2n = 2 � = 24), the average
number of SSR markers employed for genotyping varieties is 14 � 7 (Table 4).

Only few studies [65, 74, 96, 106] evaluated the position within linkage groups of the
microsatellites selected: the choice often falls on SSR markers with unknown or not specified
position or mapped on few chromosomes, thus resulting in a poor representation of the entire
genome. In this regard, the results from Cipriani et al. [74] and van Treuren et al. [106]
represent a good model for the choice of molecular markers to investigate the genetic diversity
in germplasm collections and to solve synonymy/homonymy cases as well as paternity and
kinship issues. The former group selected microsatellite sequences from scaffolds anchored to
the 19 linkage groups of Vitis vinifera L. with the aim of analyzing 38 well-distributed SSR

Species Genome size
(Gb)

Ploidy SSR available (SSR
database)

SSR employed
(mean � st.
dev)

No. of
reference
cultivars

No. of
reference
SSRs

Olea europaea
L.

1.42–2.28 [133] 2n = 2� = 46 12 (OLEA Database)
[134]

11 � 5 21 [53], 17
[52]

11 [53], 8
[52]

Solanum
Lycopersicum
L.

0.90–0.95 [132] 2n = 2 � = 24 146,602 (Tomato
microsatellite database)
[135]

14 � 7 n.a. n.a.

66,823 (Tomato genomic
resources database)
[136]

21,100 (Tomato: Kazusa
Marker Database) [137]

Vitis vinifera
L.

0.48 [129] 2n = 2� = 38 56 (Grape microsatellite
collection) [138]

15 � 11 49 [139] 6 [139], 38
[74]

443 (Italian Vitis
Database) [140]

6 (The European Vitis
Database) [141]

Triticum spp. 12.3–13.00
(T. durum Desf)
[142]

2n = 4� = 28 588 (Wheat
microsatellite
consortium) [143]

18 � 3 n.a. 46 [144]

16.50–17.00
(T. aestivum L.)
[142]

2n = 6� = 42 21 � 6

Malus �
domestica
Borkh.

0.75 [145] 2n = 2x = 34 664 (HiDRAS SSR
database) [146]

12 � 6 7 [147] 12 [147], 15
[108]

2449 (Genome database
for Rosaceae) [128]

Table 4. Information on the five species analyzed in this book chapter, including genome size, ploidy, available SSR
database and number of microsatellite regions included, average number of SSR employed in the articles reviewed,
number of cultivars, and microsatellite used as reference.
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markers, ideally two loci for each linkage group, whereas the latter group also considered the
specific map position of genetic and genetic association with traits of agricultural interest.

Two important issues must be pointed out. The number of SSRs to employ should be also
evaluated according to the type of analysis. For example, the EU-Project Genres CT96 No81
[139] selected six highly discriminating microsatellites, thus less than one marker per linkage
group, that could be sufficient to differentiate among hundreds of grape cultivars. The same
microsatellite set could be very inadequate to discriminate among clones. Moreover, it is worth
noting that, in some cases, increasing the number of marker loci does not necessarily mean
improving the resolution of cultivar characterization and identification. For example, Baric
et al. [107] reported that extending the set of microsatellite markers to 48, from an initial
analysis based on 14 SSR loci, it was impossible to improve the genetic discrimination among
the 28 accessions of Malus � domestica Borkh. analyzed.

Connected to the distribution and position of the microsatellite loci within a genome, there is
also the possibility to choose between genomic SSR (gSSR) and EST-derived SSR (EST-SSR).
Generally, EST-SSR markers are less polymorphic than genomic SSR ones, as reported for
Triticum spp. [93, 95] and Solanum lycopersicum L. [68], being the formers found in selectively
more constrained regions of the genome. Of particular interest is the comparison of Leigh et al.
[93] between sets of 20 EST-SSR and 12 genomic SSR markers in terms of discrimination ability
among 66 varieties of Triticum spp. The results indicate that the panel of EST-derived SSR
markers used is slightly less efficient at discriminating between hexaploid Triticum aestivum L.
varieties compared with the second panel of genomic SSR markers. EST-SSR markers also have
the disadvantage that amplicon sizes can differ from expectations, as a consequence of the
undetected presence of introns in flanking regions [39]. Nevertheless, these findings support
the possibility that EST-SSR markers could in the near future complement and outnumber the
genomic SSR markers. In fact, EST-SSR markers should have some important advantages over
genomic SSR markers. In particular, they are easily obtained by bioinformatic querying of EST
databases while the development phase of genomic SSR markers is quite long and expensive;
EST-SSR markers could be functionally more informative than genomic SSR markers because
being associated with the transcribed regions of the genome, thus reflecting the genetic diver-
sity inside or adjacent to the genes [149]. Moreover, the rate at which SSR flanking regions
evolve is lower in expressed than nonexpressed sequences and the primers designed on these
sequences are more likely to be conserved across species, thus resulting in high levels of SSR
transferability [150]. A suitable combination of EST-SSR and genomic-SSR markers could be
optimal for distinctiveness, uniformity, and stability testing applications for crop plant varie-
ties [93]. Overall, the vast majority of studies are based on genomic SSR markers, and only
three articles out of 90 take into account the possibility of employing EST-SSR markers.

In terms of location, nuclear SSR (nSSR) markers are largely used and more exploited than
plastidial and mitochondrial SSR (cpSSR and mtSSR, respectively) markers. First, the develop-
ment phase of extranuclear SSRmarkers is complicated: high purity chloroplast or mitochondrial
DNA is typically very hard to extract due to nuclear DNA contaminations [151]. Moreover,
Wolfe et al. [152] have shown that comparing nuclear, chloroplast, and mitochondrial genomes,
the frequency of chloroplast genome gene silencing and replacement was half that of the nuclear
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genome, and three times that of the mitochondrial genome, indicating that the evolution of
mitochondrial genome has been slower and implicating lower levels of polymorphism. Never-
theless, the use of markers belonging to mitochondrial or chloroplast sequences may be useful
due to their haploid nature, relative abundance, and stability in comparison with nuclear
sequences. For instance, Borgo et al. [153] suggested that the circular form increases stability
and resistance against heat disintegration. Boccacci et al. [113] analyzed musts and wine samples
using a set of nine nSSR and seven cpSSR markers in order to identify cultivars. Findings from
these studies confirm a low level of polymorphism for the extranuclear markers due to their
lower frequency of mutation. Also Baleiras-Couto and Eiras-Dias [45] and Pérez-Jiménez et al.
[125] have exploited this kind of SSR markers, with similar results.

The choice of the number of SSR loci usually depends on their polymorphism degree. With
some exceptions for which this information is not available, the average number of marker
alleles per SSR locus is equal to 7.1 for Olea europaea L., 3.5 for Solanum lycopersicum L., 8.2 for
Vitis vinifera L., 6.9 for Triticum spp., 9.4 for Malus � domestica Borkh., 6.5 for olive oil, and 5.2
for wine. Both EST-SSR and cpSSR were found to be less polymorphic, with a low average
number of alleles per locus, than genomic SSR markers [45, 68, 93, 113, 125]. The polymor-
phism degree may depend on several factors, including the SSR motif length and the SSR
localization on coding or not-coding regions.

In order to estimate the level of genetic diversity detected by each microsatellite, marker
frequencies are widely used to estimate the polymorphism information content (PIC, Table 5)
values, according to the methods of Botstein et al. [154]. The authors reported the following
formula for the calculation of the PIC value of an n-marker allele:

PIC ¼ 1�
Xn
i¼1

p2
i �

Xn�1

i¼1

Xn
j¼iþ1

2p2
i p

2
j , (1)

where pi and pj are the population frequencies of the ith and jth marker alleles, respectively. A
PIC > 0.5 is considered as being a highly informative marker, while 0.5 > PIC > 0.25 is an
informative marker and PIC is 0.25, a slightly informative marker. As reported by Nagy et al.
[155], PIC can be defined as the probability that the marker genotype of a given offspring will
allow deduction, in the absence of crossing-over, of which of the two marker alleles of the
affected parents it received. In other words, this parameter is a modification of the heterozygosity
measure that subtracts from the H value an additional probability that an individual in a linkage
analysis does not contribute information to the study. On this aspect, there is no full agreement
among the authors. Some studies on olive oil [58, 122] and Malus � domestica Borkh. [101, 103],
referring to Anderson et al. [156], contend that the occurrence of rare marker alleles has less
impact than common marker alleles on the PIC estimates and consider that this index can be
assimilated to the expected heterozygosity (He), calculated by the following simplified formula:
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where pi is the population frequency of the ith marker allele.
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markers, ideally two loci for each linkage group, whereas the latter group also considered the
specific map position of genetic and genetic association with traits of agricultural interest.
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genome, and three times that of the mitochondrial genome, indicating that the evolution of
mitochondrial genome has been slower and implicating lower levels of polymorphism. Never-
theless, the use of markers belonging to mitochondrial or chloroplast sequences may be useful
due to their haploid nature, relative abundance, and stability in comparison with nuclear
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referring to Anderson et al. [156], contend that the occurrence of rare marker alleles has less
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where pi is the population frequency of the ith marker allele.
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In addition to the PIC value, calculated taking into account allelic frequencies, there are several
indexes focusing on genotype frequencies. For example, as reported by Aranzana et al. [157],
other two important indexes that should be evaluated are the power of discrimination (usually
PD)—or diversity index (D), as reported by Zulini et al. [71] and Martínez et al. [24]—and the
confusion probability (C). The first one provides an estimate of the probability that two ran-
domly sampled accessions of the study would be differentiated by their marker allele profiles:

PD ¼ 1�
Xn
i¼1

p2
i , (3)

where pi is the frequency of the ith marker genotype. As already described for the PIC, among
the authors, there are different interpretations and procedures to calculate the PD index.
Pasqualone et al. [25] in their study on Olea europaea L. genotyping reported that “the power of
discrimination, sometimes referred to as polymorphism information content, or diversity index,
was calculated […],” assuming in this way that PD and PIC correspond to the same parameter.

