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ABSTRACT

The value of crop wild relatives has long been acknowledged and this wild resource has been used to improve crop
performance with clear economic benefits. Sugar beet (Beta vulgaris subsp. vulgaris) is the most economically valuable
crop species in the order Caryophyllales, B. vulgaris subsp. maritima being the ancestor of the cultivated beets. The
wild species of the genus Beta s.I. are commonly found in coastal areas of Europe and Mediterranean Region, where a
rich genetic heritage still exists. Broadening the genetic base of sugar beet by introgression with wild relatives is a
growing need regarding the maintenance of ecologically important traits. Since wild relatives have adapted to specific
habitats, they constitute an important source of novel traits for the beet breeding pool. So, we conducted a broader re-
search project aiming to delimit taxa and identify priority locations to establish genetic reserves of the wild Beta species
occurring in Portugal (Western Iberian Peninsula). The aim of this study was: 1) to identify and characterize the main
habitats of these wild Beta species; and 2) to present a review of some genetic tools available for future application in
sugar beet breeding. In this review, we have focused on EcoTILLING as a molecular tool to assess DNA polymer-
phisms in wild populations of Beta and identify candidate genes related to drought and salt tolerance, as well as ad-
dressed some issues related to next-generation sequencing (NGS) technologies as a new molecular tool to assess adap-
tive genetic variation on the wild relatives of sugar beet.

Keywords: Crop Wild Relatives; Beta vulgaris subsp. maritima; Single Nucleotide Polymorphisms (SNPs); Western
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1. Introduction major crops, namely wheat (Triticum aestivum L.), maize
(Zea mays L.), rice (Oryza sativa L.), barley (Hordeum
vulgare L.), potato (Solanum tuberosum L.), and cassava

their cultivated relatives selected by man, thus represent-  (Manihot esculenta Crantz) [4]. The conservation of wild

ing an important reservoir of genetic resources for crop  relatives of common crops is therefore an imperative
improvement [1-3]. The CWR are primary source of  condition to preserve a wider gene pool which can be un-
germplasm bearing novel resistant traits to pests and dis-  locked to improve future food security.

eases, and abiotic stresses, such as drought and salinity, The gene pool provided by CWR specifically adapted
and have been extensively used in breeding programs of to marginal or stress environments constitutes an invalu-
able resource for improved crop breeding under the new
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Crop Wild Relatives (CWR) are species closely related
to crops that hold greater genetic variation in nature than
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pressures that are rapidly evolving and having an in-
creasingly detrimental effect on crop productivity. In
contrast, the wild relatives of crops are expected to har-
bor much higher levels of genetic diversity and specifi-
cally, beneficial adaptive genes/alleles underlying proc-
esses of local adaptation. The use of CWR genes to im-
prove crop performance is not by far a new concept, but
dating back more than 60 years [1]. During this period,
significant developments are achieved, each, in its own
right, making important contributions to the knowledge
base capable to provide a predictive framework that will
underpin conventional and novel plant breeding strate-
gies.

1.1. Europe as an Important Centre for Crop
Wild Diversity

Kell et al. [6] created the first comprehensive list of
CWR for Europe and the Mediterranean using a broad
definition of a CWR (i.e., any species belonging to the
same genus or closely related genera of a cultivated plant
species), and found that approximately 80% of the flora
of the region consisted of crops and their wild relatives.
Due to this huge diversity hotspot, in Europe there are a
number of initiatives to study and catalogue the CWR
species, such as the “International Database for Beta”
(IDBB) (http://idbb.jki.bund.de), “Beta Working Group”
from the European Cooperative Programme for Plant
Genetic Resources (ECPGR)
(http://www.ecpgr.cgiar.org/networks/sugar_starch_fibre
_crops/beta.html), European platform “An Integrated
European in situ Management Work Plan: Implementing
Genetic Reserves and On Farm Concepts” (AEGRO)
(http://aegro.jki.bund.de/aegro/), or the CWR Global
Portal (www.cropwildrelatives.org). In 2005, the Euro-
pean Community funded a project, Plant Genetic Re-
sources (PGR) Forum (www.pgrforum.org), to provide
access to CWR data to a broad user community [7]. Fur-
thermore, the recently published European Red List of
Vascular Plants [8] identified that at least 16% of the
CWR species assessed at European level for which suffi-
cient data were available, were threatened or were likely
to become threatened in the near future, and that many
more were threatened at national level.

The CWR do not spread evenly across the world, but
are concentrated in relatively small regions often referred
to as “centres of food crop diversity” [9]. Europe is one
of the most important centres for CWR diversity, namely
including oats (Avena sativa L.), apple (Malus domestica
Borkh.), annual meadow grass (Festuca pratensis Huds.),
white clover (Trifolium repens L.), and sugar beet (Beta
vulgaris L. subsp. vulgaris) [10]. Among these crops,
sugar beet is considered within the top ten of the world
rank in economic importance, growing on about 5.2 Mha
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in 38 countries, and supplying around 20% of the 167 Mt
sugar produced annually, with sugar cane (Saccharum
officinarum L.) supplying most of the remainder [11].
Half of its production is originated from countries in the
European Union, complementing sugar cane production
from tropical climates [12].