The confusion probability (C) index, also defined as the combined power of discrimination of
overall loci [23], is the probability that any two cultivars are identical in their genotypes at all
SSR loci by chance alone and it depends on PD. It can be estimated as follows:

C ¼
Yn
i¼1

1� PDið Þ, (4)

Index Full name Formula Definition No. of papers
account for it

PIC* Polymorphism
Information
Content

1�Pn
i¼1 p

2
1 �

Pn�1
i¼1
Pn

j¼iþ1 2p
2
i p

2
j

Probability that the marker genotype of a
given offspring will allow deduction, in the
absence of crossing-over, of which of the two
marker alleles of the affected parents it
received [155]

36

PD** Power of
Discrimination

1�Pn
i¼1 p

2
i Probability that two randomly sampled

accessions would be differentiated by their
marker allele profiles [157]

14

C** Confusion
probability

Qn
i¼1 1� PDið Þ Probability that any two individuals are

identical in their genotypes at all SSR loci by
chance alone [157]

3

PI* Probability of
Identity

∑i(pi)
4 +∑i∑j(2pipj)

2 Probability that two individuals drawn at
random from a population will have the
same genotype at one marker locus [122]

21

PIt
* Total

probability of
identity

Qn
i¼1 PIi Probability of two individuals sharing the

same marker genotype by chance [122]
2

*pi and pj are the frequencies of the ith and jth marker alleles.
**pi is the frequency of the ith marker genotype.

Table 5. Summary information on the main parameters assessed by the 90 papers reviewed.
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where PDi is the power of discrimination value of the ith locus. Notwithstanding its informa-
tiveness, only three articles of the 90 reviewed take into account this value (Table 5). Martínez
et al. [24] in their attempt to assess the genetic diversity of Vitis vinifera L. varieties calculated
the power of discrimination index as follows:

PD ¼ 1� C being C ¼
Xn
i¼1

p2
i , (5)

where pi is the frequency of different marker genotypes for a given locus. In this case, C is the
probability of coincidence, corresponding to the probability that two varieties match by chance
at one locus.

About 21 articles, mainly focused on the species Vitis vinifera L. and oil from Olea europaea L.,
report also the probability of identity (PI) index of each single SSR marker locus either in
addition or in substitution of PD value (Table 5). This index can be estimated as follows:

PI ¼
X
i

pi

� �4 þ
X
i

X
j

2pipj

� �2
, (6)

where pi and pj are the frequencies of ith and jth marker alleles, respectively. It represents the
probability that two individuals drawn at random from a population will have the same
genotype at one marker locus. For example, Vietina et al. [122] and Corrado et al. [58] in their
studies, regarding the genetic traceability of monovarietal olive oils, refer to this value in order
to determine the efficacy of the SSR marker pool to discriminate among the cultivars. Martínez
et al. [24] adopted the following formula to calculate the same value:

PI ¼
X
i

pi

� �4 �
X
i

X
j

2pipj

� �2
: (7)

Equally interesting is the total probability of identity (PIt) that represents a compound proba-
bility defined as the probability of two cultivars sharing the same marker genotype by chance
and calculated as follows:

PIt ¼
Yn
i¼1

PIi, (8)

where PIi is the probability of identity value of the ith marker locus.

Finally, Qanbari et al. [158] reported that PD and PI are complementary parameters:

PD ¼ 1� PI: (9)

The use of standardized parameters is essential to make SSR data comparable across species
and laboratories, and it can be especially beneficial for the preliminary evaluation of the
discriminant ability and applicability of SSR marker loci.
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where PDi is the power of discrimination value of the ith locus. Notwithstanding its informa-
tiveness, only three articles of the 90 reviewed take into account this value (Table 5). Martínez
et al. [24] in their attempt to assess the genetic diversity of Vitis vinifera L. varieties calculated
the power of discrimination index as follows:
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where pi is the frequency of different marker genotypes for a given locus. In this case, C is the
probability of coincidence, corresponding to the probability that two varieties match by chance
at one locus.

About 21 articles, mainly focused on the species Vitis vinifera L. and oil from Olea europaea L.,
report also the probability of identity (PI) index of each single SSR marker locus either in
addition or in substitution of PD value (Table 5). This index can be estimated as follows:

PI ¼
X
i

pi

� �4 þ
X
i

X
j

2pipj

� �2
, (6)

where pi and pj are the frequencies of ith and jth marker alleles, respectively. It represents the
probability that two individuals drawn at random from a population will have the same
genotype at one marker locus. For example, Vietina et al. [122] and Corrado et al. [58] in their
studies, regarding the genetic traceability of monovarietal olive oils, refer to this value in order
to determine the efficacy of the SSR marker pool to discriminate among the cultivars. Martínez
et al. [24] adopted the following formula to calculate the same value:
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Equally interesting is the total probability of identity (PIt) that represents a compound proba-
bility defined as the probability of two cultivars sharing the same marker genotype by chance
and calculated as follows:

PIt ¼
Yn
i¼1

PIi, (8)

where PIi is the probability of identity value of the ith marker locus.

Finally, Qanbari et al. [158] reported that PD and PI are complementary parameters:

PD ¼ 1� PI: (9)

The use of standardized parameters is essential to make SSR data comparable across species
and laboratories, and it can be especially beneficial for the preliminary evaluation of the
discriminant ability and applicability of SSR marker loci.
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4. The choice of the best microsatellite motifs and the problem
of the null alleles

Microsatellite repeat units typically vary from one to six bases. Shortest motifs (mono- or
dinucleotide repeats) usually have a high number of alleles [74], and they allow packing more
loci on a given separation system, resulting in larger multiplexes. However, this kind of SSR
motifs can be difficult to assay accurately. It is very common to observe a stuttering in terms of
multiple bands or peaks, a phenomenon commonly caused by slippage of the DNA polymer-
ase, but the main problem arises when there is a difference of one or two base-pairs between
marker alleles: in case of homozygous loci, the electrophoretic analysis results in one main
band or peak, but with heterozygous loci very often one of the two marker alleles is masked by
the stutter. SSR markers containing trinucleotide or higher order repeats usually eliminate this
technical problem because target sequences appear to be significantly less prone to slippage
[52]. Nevertheless, microsatellite loci with long motifs are known to be less polymorphic and,
in some cases, due to lack of stutter bands or peaks, which is not always possible to distinguish
SSR amplicons from other aspecific PCR products and it may lead to an overestimation of the
level of polymorphism of these loci [159].

Among the 90 studies we surveyed, only 25 of them specify the length of the SSR motifs
employed and very few justifies the choice. Cipriani et al. [80] performed two distinct molecular
analyses on the same set of cultivars, using the genetic profiles obtained from the two sets of
microsatellites, the dinucleotide repeats from one side, and the tri-, tetra-, and pentanucleotide
repeats from the other, with the aim of comparing their performance in the discrimination of the
genotypes analyzed. Both microsatellite data sets produced identical consensus tree topology,
but the authors underlined that dinucleotide SSR markers scored a higher number of alleles
per locus, and consequently, a potentially higher power for identifying and distinguishing closely
relatedgenotypes.On theotherhand, themicrosatellitedataset basedon tri-, tetra-, andpentanucle-
otide SSR markers proved to have the advantage of ease in scorability, while maintaining a very
high power of discrimination for successful genotyping of theVitis viniferaL. cultivars.

Microsatellites have also been classified according to the type of repeat sequence as perfect or
imperfect, according to the occurrence of simple or uneven repeats, respectively [160]. The
preference should be given to perfect motifs because using imperfect ones, there is no more
equivalency between fragment length and amplicon sequence, and hence several sequences
can correspond to a given length variant [39]. This is the reason why only four studies
employed imperfect SSRs among the 25 ones specifying the motifs.

The occurrence of null alleles is something to avoid when using SSR markers for genotyping
plant materials. A microsatellite null allele is any marker allele at a genomic locus that consis-
tently fails to amplify by the polymerase chain reaction, resulting in the lack of detectable
amplicons. Lack of amplified fragments could preclude the detection of heterozygous loci, which
would be computed as homozygotes. In the same way, null alleles at homozygous loci are
characterized by a complete lack of amplification with the consequent production of missing
data. On the whole, null alleles may interfere with the genetic identification of cultivars, by
wrongly reducing the genetic diversity among accessions [149]. In the 90 studies surveyed, only
38 of them estimated the probability of null alleles, mainly using the formula of Brookfield [161]:
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r ¼ He �Ho

1þHe
(10)

being He the expected heterozygosity and Ho the observed heterozygosity.

5. Comparisons across studies of SSR-based genotyping: Reference
marker sets and reference plant varieties

In most cases, it is impossible to make valid comparisons across studies on the same species
since different sets of SSR loci are used in different laboratories [162]. For some species, the
choice of microsatellites begins to be fairly uniform (Table 4). For instance, almost all of the
studies aimed to genotype Olea europaea L. cultivars make use of SSR markers belonging to
four main datasets developed by Sefc et al. [163], Carriero et al. [164], Cipriani et al. [165], and
de La Rosa et al. [166]. Based on these studies, two informal universal sets of SSR markers were
proposed for genotyping Olea europaea L. cultivars by Doveri et al. [52] and Baldoni et al. [53].
Cipriani et al. [74] suggested a list of 38 markers with excellent quality of peaks, high power of
discrimination, and uniform genome distribution (1–3 markers/chromosome) for genotyping
Vitis vinifera L. cultivars. Li et al. [144] assembled a reference kit of SSR markers for genetic
analysis in Triticum spp. that comprises 46 microsatellites. Moriya et al. [108] developed a set of
SSR markers for genotyping Malus � domestica Borkh. cultivars, which includes 15
microsatellites. Not only independent research works, but also some international programs
and projects attempted to pursue this goal. The European Cooperative Programme for Plant
Genetic Resources (ECPGR) has recommended a new set of 12 SSR marker loci distributed in
different linkage groups of the Malus � domestica Borkh. genome, organized in three multi-
plexes and designed for a four-dye system [147]. Comparable considerations have been
presented within two projects focused on the grapevine genetic resources conservation and
characterization (EU-project GENRES CT96 No 81, [139]) and on the Traceability of Origin and
Authenticity of Olive Oil (Oliv-Track, [167]). It is worth noting that, to the best of our knowl-
edge, for Solanum Lycopersicum L., no SSR set of reference has been proposed yet.

Unfortunately, by establishing a reference set of microsatellite markers to use in each analysis
for a given species, it is not sufficient to ensure the comparability among different studies and
the reproducibility among different laboratories. Some tests have been carried out in order to
investigate the reproducibility of SSR data produced by different laboratories under varying
local conditions. Four different laboratories performed independent marker analyses on a
common set of 21 DNA samples of Olea europaea L. cultivars and with the same set of SSR
markers, using different DNA polymerase enzymes, PCR cycling conditions, amplicon sepa-
ration, and visualization methods [53]. The results are not encouraging. Many cases of allele
drop out and discrepancies in allele length, up to five nucleotides for identical microsatellite
loci, were recorded. This finding is probably attributable to a combination of different equip-
ments, different sequencers, and different internal ladders, which may have affected the
relative mobility estimates leading to noncomparable electropherograms. Similar results have
been achieved from ten laboratories distributed in seven countries that analyzed the same 46
Vitis vinifera, L. cultivars at the same 6 SSR loci [72].
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amplicons. Lack of amplified fragments could preclude the detection of heterozygous loci, which
would be computed as homozygotes. In the same way, null alleles at homozygous loci are
characterized by a complete lack of amplification with the consequent production of missing
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relative mobility estimates leading to noncomparable electropherograms. Similar results have
been achieved from ten laboratories distributed in seven countries that analyzed the same 46
Vitis vinifera, L. cultivars at the same 6 SSR loci [72].

Critical Aspects on the Use of Microsatellite Markers for Assessing Genetic Identity of Crop Plant Varieties…
http://dx.doi.org/10.5772/intechopen.70756

143



One of the main discoveries is that the specific microsatellite sequence dramatically influ-
ences the efficiency of analysis. Marmiroli et al. [168] showed that the repeatability of results
among different laboratories was good enough for some microsatellites but rather
low for others, confirming that the choice of SSR loci and of their primers is crucial for an
efficient analysis.

Despite all the precautions and the establishment of a reference set of SSR markers, some
residual variation in laboratory equipment and procedures cannot be completely avoided,
and representative reference material with many different alleles should be adopted by all
laboratories involved in a genotyping program for a given species [162]. For this purpose, 21
out of 90 studies included reference cultivars, promoting new ones or exploiting cultivars
already used as reference in previous works. Independent researches and international
institutions are trying to find an agreement filling lists of reference accessions in order to
prevent that each group uses its own reference cultivars and to standardize all works
performed on these species. For example, the ECPGR has chosen eight Malus � domestica
Borkh. cultivars as reference set for this species [147]. Baldoni et al. [53] and Doveri et al. [52]
proposed two different lists of reference cultivars for Olea europaea L. (Table 4).

Even if this approach is fully applicable also to the crop derivatives here taken into account
(olive oil and wine), there are some additional aspects that must be considered when talking
about processed products. First, sometimes, it is very difficult to make SSR marker analyses
on food products and beverages because of the low DNA quantity and the lack of DNA
integrity. For example, Baleiras-Couto and Eiras-Dias [45] reported their difficulties to inves-
tigate wines after about eight months of fermentation, as well as Recupero et al. [115]
highlighted technical problems during the isolation of genomic DNA from Nebbiolo wine.
Nevertheless, both of them managed to characterize must. For olive oil, Martins-Lopes et al.
[119] as well as Vietina et al. [122], took advantage from extraction methods able to give
good yield of genomic DNA and PCR amplificability. It is therefore evident how an opti-
mized DNA extraction method is also a crucial step to carry out a reliable study on the
applicability of molecular markers for identifying the varietal origin or assessing the varietal
composition of crop plant derivatives.

It is not trivial considering the match between genetic profiles of crop plants and their deriva-
tives. In this regard, there are some contrasting points of view. In the review of Agrimonti et al.
[169], it is reported that several authors (e.g., [46, 118, 120]) have noticed a satisfying confor-
mity between olive oil and leaf profiles with SSR markers. On the contrary, Doveri et al. [117]
have proposed a cautionary note about the use of SSR markers, stressing the nonperfect
concordance between the molecular genetic profiles of the olive oil and the original leaf
sample. Furthermore, it is necessary to underline the extreme difficulty in characterizing
multivarietal derivatives through SSR analysis. Most of the Italian PDO wines and olive oils
are produced blending two or more cultivars in percentages strictly defined in the production
regulation. In these cases, each SSR locus is represented by the combination of the marker
alleles of each variety. For examples, Baleiras-Couto and Eiras-Dias [45], after having analyzed
with six SSR markers in different divarietal musts at different percentages, reported results
that confirm the complexity and difficulty of assessing multiple genotypes.
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6. Conclusions

The genetic characterization of plant varieties by means of multilocus genotyping through SSR
markers in the main crop species is still not based on standardized protocols making the
acquisition of reproducible and transferable datasets difficult. What emerges from the analysis
of the literature is a lack of wider consensus among the authors regarding the strategy to
design and to adopt for genotyping plant varieties with SSR markers. This finding highlights
the urgent need to establish a common procedure.

Some conclusions of general validity can be drawn on the basis of the articles here reviewed.
First of all, it is quite difficult to define exactly the ideal number of microsatellite loci to assay.
Usually, the number of SSR markers depends on the type and goal of the analysis. If the
purpose is merely to distinguish among two or more cultivars (i.e., individual genotypes), it
is possible to adopt an “as simple as possible strategy.” For example, a novel approach called
the cultivar identification diagram (CID) strategy has been recently developed. This method
was designed so that, at each step, a polymorphic marker generated from each PCR analysis
directly allows the separation of cultivar samples [109]. In this specific study, eight is consid-
ered the minimum number of SSR markers necessary to distinguish 60 cultivars in Malus �
domestica Borkh.. Supposedly, the number of SSR markers could depend on the number of
cultivars to distinguish, on their relationship and on the polymorphic degree of each marker
locus. In this regard, we suggest AMaCAID [170] and UPIC [171], two very interesting tools
that able the investigation of the minimum number of markers required to distinguish a
specific number of accessions and, thus, the identification of the best marker combination that
maximizes the genetic information.

When the purpose is to genetically characterize a cultivar in order to fulfill the requirements of
a varietal register that could include hundreds or thousands of different varieties, the selection
of SSR markers should be oriented to an exhaustive representation of the genome as whole.
This is the reason why different authors consider one or two microsatellite for each linkage
group for the minimum number required to reconstruct a reliable and selectable genotype for a
given plant accession. For instance, Cipriani et al. [74] implemented an efficient method for
Vitis vinifera L. fingerprinting using a set of 38 microsatellite marker loci scattered throughout
the genome. In particular, two SSR loci were carefully chosen, on average, for each linkage
group, selecting the best ones in terms of polymorphism information content (PIC) and power
of discrimination (PD, Figure 1).

It is worth noting that despite some international programs and projects attempted to
establish reference SSR set, there is still a lack of wider consensus. For instance, in 2003, the
partners of the EU-project Genres CT96 No81 [139] agreed on the utilization of six highly
polymorphic SSR-markers for the identification of Vitis vinifera L. cultivars, but, since then,
several studies continue to be performing using a higher number of markers [74, 76, 78, 84,
86]. As reported by Cipriani et al. [74], grape varieties selected in Western Europe, which
account for most of the worldwide production of wine, likely have extensive coancestry that
is a common origin from the hybridization of a few ancestors. Because of this, using too few
markers for fingerprinting could hamper the discrimination of sibling varieties. For this
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reason, they recommend using at least 19 markers (among the 38 markers employed in their
work). In general, for the selection of the panel of SSR markers, the following criteria should
be followed. Based on previous works, the SSR marker loci with the highest number of
marker alleles and the highest PIC and PD scores should have the priority. In addition, the
position of the SSR markers across the genome, as mapped in different linkage groups and
associated with adjacent chromosome blocks, is crucial in order to get a representative
multilocus marker genotype. In fact, microsatellites retrieved from noncoding regions (geno-
mic SSR markers) meet this requirement more precisely than those derived from expressed
regions (EST-SSR markers). Nevertheless, the application of EST-SSR markers cannot be
excluded when phylogenetic relationships have to be investigated. It is well known that
SSR markers belonging to coding regions may be functionally more informative than those

Figure 1. Schematic representation of the 19 basic linkage groups of Vitis vinifera L. with indication of the 38 mapped
marker loci chosen on the basis of their discriminant informativeness. In addition to the marker name, each locus reports
the individual power of discrimination value (PD) and the polymorphism information content (PIC). Figure modified
from Cipriani et al. [74].
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deriving from noncoding ones, because they are associated with transcribed regions of the
genome and thus reflecting the genetic diversity within genes or adjacent to genes [149].
Moreover, the association with trait loci with Mendelian inheritance is particularly requested
in case of needs for marker-assisted selection (MAS).

About the localization of target microsatellites in the cellular genomes, nuclear SSR (nSSR)
markers seem to be more polymorphic than plastidial and mitochondrial ones (cpSSR and
mtSSR markers) and because of their co-dominance, the former are the only markers useful
for assessing the genetic value of breeding stocks, even if the abundance and the haploid
nature of the latter ones make them particularly suitable for phylogenetic and genetic diver-
sity studies.

As far as the microsatellite repeat is concerned, the most recommended motifs are dinucleotide
and trinucleotide repeats, whereas mononucleotide repeats need caution because of technical
drawbacks, which can be experienced in the allele discrimination. SSR markers with tetra-
nucleotide or more repeats display a polymorphism inversely proportional to the complexity
of the motif. The so-called perfect SSR markers are preferred because of their ease of
scorability. It is also worth emphasizing that the choice of SSR markers is also dependent on
the occurrence of null alleles for a given locus and the informativeness in terms of allele
diversity indexes. First of all, any rate of null alleles can underestimate heterozygosity and
affect the reliability of the analysis. Second, the calculation of some informative indexes cannot
be underrated: it represents a crucial step of the planning of any analysis. What emerges from
the 90 studies here reviewed is a lack of wider consensus among the authors regarding the best
informative index to calculate and this makes the comparison difficult also among studies
performed on the same cultivars and with the same markers. The power of discrimination
(PD), the confusion probability (C), the polymorphism information content (PIC), the proba-
bility of identity (PI), the total probability of identity (PIt), and the probability of null allele (r)
are all parameters able to describe exhaustively the efficiency of the set of SSR markers used in
a given species.