1.2. Objective of This Study

The interest in the wild relatives of important crops for
breeding in the face of environmental change means that
a species-level understanding of the identity and rela-
tionships of these taxa is of more than marginal interest
[13]. So, research was within a broader research project
aiming to delimit taxa, select appropriate wild accessions,
and identify priority locations in which to establish ge-
netic reserves of the wild Beta species occurring in Por-
tugal (SW Europe). The aim of this study was 1) to iden-
tify ecotypes of these wild Beta species; and 2) to present
a review of some genetic tools available for future ap-
plication in sugar beet breeding. In this review, we have
focused on EcOTILLING as a molecular tool to assess
DNA polymorphisms in wild populations and identify
candidate genes related to drought and salt tolerance, as
well as addressed some issues related to next-generation
sequencing (NGS) technologies, as a new molecular tool
to assess the genetic variation of sugar beet CWR spe-
cies.

2. Wild Beet from Portugal Mainland

Beta vulgaris (Family Amaranthaceae) includes the cul-
tivated beets (subsp. vulgaris) (leaf beet, garden beet,
fodder and sugar beet) and the wild “sea beet” (subsp.
maritima), fully cross-compatible with each other [14].
Sea beet is the most widespread taxon within the genus
Beta, and can be found quite easily along the seashores
of the Mediterranean Sea and the European Atlantic
Ocean [11]. In east Atlantic coasts of Europe, this species
displays a wide latitudinal range, which ranges from
southern Norway and southern Sweden, to the South of
Portugal.

In Portugal mainland the following species can be
found: B. vulgaris subsp. maritima, B. macrocarpa, and
Patellifolia patellaris, formerly considered as B. patel-
laris. The genus Patellifolia was formerly included in
section Procumbentes of the Beta genus in several taxo-
nomic classifications [e.g. 15,16]. In the present paper,
we will use the taxonomic system as described by Hoh-
mann et al. [17], which was based on molecular studies
indicating that the section Procumbentes should be sepa-
rated from the genus Beta. Table 1 gives the distribution
of Beta and Patellifolia species, which occur in the West
Mediterranean Region, including the Macaronesian Re-
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Table 1. Distribution of Beta and Patellifolia species, which occurs in west mediterranean region and macaronesian islands.

Iberian Peninsula

Macaronesian Islands

Taxon Other regions
Portugal Spain Azores Madeira Canary Cape Verde

Beta vulgaris subsp. maritima (L.) Arcang. X X X X X W/:Silfrlgpi}rsiggl s

Beta macrocarpa Guss. X X X N Ag\';\:/al;wsegil::)pe;

Beta patula Aiton X

Patellifolia patellaris (Mog.) A.J. Scott, .

Ford-Lloyd & J.T. Wil X X X X X N Africa

Patellifolia procumbens (C. Sm. ex Hornem.) X X X

A. J. Scott, Ford-Lloyd & J.T. Williams

Patellifolia webbiana (Mog.) A. J. Scott, X

Ford-Lloyd & J. T. Williams

gion (i.e. Azores; Madeira and Selvages; Canaries; and
Cape Verde Islands). Although a rich genetic heritage of
wild Beta s.l. species still exists in the coastal areas of
Europe, Mediterranean Region and in the Macaronesian
Islands, many of the natural habitats where these plants
occur are currently threatened by habitat reduction and
loss, or fragmentation and disturbance, and global changes
leading to the restriction of the natural distribution range
and the genetic diversity decrease [2].

2.1. Geographical Distribution and Ecology

In order to update the information about the distribution
of Beta spp. populations, field surveys were carried out
in Portugal mainland, since 2008 and during five years,
within a broad national Portuguese research project led
by one of the authors [see 18]. As a result of this project,
it was possible to obtain a thorough characterization of
the Beta genus in Portugal mainland, namely in taxo-
nomic, chorology, and ecological aspects. For each spe-
cies, the most relevant populations were identified in
association with the ecological characterization of their
habitats and soil uses. In addition, herbarium material
obtained from the following herbaria: AVE, COl, ELVE,
LISC, LISI, LISU, LISE, MADJ, MADM, P (acronyms
according to [19]), was also studied, and a new inventory
of the species distribution for Portugal was produced.
Based on this new data, the distribution of the Beta spe-
cies is provided for B. vulgaris subsp. maritima, B. mac-
rocarpa and P. patellaris. This survey is particularly
relevant to understand the present distribution and oc-
currence of the most important populations within the
range of climatic factors, such as precipitation (Figure
1(a)) and temperature (Figure 1(b)), found in Portugal,
and their implication to the distribution of these plant
species as a response to changing climatic conditions.
Important populations of B. vulgaris subsp. maritima
were identified, and our results reveal that this species is
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relatively common and widespread, occurring in natural
habitats like cliff coasts, sand beaches and salt marshes,
and often also in ruderal sites (Figure 1(e)). Most of
these populations are well preserved and this species is
currently not endangered. However, a different picture
was found for the other species. P. patellaris is confined
to a small population in inaccessible cliffs, the most
south-western point of Portugal mainland (Figure 1(c))
and B. macrocarpa, which was recently included in the
European Red List of Vascular Plants [8], is confined to
south areas of Portugal, namely to the salt marshes and
sandy soils of the Natural Park of Ria Formosa (Figure
1(d)), holding an enormous risk of genetic erosion.