In conclusion, there is the urgent need to establish a common procedure for SSR genotyping
with a universal set of marker loci to be analyzed in each species. In parallel, the reference
varieties must be defined in each species in order to maximize not only the reproducibility but
also the portability of marker data, being aware that the residual variation in laboratory
procedures and equipment cannot be completely avoided.
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Abstract

Reduced genetic diversity in cultivated soybean coupled with changing dietary expecta-
tions, climate change, and increase in population demands expansion of current gene pool. 
Wild soybeans are an opportunistic resource and a rational choice to discover novel genes 
and gene families for alternative crop production systems and to improve soybean. Multiple 
agronomic traits, lineage-specific genes, and domestication-related traits have been studied 
in wild soybeans in contrast to cultivated soybeans, and it has been proved that wild soy-
beans are an essential genomic resource containing unique and useful genetic resources 
that have been lost during domestication to expand the gene pool in order to improve soy-
bean. Wild soybean is very often a plant of disturbed habitats of Southeast Asia. The vul-
nerability of these habitats to agriculture systems and urban expansion causes a reduction 
in the area of distribution and hence the diversity. To capture the wild soybean genetic 
diversity in its main distribution areas, a unique and comprehensive germplasm collec-
tion, characterization, and conservation platform is direly needed. Chung’s Wild Legume 
Germplasm Collection is preserving and maintaining a representative wild soybean germ-
plasm collection guided by the principles of conservation genetics. These wild legumes and 
particularly wild soybean is a promising genetic resource for soybean breeders.

Keywords: CWLGC, genetic diversity, genetic resource, Glycine soja, rediscovery of 
landraces, wild legumes, germplasm conservation

1. Introduction: rediscovery of crop wild relatives

Challenged by limited land and water resources and a concomitant increase in population, 
changing dietary expectations and climatic change are demanding escalated food supplies 
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[1]. The nutritional value of grain legumes is far better than cereals even if their production 
is low, making them a unique and essential component of balanced diet [2]. Grain legumes 
have suffered a reduction in genetic diversity largely due to plant breeding activities aimed at 
artificial selection of desirable traits. The new varieties, as well as land races in farmer’s field, 
have desirable characteristics which have become genetically diverged from their ancestors 
or wild progenitors [3].

In order to cope with the global warming led climatic variations and limited water supplies, there 
is a constant need of crop improvement; the crop potential has been reduced due to domestica-
tion, genetic bottlenecks, and artificial selection [2]. To explore more genes and gene families for 
alternative production systems, crop wild relatives are a rational choice mainly due to limited 
or no breeding barriers [4]. The wild progenitors of crops are sometimes easily available, but 
this is not the case for all species as some of the wild species have gone extinct, or in other cases, 
multiple progenitors contributed to the genome of the domesticated plants, e.g., wheat. In some 
cases, some species are indirectly expanding the genomes of the domesticated crops as they 
may be related species of wild progenitors or wild cousins [5]. Wild crop relatives are mostly 
adapted to larger climatic variations and are evolved to withstand biotic and abiotic stresses [6]. 
Therefore, for crop improvement, we have two possibilities, namely, genetic modification or 
introduction of genetic materials through breeding with crop wild relatives. Of course the use 
of genetic engineering to create genetically modified plants is relatively quick and efficient but 
the acceptance of genetically modified plants among the consumers is still controversial. On 
the other hand, the desirable traits including resistance to biotic and abiotic stresses, nutritional 
values can be incorporated into the current agricultural crop by using conventional and new 
breeding technologies. This practice is sometimes quite challenging mainly due to linkage drag; 
however, recent advances in genetics and genomic approaches have expanded our understand-
ing of evolution, linkage, and heredity of complex traits [4–6] (Table 1).

2. Wild soybean

The Glycine genus comprises of two subgenera, namely, Glycine Willd and Soja (Moench) 
F. J. Hermann. Among 28 species classified under two subgenera, only two annual spe-
cies G. soja Sieb & Zucc (wild) and G. max (cultivated) are consumed as food or feed either 
directly or indirectly [13]. On the basis of cytological, proteomic, and genomic evidence, the 
wild species G. soja is considered as the progenitor of cultivated species G. max. Both her-
baceous annual species are Asian inborn; mainly distributed in Southeast and Far East Asia 
including China, Korea, Japan, Taiwan, and Russia [14]. Wild soybean harbors treasured 
genetic resource and extraordinarily important gene pool; genes and gene families respon-
sible for higher oil and protein contents, resistance to drought and high temperatures, dis-
ease resistance, and insect pest resistance [15].

Wild soybeans grow on roadsides, riversides villages, lakeshores, wastelands, and fertile val-
leys. Apart from numerous phenotypic distinctions among both species, their annual growing 
habit with similar ploidy level and ability to produce fertile offspring without genetic isolation 
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Crop Wild relatives Reference

Rice

Oryza sativa L.

O. glaberrima Steud.
O. nivara Sharma et Shastry
O. rufipogon Griff.
O. breviligulata
O. barthii
O. meridionalis
O. glumaepatula

[7]

Wheat

Triticum aestivum L.

T. boeoticum
T. monococcum
T. dicoccoides
T. araraticum
T. dicoccum
T. palaeocolchicum
T. timopheevii
T. durum
T. turgium
T. persicum (=T. carthlicum Nevski)
T. polonicum
T. turanicum (=T. orientale Perc.)
T. parvicoccum
T. spelta
T. macha
T. vavilovii
T. aestivum
T. compactum (= T. aestivum grex aestivo-compactum Schiem.)
T. sphaerococcum

[8]

Corn

Zea mays L.

Z. luxurians
Z. diploperennis
Z. Mexicana
Zea nicaraguensis
Zea perennis

[9]

Soybean

Glycine max L.

G. soja Sieb. & Zucc.

See Table 2 for wild cousins of soybean

[10]

Common bean

Phaseolus vulgaris L.

P. coccineus
P. dumosus
P. maculatifolius
P. costaricensis
P. acutifolius
P. lunatus
P. parvifolius
P. costaricensis
P. albescens
P. filiformis

[11]
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results in a flow of certain characteristics from wild to cultivated populations [16]. Wild soy-
beans exhibit distinct geographical patterns as well as interspecific horizontal mechanisms of 
flow of genetic information to cultivated species mainly because of sharing the same gene pool 
and close proximity [10] (Table 2).

Many parts of China and South Korea which were previously regarded as habitat for wild 
soybean are now being used for agricultural, commercial purposes (roads, buildings or dams) 
or are now part of the sea. Destruction of natural soybean habitats due to land clearance 
for agricultural or industrial purposes has led to decreased wild germplasm resources [19]. 
Furthermore, reduction in genetic diversity has been witnessed due to the domestication of 
soybean during past three decades. Progenitor wild species exhibit discrete geographic pat-
terns with greater genetic diversity but the selection and allele frequency changes during 
domestication has curtailed genetic variability. Various studies have reported a reduction of 
genetic diversity up to 50% in domesticated/improved cultivars as compared to wild progeni-
tors [3, 15]. Artificial selection and domestication mainly focused dominant selection of desir-
able traits such as oil content, seed size, and seed coat luster, imposing selection pressure on 
particular traits and ignoring other important traits. Another factor involved in diminishing 
genetic diversity is habitat fragmentation [20] (Figure 1).

2.1. Wild soybean genome: rediscovering the lost diversity

Whole genome sequencing of wild soybean genome started a new era for soybean functional 
and comparative genomics and has substantially increased our understanding about soybean 
domestication history, bottlenecks, lost diversity and has created a way forward towards its 
potential use in expanding the gene pool of soybean. The wild and cultivated soybeans have 
significant and useful genomic differences which highlight the phenotypic differences and as 
well as the domestication-related traits. Kim et al. [21] aligned 915.4 Mb genomic sequence of 
wild soybean with soybean reference genome excluding the gaps and found that wild soybean 
genome covered 97.65% of soybean genome with a difference of 35.2 Mb (3.76% of 937.5 Mb). 
The difference region consisted of 0.267% substitution bases, 0.043% insertion/deletions 
(indels), and 3.45% of large deleted sequences. Single nucleotide polymorphisms (SNPs) and 

Crop Wild relatives Reference

Chickpea

Cicer arietinum L.

C. reticulatum

C. echinospermum

C. pinnatifidum

C. judaicum

C. bijugum

C. cuneatum

C. chorassanicum

C. yamashitae

[12]

Table 1. List of wild relatives of three major cereals and three major legumes.
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insertions/deletions (indels) in precisely aligned areas differed by 0.31% between cultivated 
and wild soybean. The complex genome rearrangement is mainly caused by indels, inver-
sions, and translocations (up to thousands of base pairs); along with SNPs and indels [22]. The 
wild soybean genome has greater allelic diversity than that of soybean. Resequencing of 17 
wild and 14 cultivated soybean genomes to an average of ×5 depth and >90% coverage identi-
fied higher allelic diversity [15].

Based on whole-genome SNP analysis using the parameter θπ, a higher level of genetic diver-
sity was found in wild soybeans (2.97 × 10−3) as compared to cultivated soybeans (1.89 × 10−3). 

Genus Subgenus Species Authority Reference

Glycine Soja G. max

G. soja

Merr.

Sieb. & Zucc.

[17, 18]

Glycine G. canescens

G. clandestine

G. latrobeana

G. tabacina

G. tomentella

G. falcate

G. latifolia

G. argyrea

G. cyrtoloba

G. curvata

G. arenaria

G. microphylla

G. albicans

G. hirticaulis

G. lactovirens

G. dolichocarpa

G. pindanica

G. stenophita

G. peratosa

G. rubiginosa

G. aphyonota

G. pullenii

G. gracei

G. montis-douglas

G. pescadrensis

G. syndetika

F. J. Hermann

Wendl.

Benth.

Benth.

Hayata

Benth.

(Benth) Newell & Hymowitz

Tindale

Tindale

Tindale

Tindale

(Benth.) Tindale

Tindale & Craven

Tindale & Craven

Tindale & Craven

Tateishi & Ohashi

Tindale & Craven

B. Pfeil & Tindale

B. E. Pfeil & Tindale

Tindale & B. E. Pfeil

B. Pfeil

B. Pfeil, Tindale & Craven

B. E. Pfeil & Craven

B. E. Pfeil, Tindale & Craven

Hayata

B. E. Pfeil & Craven

Table 2. Members of genus Glycine.
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Wendl.

Benth.

Benth.

Hayata

Benth.

(Benth) Newell & Hymowitz

Tindale

Tindale

Tindale

Tindale

(Benth.) Tindale

Tindale & Craven

Tindale & Craven

Tindale & Craven

Tateishi & Ohashi

Tindale & Craven

B. Pfeil & Tindale

B. E. Pfeil & Tindale

Tindale & B. E. Pfeil

B. Pfeil

B. Pfeil, Tindale & Craven

B. E. Pfeil & Craven

B. E. Pfeil, Tindale & Craven

Hayata

B. E. Pfeil & Craven

Table 2. Members of genus Glycine.
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Similar findings were also reported when 302 wild and cultivated soybeans were whole-
genome sequenced to an average depth of > x11; the genetic diversity (π) decreased from 
2.94 × 10−3 in G. soja to 1.40 × 10−3 in landraces and to 1.05 × 10−3 in improved cultivars suggest-
ing that nearly half of the annotated resistance-related sequences were lost during the domes-
tication [3]. Noticeably, total number of SNPs in wild (5,924,662) and cultivated soybeans 
(4,127,942) was comparable (35 and 5%, respectively) and the ratio of nonsynonymous SNP to 
synonymous SNPs was higher in cultivated (1.38) than wild soybeans (1.36). It was observed 
that the number of fixed loci were lower in the wild (463,409) as compared to cultivated soy-
beans (2,148,585). These findings suggest that there should be low-frequency alleles in domes-
ticated soybean owing to domestication bottleneck. However, contrary to this, low-frequency 
alleles were abundant in wild soybean suggesting that the wild soybean habitat has reduced 
and the cultivated soybean population has expanded [15].

2.2. Expanding the gene pool for soybean improvement

Wild soybeans are a potential genetic resource for the improvement of cultivated soybean and 
aid greatly in exploring alternative production systems. Wild soybeans, as in case of another 
wild relative of cultivated crop species, contain higher genetic diversity as they had a long 
time opportunity to evolve and withstand under varied environmental conditions without 
inference by humans [4, 15]. Wild soybeans are interfertile with cultivated soybeans and rep-
resent an easily accessible or primary gene pool for soybean improvement [10]. However, the 
global climate change and increase in human population have developed a scenario of secur-
ing, conserving, characterizing, and using wild soybeans as a resource for soybean improve-
ment. Loss of genetic diversity during the process of soybean domestication and presence of 
a domestication bottleneck, i.e., domestication syndrome has led towards changes in growth 
habits, loss of germination inhibition and mechanisms of seed dispersal [4]. This domestication 
has also enabled the crop plants to withstand and adapt to modern agriculture and farming 
system, which is very encouraging. However, loss of diversity in cultivated soybeans calls for 
revisiting natural diversity reservoirs, i.e., wild soybeans in search of potential genes/alleles 

Figure 1. Geographic distribution of wild soybeans.
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for higher yield. Multiples sequences that are unique to wild soybeans have been discovered 
but a report from Korea by Chung et al. [23] also witnessed gene loss events in wild soybeans. 
However, this discrepancy might be due to diversity of wild collections [4]. Multiple agro-
nomic traits, lineage-specific genes, and domestication-related traits have been studied in wild 
soybeans in contrast to cultivated soybeans, and it has been proved that wild soybeans are an 
essential genomic resource containing unique and useful genetic resources that have been lost 
during domestication to expand the gene pool in order to improve soybean [3, 15, 24, 25]. One 
recent example is the salt-resistant gene GmCH1X identified in wild soybean. The salt-resistant 
gene originally did not have a Ty1/copia retrotransposon insertion into its exon 3 in wild soy-
bean and controls 80% salt tolerance in wild soybean (W05) as compared to its counterpart 
C08 (cultivated soybean) which had retrotransposon insertion possibly due to recent round of 
whole genome duplication [24], strongly implying that wild soybeans’ genetic diversity must 
be explored.

2.3. Traits from the wild

Recent development in high-throughput sequencing technologies is clearly promoting a revo-
lution in the comparative genomic sequencing of major crops. A rapid growth in the number 
of sequenced genomes of crops and their wild relatives has established that wild species tend 
to have higher genetic diversities, making the wild relatives promising natural resources of 
novel genes/alleles for crop improvement. Many studies have provided the details on wild 
soybean specific genes/alleles controlling major abiotic and biotic stress tolerance-related 
traits. Contrastingly, cultivated soybeans also have unique genes/alleles which have been pos-
sibly lost during the evolution of wild soybeans. However, the results of each comparative 
study must be based on the genetic diversity present within the subject population [4, 21, 26].

2.3.1. Domestication-related traits

Identification of genes for domestication-related traits is an important task to maintain diver-
sity in crops for improvement. Such a knowledge provides essential understanding of how 
and what genetic signatures have brought necessary changes in plant phenotype and physi-
ology during the process of domestication. In soybean, the domestication-related traits are 
the increased size of inflorescence, grain yield, seed size, seed color, hilum color, pubescence 
form, apical dominance, stem determinacy, and plant height. Many of the domestication 
QTLs have been identified, such as twining habit (Ch. 02 and 18), hard seededness (Ch. 02 and 
06), determinate habit (Ch. 17), maximum internode length (Ch. 06, 18 and 19), flowering time 
(Ch. 06 and 16), pod dehiscence (Ch. 16), seed weight (Ch. 17), stem determinacy (Ch. 17), oil 
content (Ch. 03, 11, 12, 13, 15, 17), flower color (Ch. 13), seed coat color (Ch. 08), pubescence 
form (Ch. 01, 12, 18, 19, 20), and plant height (Ch. 18) [3, 15].

2.3.2. Other traits

Many useful QTLs/genes have been obtained by characterizing wild soybeans or using 
genetic populations resulting from crosses between wild and cultivated soybeans. These 
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traits. Contrastingly, cultivated soybeans also have unique genes/alleles which have been pos-
sibly lost during the evolution of wild soybeans. However, the results of each comparative 
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Identification of genes for domestication-related traits is an important task to maintain diver-
sity in crops for improvement. Such a knowledge provides essential understanding of how 
and what genetic signatures have brought necessary changes in plant phenotype and physi-
ology during the process of domestication. In soybean, the domestication-related traits are 
the increased size of inflorescence, grain yield, seed size, seed color, hilum color, pubescence 
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QTLs have been identified, such as twining habit (Ch. 02 and 18), hard seededness (Ch. 02 and 
06), determinate habit (Ch. 17), maximum internode length (Ch. 06, 18 and 19), flowering time 
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Wild Soybeans: An Opportunistic Resource for Soybean Improvement
http://dx.doi.org/10.5772/intechopen.74973

169



genes/QTLs have been characterized to understand the stress resistance mechanisms and 
various biochemical pathways related to plant development, yield, and local breeding traits. 
(1) Multiple genes/alleles responsible for flower color, i.e., pinkish-white and white flowers 
have been identified from wild soybeans. Flavonoid 3′5′-hydroxylase (F3′5′H) and dihydro-
flavonol-4-reductase (DFR) are responsible for anthocyanin production. Different loci con-
trol the anthocyanin content and decide the fate of flower color. Different loci, i.e., W1, W3, 
W4, w1-s1, w1-s2, w1-Ip, and w1-p2 have been reported to control white color and pinkish-
white [27, 28]. (2) Other studies on seed antioxidant, phenolics, and flavonoid contents have 
identified GmMATE1, 2, 4 genes [29]. Astringent taste in soy products is caused by group A 
saponins. Glyma15g39090 has been successfully characterized as sg-5 gene in natural wild 
soybean mutant line CWS5095. The gene oxygenates the C-21 position of soyasapogenol B or 
other intermediate which results in the production of saponin A [30, 31]. Another gene Sg-1 
of this pathway has also been characterized from Korean wild soybean natural mutant which 
controls Ab series of saponins [32]. (3) Soybean cyst nematode is a global threat to soybean 
and host plant resistance is an ideal way of managing the damages. Wild soybean was used 
to discover SNPs and candidate genes significantly associated with soybean cyst nematode 
resistance, i.e., 10 SNPs and genes related to disease resistance-related proteins with leucine-
rich region. Two genes, namely, a mitogen-activated protein kinase gene (Ch. 18) and a MYB 
transcription factor (Ch. 19) were found to be strong candidates [33]. (4) Many genes and tran-
scription factors have also been identified from wild soybeans which play important role in 
drought stress tolerance [34]. (5) A salt-tolerant gene, i.e., GmCHX1 has been identified from 
wild soybean through whole-genome de novo sequencing approach. (6) A phosphatase 2C-1 
(PP2C-1) allele has been reported from wild soybean to be involved in seed weight and seed 
size. Apart from these genes many QTLs related to (7) linolenic acid production, (8) yield, 
height and maturity, (9) soybean cyst nematode, (10) seed yield, seed weight, seed filling 
period, maturity, plant height, and lodging, (11) salt tolerance, (12) sclerotinia stem rot, (13) 
root traits, (14) oil and local breeding, (15) shoot fresh weight, (16) seed antioxidant, phenolics 
and flavonoids, and many other traits have been mapped and identified from wild soybeans 
or populations developed by crossing wild and cultivated soybeans [24, 29, 34–41]. Taking 
the advantage of higher genetic diversity and identified genes and QTLs for important traits 
from wild soybean will gear up the soybean yield improvement in changing climatic condi-
tions and modern dietary demands. Joint ventures guided by the principles of plant breeding, 
genetics, genomics, and modern biotechnology are underway in many parts of the world to 
improve soybean in terms of resistance to biotic and abiotic stresses, adaptation to low water 
and higher temperature conditions, as well as intensive agricultural systems.

3. Wild soybean germplasm conservation

Wild soybean (the presumed progenitor of soybean) is very often a plant of disturbed habitats 
of Southeast Asia. Such habitats are mostly on the roadsides, intensive agricultural lands, and 
areas with higher human disturbances in terms of land use. The adaptation to these disturbed 
areas actually predisposes the wild soybeans to agricultural systems; this is one of the reasons 
for its domestication in East Asia [2, 19]. The vulnerability of these habitats to agriculture  
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systems and urban expansion causes reduction in area of distribution and hence the diversity. 
As discussed earlier, wild soybean is an efficient resource for identification and characteriza-
tion of furnished and important genes for soybean improvement [10]. Economically, gene-
banks and wild genetic resources have been unambiguously reported to have led towards 
higher economic return by increasing soybean productivity [5]. Wild soybean germplasm pres-
ervation is underway in many countries mainly China, Korea, Japan, and the United States of 
America [10, 19]. Surely, the collections are growing by following the principles of conserva-
tion genetics; however, the complete representative collections are yet to be achieved as there 
remain many unexplored uninhabited natural habitats of wild soybeans which might carry 
many useful genes, alleles, or mutations. The undiscovered variations are greatly in demand 
by plant breeders to increase soybean production for an ever-increasing population [18]. Wild 
soybean germplasm should be collected mainly to (a) to understand the taxonomy and phylo-
genetic relationships, (b) to understand the biosystematics of certain yield-related pathways, 
(c) characterize and conserve germplasm, and (d) make it available for soybean breeders 
across the globe [10, 18–19]. Currently, there are many gene banks which are working on wild 
soybean germplasm conservation. In Southeast Asia, China holds the largest wild soybean 
germplasm collection of 6172 accessions under Chinese Crop Germplasm Information sys-
tem [42], followed by Chung’s Wild Legume Germplasm Collection (CWLGC) holding 6012 
accessions and National Institute of Agrobiological Sciences Genebank in Japan which holds 
1131 accessions [43]. Outside East Asia, the largest collection of wild soybean germplasm is 
USDA Soybean Germplasm Collection holding nearly 21,810 accessions belonging to 21 spe-
cies of genus Glycine [44]. Almost 1179 accessions belong to 20 wild relatives of cultivated 
soybean including the wild soybean. N. I. Vavilov Institute of Plant Genetic Resources (VIR) 
holds ~350 accessions [45]. All of these germplasm collections are either focused on cultivated 
soybean or limited to a particular country/region. There is a dire need of germplasm center 
particularly focused on the collection, characterization, and dissemination of wild soybean 
accessions from the main distribution area of the species i.e., Southeast Asia. Out of the above-
mentioned germplasm collections, CWLGC is primarily focused on wild soybean germplasm 
collections from China, Korea, Japan, and Far East Russia near Chinese border.

3.1. Chung’s wild legume germplasm collection

Chung’s wild legume germplasm collection strives to develop a comprehensive conserva-
tion program resourcefully and efficiently to conserve and promote the genetic diversity 
within wild legumes with main focus on wild legumes. Guided with the principles of con-
servation genetics, CWLGC focuses on (a) direct collection, (b) acquirement, (c) conservation, 
(d) evaluation and characterization, and (e) documenting and distribution of wild soybean 
germplasm. CWLGC was established in 1983 by Professor Gyuhwa Chung at Department of 
Biotechnology, Chonnam National University, Yeosu campus, Republic of Korea. CWLGC 
holds 10,314 different legume genera. However, particular emphasis is on the germplasm 
collection, multiplication, evaluation, and utilization of G. soja, Amphicarpaea edgeworthii, 
Vigna vexillata, Rhynchosia volubilis, and Phaseolus nipponensis. The CWLGC efforts incredibly 
focused on wild soybeans, native to main centers of diversity, particularly East Asia. Wild 
soybean seeds are the main collection at CWLGC, and the seeds are considered as the cur-
rency of germplasm which is safeguarded for global food availability and security as well as 
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to preserve natural genetic diversity of wild soybeans and other legumes. This diverse col-
lection of pinhead to large-sized seeds is important than ever as plant breeders, geneticists, 
conservationists, and biotechnologists need to cope with the changing climate, reduction 
in arable land area, occurrence of natural disasters, environmental degradation, and rising 
expectations in nutritional standards (Figures 2 and 3).
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Figure 2. Wild soybean germplasm conservation at CWLGC.

Figure 3. A glimpse of diverse legume germplasm seed collection at CWLGC.
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to preserve natural genetic diversity of wild soybeans and other legumes. This diverse col-
lection of pinhead to large-sized seeds is important than ever as plant breeders, geneticists, 
conservationists, and biotechnologists need to cope with the changing climate, reduction 
in arable land area, occurrence of natural disasters, environmental degradation, and rising 
expectations in nutritional standards (Figures 2 and 3).
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Abstract

In this chapter, we outline the significance of landraces of common bean (Phaseolus 
 vulgaris L.) for unraveling novel morphological, biochemical and genetic variation that 
could be integrated to breeding programs, related to seed coat color and glossiness and 
disease resistance. Moreover, we emphasize how important the conservation of such 
genetic resources is in small-farming areas, the prevailing system for bean cultivation. 
A particular Brazilian landrace referred as Serro Azul by local farmers is highlighted to 
show new evidences of the genetic control of seed glossiness in common bean and how 
it implicates in the seed protection against diseases and insects. Moreover, new findings 
presented here give insights into a remarkable anthracnose resistance of one of the vari-
ants of Serro Azul, which also presents seed coat glossiness. The potential benefits for 
human health after consuming beans with glossy seed coat are also discussed. This is 
one among the various landraces that need better understanding for strengthening the 
knowledge of the genetic diversity of common bean. Such knowledge is important for 
conducting conservation actions and performing new crosses for providing genetic mate-
rials with desirable combinations for farmers, breeders and consumers.
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throughout the world [1, 2]. It is naturally distributed from northern Mexico to northern 
Argentina, with a marked genetic structure. From the classic to the most recent reports, two 
major gene pools have been recognized for the species, the Mesoamerican and the Andean [3, 4]. 
Domestication has been independently performed within each gene pool [5, 6], selecting specific 
genes for growth habit, seed size, color and yield, a phenomenon described as the “domestication 
syndrome” [7]. Therefore, an enormous panel of diversity can be observed from wild to domes-
ticated genotypes of common bean, making it as a model for understanding crop evolution [8].

The introduction of common bean to other areas than its natural habitat, such as in Brazil [9], 
led to new combinations of seed and flower colors, shapes and sizes, growth habits, cycle, 
photoperiod and yield [10]. It has also shaped the interaction between beans and the environ-
ment, leading to new diseases and pests.

In Brazil, common bean is a staple food among most citizens along with rice. Usually, its cul-
tivation is performed in small farming systems along with other crops and animal production 
systems, providing self-sufficiency for farmers in various regions of the country. Several cycles 
of selection by local farmers in specific environments have generated new landraces, which are 
not yet known and available from core collections such as the ones from Centro Internacional de 
Agricultura Tropical (CIAT, Colombia), United States Department of Agriculture (USDA, USA) 
and Empresa Nacional de Pesquisa Agropecuária (EMBRAPA, Brazil). Landraces have singu-
lar aspects that might assist breeding programs for disease resistance, abiotic stress tolerance, 
improvement of nutrition facts, among several other desirable aspects of common bean grains.

A particular landrace has been discovered with local farmers from the municipality of Cunha, 
Sao Paulo state, Southeast Brazil. The farmers referred this landrace as “Serro Azul” and have 
been cultivating it along with other varieties [11]. Serro Azul shows considerable morpho-
logical variability, revealing different types of seeds. It shows high genetic variation for seed 
colors and patterns [12], disease and insect resistance and nodulation ability [11, 13], which 
are among the main aspect studies in breeding programs of common bean.

We drive the topic of this chapter highlighting Serro Azul as a case study of how the con-
servation of landraces might be important for further breeding strategies. First, we describe 
the importance of landraces of common bean in the discovery of new allele combinations for 
seed color and pattern genes, using the example of Serro Azul. Then, we briefly discuss the 
implications of the research of common bean landraces for nutrition and health. Moreover, we 
outline a significant number of original findings about our landrace in focus, which serve as 
examples of disease resistance as well as indications of insect resistance. Finally, we guide the 
reader through other perspectives of the importance of a better knowledge of landraces, their 
collection and conservation for future endeavors in breeding programs.

2. The Serro Azul landrace: parental genotypes and segregating 
populations

Serro Azul is a landrace that was so named by local farmers living in the countryside of the 
small municipality of Cunha, in São Paulo state, Brazil. From the search along the distinct 
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farms at that area, De Oliveira et al. [11] were able to collect seeds with three main patterns of 
colors such as gray background with black strips (Serro Azul Malhado—SAM), light brown 
with glossy seed coat (Serro Azul Brilhante—SAB) and dark gray with dull seed coat (Serro 
Azul Fosco—SAF). Interestingly, at one of the farms, from a fresh sample of SAF seeds col-
lected (approximately 1 kg), only 10 seeds presented the SAB pattern (Figure 1A shows the 
phenotypes of SAB and SAF). Seeds with the SAB pattern were crossed to the SAF pattern and 
the reciprocal as well, and populations were advanced to F4 generation, revealing consistent 
patterns of segregation for seed glossiness and color [12].

Serro Azul has been the object of a few studies, considering its importance to local farmers 
and the need of improving its productivity. It has been subjected to many diseases, such as 
anthracnose, and pests. De Oliveira et al. [11] and De Oliveira and Tsai [13] showed low yield 
from this variety from experiments performed at different farms in Cunha, SP, when no fertil-
izer was applied. This treatment represented the traditional way that farmers cultivated this 
landrace at their farms. However, when a sort of fertilizer treatments were applied in soil cul-
tivated with this variety, along with one commercial standard at the time (IAC-Carioca 80SH), 
the yield was significantly improved from around 930 kg ha−1 (without fertilizer) to 1360 kg ha−1 
(fertilizer application along with lime and foliar spray of molybdenum) [13].

3. Unraveling the genetic control of seed glossiness and its 
importance taking Serro Azul as an example

3.1. Genetic control of seed glossiness

The genetic control of seed coat color, pattern and glossiness in common bean has been a 
major issue for scientists in decades. Frequently, the gene nomenclature for loci related to 
such traits was confusing, leading to a series of meetings for establishing standard nomen-
clatures (Bean Improvement Cooperative meetings). As regards seed glossiness, Bassett [14] 
has clarified the differences between glossy and opaque seed coats through a series of genetic 
crosses, providing genetic stocks (pure lines for specific alleles of seed coat loci) that have 
been used since then for unraveling the genetic and biochemical aspects of the trait.

Landraces might be the source of additional alleles or allele combinations for studying genes 
related to color, pattern and glossiness of the seed coat. Moreover, these new sources might be 
interesting for being added to the breeding programs concerned with such traits. The study of 
Konzen and Tsai [12] examined the particular aspect of Serro Azul of segregating for seed glossi-
ness and color patterning. The population developed from the cross SAF × SAB was analyzed 
from the parental genotypes to the F4 generation for the segregation of these traits. The variation 
of glossiness was attributed to two alleles at the Asp locus, usually referred as the gene control-
ling glossiness in common bean [14]. SAB carries the dominant allele Asp, which confers the 
intense glossy aspect of the seed coat, while SAF has a dull seed coat [12] (Figure 1A). This gene is 
known to be located in chromosome 7 [15], where genes associated with anthracnose and angu-
lar leaf spot resistance [16, 17], common bacterial blight [17] and nodulation [18] are also located.
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However, the glossiness of the seed coat in Serro Azul is also related to the expression another 
gene located in chromosome 10 and referred as the Joker (J) locus [19]. The dominant allele 
J is responsible for an even distribution of the color shown by each seed, while jj genotypes 
exhibit irregular coloring, especially around the hilum ring [14]. Another peculiar aspect 

Figure 1. Morphological and anatomical aspects of seeds of the common bean landrace Serro Azul. (A) Parental 
genotypes (Serro Azul Brilhante—SAB and Serro Azul Fosco—SAF) and the four phenotypes of F2:3 families of the cross 
SAF × SAB. The parent SAB has a glossy brown seed coat, while the SAF seed coat shows a dull gray phenotype. The 
F2:3 families segregate for both color and glossiness. (B) Principal component analysis with the L*a*b* variables, obtained 
with a colorimeter for F2:3 families of the cross SAF × SAB. a*: the amount of green or red; b*: the quantity of blue or 
yellow; L*: the quantity of brightness. (C) Scanning electron profiles of the seed coat surface (left image) and their 
transversal profile (central image) and histological sections (image on the right) of transversal sections of the seed coat 
of both SAB and SAF. PE: palisade epidermis; H: hypodermis; PT: parenchymatous tissue. The scale bars indicate 10 μm 
(left image), 20 μm (central image) and 100 μm (right image) (adapted from [12]).
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related to the J allele is that it intensifies the glossy aspect of the seed, as seen in both SAB and 
SAF (Figure 1A). Therefore, SAF presents a slight shiny aspect on the seed coat due to the 
expression of J [12].

The segregation of the seed coat glossiness along with the color pattern is clearly observed in 
F2:3 lines (Figure 1A) of the cross SAF × SAB and is only due to the Asp locus. J only contributed 
to intensify the shiny aspect and is present as the dominant allele in both SAB and SAF. The 
segregation of glossiness is according to the expected Mendelian proportions (3,1) in F2 and 
F3 generations of the cross between SAF (asp asp) and SAB (Asp Asp), being attributed to Asp. 
Measurements performed with a colorimeter allowed to validate the categories established 
(glossy and dull) (Figure 1B), based on the L*a*b* color system, in which L* is the main vari-
able associated with glossiness, while a* and b* are measures of distinct colors [12]. In this 
study, in general, glossy seeds presented higher L* values than seeds with dull seed coat. 
However, there was some extent of interaction between the color and the brightness, espe-
cially with brown-colored seeds (Figure 1B).

Another important aspect of the seed coat glossiness of SAB was shown from microscopy 
analyses. It followed and confirmed previous findings of classic studies of the glossiness of 
other common bean genotypes. In general, dull genotypes (asp asp) have a rough textured 
surface of the seed coat, while glossy seed coats have an even surface, as shown from scan-
ning electron micrographs [20] (Figure 1C, left image). Moreover, glossy seeds show a thicker 
palisade epidermis from the seed coat than the dull seed coats (Figure 1C, central and right 
figures) [12].

3.2. How important might seed glossiness be?

The seed glossiness has been frequently neglected in breeding programs due to consumer 
preferences. This is explained by the fact that glossy seeds tend to require higher cook-
ing times than seeds with an opaque seed coat [21]. At first, it seems that since glossiness 
retards water absorption by the seeds [12, 22] (check Figure 2), they take longer to be cooked. 
However, some line of evidence showed no significant correlation between the cooking time 

Figure 2. Water uptake on the course of 480 min of the variants Serro Azul Brilhante (SAB, with glossy seed coat) and 
Serro Azul Fosco (SAF, with dull seed coat). Three replicates of seeds were embedded in distilled water and paper dried 
every 30 min for weighing and determining the weight change (adapted from [12]).
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and the water absorption rate [23]. Further examination of the genes involved in cooking time 
is necessary, though.

It is well known that the seed coat is the structure that protects the seeds from pathogens and 
insects, and the glossiness seems to have an important role in such protection. Moreover, 
seeds with glossiness might have enhanced antioxidant properties due to a higher concen-
tration of specific secondary metabolites in the seed coat, therefore, having an impact in 
human health [12].

Usually, in the case of landraces, where local selection has been performed, it is more fre-
quent to find common bean accessions that show glossy seed coat [24] (checking the list of 
genotypes) than in breeding programs. In the case of the landrace Serro Azul, both variants 
Serro Azul Brilhante (glossy) and Serro Azul Fosco (opaque) have been cultivated [11, 13]. 
Morphological and biochemical findings are hereafter discussed to show advantages of the 
seed glossiness for aspects related to human health.

3.3. Biochemical nature of seed coat glossiness and its implications for human health

The seed coat glossiness has been studied to be mainly conditioned by the Asp gene but also 
influenced by the J locus, especially with the dominant allele [14]. A number of studies have 
also been conducted to better understand the biochemical implications of the expression of 
such genes on the seed coat.

Classical work has suggested that J is essential for the synthesis of proanthocyanidins or con-
densed tannins [14]. Therefore, the recessive jj genotypes have been found to be absent in con-
densed tannins [25], contrary to the J_ genotypes, that are able to synthesize such compounds. 
Based on the genetic maps that identified the RAPD marker as linked to J, a recent study has 
shown that J is linked to a region containing MYB123 [26], similar to TT2 in Arabidopsis thaliana 
(AT5G35550.1) [27] and Glycine max [26], which acts as a key determinant in the proanthocy-
anidin accumulation of a developing seed [27].

Proanthocyanidins are oligomers or polymers formed by the condensations of flavan-3-ols 
units such as catechins and epicatechins [28, 29]. In common bean, condensed tannins are 
mainly composed of catechin monomers [30]. As secondary metabolites, they play important 
roles as antioxidants, anticarcinogenic and anti-inflammatory [28, 31, 32].

On the other hand, the Asp locus is said to be the main gene involved in seed glossiness. Some 
line of evidence has shown that Asp affects the accumulation of anthocyanins due to a struc-
tural change that it promotes on the seed coat. Therefore, genotypes with glossy seed coat 
(Asp_) accumulate more anthocyanins than dull seed coats (asp asp) [20]. Anthocyanins have 
been investigated for their roles in humans such as in anti-inflammatory, lipid peroxidation 
and membrane strengthening processes [33, 34], as well as in preventing cancer [35].

Therefore, although glossiness has been generally neglected by consumers and, as a result, 
by selection programs, it might have positive implication for human health. Moreover, the 
indication that glossiness is not necessarily associated with higher cooking time (since there 
is a lack of correlation between water absorption and cooking time) as shown by Garcia et al. 
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[23] needs to be further explored by the researchers. Landraces such as Serro Azul are one of 
the sources for rescuing the value of seed glossiness.

4. Serro Azul as a source of disease resistance

One of the most important aspects of a breeding program is to find genotypes that are tolerant 
or even resistant to diseases. The cultivation of common bean is majorly affected by diseases 
such as common bacterial blight caused by Xanthomonas axonopodis pv. phaseoli, the angu-
lar leaf spot caused by the fungus Pseudocercospora griseola and anthracnose by the fungus 

Figure 3. Screening for anthracnose resistance with races 65 and 73 (Colletotrichum lindemuthianum) on SAB and SAF 
plants. Controls: Rosinha G2 (susceptible) and G2333 (resistant).
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[23] needs to be further explored by the researchers. Landraces such as Serro Azul are one of 
the sources for rescuing the value of seed glossiness.

4. Serro Azul as a source of disease resistance

One of the most important aspects of a breeding program is to find genotypes that are tolerant 
or even resistant to diseases. The cultivation of common bean is majorly affected by diseases 
such as common bacterial blight caused by Xanthomonas axonopodis pv. phaseoli, the angu-
lar leaf spot caused by the fungus Pseudocercospora griseola and anthracnose by the fungus 

Figure 3. Screening for anthracnose resistance with races 65 and 73 (Colletotrichum lindemuthianum) on SAB and SAF 
plants. Controls: Rosinha G2 (susceptible) and G2333 (resistant).
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Colletotrichum lindemuthianum. The genetic architecture and mechanisms of resistance to such 
diseases have been studied at genomic scales, identifying specific genes, pathways and QTL 
associated to each one (see [16, 36, 37]). As landraces are usually genetically structured and 
locally adapted, they might be the source of new alleles for disease resistance, which could be 
added to the disease resistance breeding programs.

Here, we present new findings obtained with experiments conducted with Serro Azul Brilhante 
and Serro Azul Fosco, as regards their variation for anthracnose resistance. The resistance 
degree to C. lindemuthianum was evaluated using the method of detached leaves [38], with 
modifications. Seeds of each parental line (SAB and SAF) and control standards from the liter-
ature (cultivars Rosinha G2 and G2333 are highly susceptible and resistant, respectively) were 
germinated and transferred to pots with substrate (Plantmax) in a greenhouse, and irrigated 
properly until the establishment of the first trifoliate (around 21 days). One leaf was collected 
from each plant and immediately placed in a suspension of 1.2 × 106 conidia mL−1 of C. lindemu-
thianum races 65 and 73 [39]. After 1 min, the leaves were placed in Petri dishes containing two 
layers of moistened filter paper. The plates were then incubated in a BOD type chamber and 
maintained in a photoperiod of 12 h at 21°C (± 2°C) for 7 days. For analysis, plant resistance 
was inferred according to the standards proposed by CIAT, using a scale from 1 (resistant—no 
symptoms) to 9 (susceptible—evident necrosis).

The results revealed an interesting difference between the parents SAF and SAB, used to con-
stitute the segregating populations. The detached leaf method clearly showed that SAB was 
highly resistant to both races studied (65 and 73), while SAF showed high susceptibility to 
the Colletotrichum races, especially race 65 (Figure 3). The scores for disease resistance were 
significantly different among the two parents (SAB and SAF) for the race 65, but the average 
score with the race 73 also suggested higher degree susceptibility in SAF (Table 1). It is inter-
esting to notice that the score for SAF was higher than the standard, which is used as a control 
for anthracnose susceptibility (Rosinha G2). In a similar manner, SAB was even more resistant 
than the standard resistant line G2333 (Table 1).

Genotype Mean score

Race 65 Race 73

G2333 (resistant control) 2 ± 0.8 1 ± 0.5

Rosinha G2 (susceptible control) 5 ± 0.4 4 ± 0.2

SAB 1 ± 0.0 3 ± 0.6

SAF 7 ± 3.0 5 ± 1.1

Mean comparisons—Tukey’s test

G2333 × Rosinha G2 p = 0.012* p = 0.001*

SAB × SAF p = 0.0001** p = 0.081 ns

*Significant at P < 0.05, **Significant at P < 0.01.

Table 1. Average scores of Colletotrichum lindemuthianum infection in leaves of the variants Serro Azul Brilhante (SAB) 
and Serro Azul Fosco (SAF), compared to G2333 (resistant control) and Rosinha G2 (susceptible control).
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The evident difference between SAF and SAB needs further examination. It raises questions such 
as if the anthracnose resistance is somehow influenced by the glossiness of SAB. After all, genes 
related to anthracnose resistance are also located in chromosome 7 [40], but a specific study link-
ing Asp to such genes is not yet available. However, it could be simply a new source of resistance 
originated from a mutation or to a combination of specific alleles conferring resistance. These are 
only speculations that need experimental clarification. The available genomic technology and 
the bioinformatic tools for constructing genetic maps with high resolution might be helpful in 
answering those questions.

5. Analysis and conservation of the genetic diversity of landraces

The genetic diversity of common bean landraces, cultivars and wild accessions has been 
investigated in multiple studies, mainly based on morphological and molecular markers 
in the last two decades (from 1995 to 2017). In the 1990s, studies have shown high genetic 
diversity based on morphological, enzyme and DNA-based markers (RAPD and micro-
satellites) [41–43]. After 2000, several studies involving amplified fragment length poly-
morphic (AFLP) [44, 45] and microsatellite [24, 46, 47] markers have been conducted. After 
2010, with the advances of the sequencing technology, numerous papers have addressed 
the molecular diversity of common bean based on SNP markers [4, 48–51]. In general, 
most of the studies revealed that common beans are divided into two main gene pools, the 
Mesoamerican and Andean. In the case of Brazil, where common beans were introduced 
and have been cultivated mainly in small farming systems, varieties of both pools have 
been encountered. However, Burle et al. [24] investigated the genetic diversity of almost 
300 landraces cultivated in Brazil and demonstrated that almost 80% of the genotypes have 
a Mesoamerican background, based on a population structure analysis with microsatellite 
polymorphisms.

In the case of Serro Azul, we also examined the molecular diversity of a sample of plants from 
both the variants (Serro Azul Brilhante and Serro Azul Fosco) by using the AFLP markers. 
Selective amplifications were done with four primer combinations (EcoRI-A/MseI-CC; EcoRI-
AC/MseI-CC; EcoRI-AT/MseI-CA; EcoRI-T/MseI-CA). The AFLP gels revealed a considerable 
variation within and among SAB and SAF plants (Figure 4). An UPGMA tree was designed 
using Bionumerics software (Figure 5). Our data revealed a good separation among SAB and 
SAF samples, although some mixture was detected. In general, the SAB subgroup presented 
75% of similarity with the SAF subgroup. Two plants of the SAF, however, were grouped 
within the SAB subgroup. From the analysis of the UPGMA tree, it is possible to infer that 
SAB plants were derived from SAF, which is consistent with the prior observation that SAB 
seeds were observed within 1 kg of SAF seeds harvested at a farm in Cunha, SP. Hereby, the 
high variability at the morphological levels can be verified at the molecular level, revealing 
a landrace with considerable genetic diversity to be explored. The development of the SAF × 
SAB population, for instance, revealed a high variation for seed size, color and water uptake 
[12]. Moreover, we showed that the parental lines have noticeable differences for disease 
resistance.
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Figure 4. AFLP profile (primer combination EcoRI-A/MseI-CC) of individual plants from SAB (Serro Azul Brilhante) and 
SAF (Serro Azul Fosco). M stands for the ladder DNA of 100 bp.
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6. Perspectives of the conservation and use of bean landraces

The findings about Serro Azul provide interesting insights of the use and application of landra-
ces in common bean breeding. A distinguishable morphologic diversity is noticeable within the 
landrace, which can be further explored to investigate genes responsible for color and glossi-
ness [12]. SAB and SAF are consistently different at the molecular level as well, as revealed by 
the AFLP profiles. An examination of AFLP polymorphisms among F4 lines of the cross SAF ×  
SAB revealed a potential discrimination of color classes in the population by the molecular 
approach [12]. Furthermore, Serro Azul and the population developed might be used to inves-
tigate the genetic control for such incredible difference in anthracnose resistance between SAB 
and SAF. Another interesting observation comes from field observations where the SAF × SAB 
population was being tested. Usually, lines with similar features to the SAB parental line, espe-
cially the seed glossiness, presented very low incidence of bruchid attacks. On the other hand, 
SAF-derived lines were usually susceptible to the insects, leading to damages to the seeds.

Figure 5. UPGMA tree based on Jaccard similarity analysis and AFLP profiles of the two variants of the landrace Serro Azul.
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The remarkable variability of Serro Azul and the interesting association with glossy seeds 
(SAB) with resistance to anthracnose and bruchids raises further research questions and oppor-
tunities for new crosses. As previously suggested, seed coat glossiness might after all have an 
important role in protecting seeds against biotic stresses, as SAB has shown. Conversely, we 
have not demonstrated that the disease resistance of SAB plants has association with glossi-
ness, which needs more experiments. Either way, this is an important feature which might be 
explored in depth with the population derived from this landrace to appropriately answer this 
question. Landraces such as Serro Azul hold particularities that should not be disregarded, 
after all, local communities need those seeds for their supply, and they have traits of high 
interest to be explored by breeders, especially concerning the threat of anthracnose and insects 
to common bean cultivation.

From this example to a wider set of landraces, several traits of interest might be improved 
with the use of distinct allele combinations if not new alleles provided by such genetic mate-
rials. Burle et al. [24] analyzed 279 landraces of common bean from Brazil and discovered 
considerable genetic diversity among all the accessions evaluated. Those genotypes are 
distributed from colder to warmer and from wetter to drier areas in the country. The local 
adaptation implicated in such genotypes has implicated in potential sources of disease and 
insect-resistant accessions. Moreover, the climatic diversity provides the potential for adapt-
ing to distinct abiotic stresses. New sources for tolerance to drought, soil salinity, high and 
low temperatures are to be investigated from these collections. In fact, Burle et al. [10] contin-
ued the previous work and integrated phenotypic evaluations to the genetic analysis of the 
same 279 landraces. The authors screened these accessions based on 22 morphological traits, 
including resistance to rust and common bacterial blight, yield, flowering time, determinacy 
and growth habit, seed coat color and brilliancy, among others. The study provided valorous 
information for supporting initiatives toward conservation and management of the acces-
sions. It also allowed to detect the particularities of landraces and how they can be explored 
in controlled crosses for designing new populations and cultivars.

7. Conclusions

In this chapter, we described the importance of the conservation and study of landraces of 
common bean. As an example, to go through the extent of morphological, biochemical and 
genetic aspects of landraces, we outlined the previous results as well as the new findings 
about the Brazilian landrace Serro Azul. This landrace has been produced by local farmers 
from Sao Paulo state and has remarkable features for exploring variation of seed and yield 
traits in common bean, constituting an additional and valuable genetic resource for germ-
plasm collections. We also showed a genetic diversity analysis of Serro Azul by examining the 
molecular variability within subsamples of SAB and SAF, based on amplified fragment length 
polymorphic (AFLP) markers. Furthermore, a detached leaf assay for screening anthracnose 
resistance was employed for both variants within this landrace, revealing remarkable differ-
ences between the highly resistant Serro Azul Brilhante (glossy seed coat) and the susceptible 
Serro Azul Fosco (opaque seed coat). Together, these results demonstrated the importance of 
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studying genetic aspects related to traits such as color, glossiness, disease resistance and yield 
components. This is necessary to conserve such valuable resources as the ones maintained by 
small farming systems. It may as well be applicable to other landraces of common bean, in 
order to provide better understanding of the genetic resources available and how they can be 
explored in favor of the farmers and breeders.
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