2.2. Target Populations

During the field surveys in south regions of Portugal (in
Ria Formosa), it was possible to found sympatric popula-
tions of B. vulgaris subsp. maritima and B. macrocarpa,
distributed in areas where drought and soil erosion are
inter-related environmental problems. Since the South of
Portugal is characterized by hot summers, reaching tem-
peratures up to 35°C, ideal conditions are provided to
screen Beta populations under field drought selective
pressure, where putative drought tolerant populations
most probably survive. A previous study using a flow
cytometry analysis was recently published by Castro et al.
[20], providing novel insights on the cytogenetic diver-
sity of wild Beta species from Portugal mainland. The
results obtained based on the study of more than one
hundred individuals of B. vulgaris subsp. maritima and
thirty individuals of B. macrocarpa (always growing in
sympatry with B. vulgaris subsp. maritima in the South
of Portugal), revealed a great cytological diversity, in-
cluding tetraploid and hexaploid individuals that may
constitute potential optimal resources for crop improve-
ment of cultivated beets. The localized presence of these
mixed-ploid populations of B. vulgaris subsp. maritima
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Figure 1. Distribution of Beta vulgaris subsp. maritima, B. macrocarpa and Patellifolia patellaris in Portugal mainland, related
to (a) precipitation and (b) temperature; and some characteristic habitats (c) coastal cliffs of Sagres, where P. patellaris oc-
curs, (d) salt-marshes and sandy soils of Ria Formosa, where mixed populations of B. vulgaris subsp. maritima and B. macro-
carpa can be found, and (e) B. vulgaris subsp. maritima growing in dry soils of Castro Marim.

and B. macrocarpa, might indicate a higher trend for the
occurrence of potential increased levels of heterozygosity
in this geographic area that could be exploited as a re-
source to breeding programs for assessing novel traits
with economic interest. So, the introgression of such
germplasm from target wild populations adapted to spe-
cific environments would be a putative way to increase
the genetic variation for characters that could contribute
to drought tolerance in sugar beet. It is evident from the
above results that the southeastern coastal areas of Por-
tugal mainland should be investigated further as potential
sites for in situ conservation of these highest priority beet
wild relatives. These populations already occur within
protected areas, namely in the “Natural Park of Ria For-
mosa” and should be prioritized for inclusion in the
CWR genetic reserve network on the basis that they have
already been afforded some degree of protection, even if
only by default. These results provide data that will be
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helpful to the future conservation, utilization and man-
agement of these wild relatives, as well as to future mo-
lecular population genetic assessments.

3. Analysis and Review of the Current State
of Knowledge

3.1. Advances in Molecular Research towards
Sugar Beet Breeding

The importance of Beta spp. to man dates back as long
ago as the late Mesolithic period, from evidence that it
was already part of the human diet in that age [21].
However, beets grown exclusively for sucrose are of
relatively recent origin. Economic production of sucrose
was accelerated by edict in Napoleonic France under
British blockade of sucrose from tropically grown sugar
cane [22]. The first sugar beets with higher levels of su-
crose were selected from a white fodder beet variety, the
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White Silesian beet [23], and this variety is still consid-
ered to be the primary source of sugar beet germplasm
grown today [16].

As sugar beet was probably selected from one single
cultivated population, the genetic base of the crop is
supposedly narrow, and the wild Beta species yield a
huge repertoire of novel genes related to ecologically
important traits [24]. In this context, it must be noted that
the degree of relatedness of the wild relatives to the crop
(B. vulgaris subsp. vulgaris) is a very important concept
to be used, being in the primary gene pool (GP1) the
species that belongs to Section Beta (i.e. B. vulgaris
subsp. maritima; B. vulgaris subsp. adanensis; B. mac-
rocarpa; B. patula), in the secondary gene pool (GP2)
the species that belongs to section Corollinae (i.e. B.
corolliflora, B. macrorhiza, B. lomatogona, B. nana) and
in the tertiary gene pool (GP3) the wild relatives of the
genus Patellifolia (formerly included in section Procum-
bentes of the Beta genus). In particular B. vulgaris subsp.
maritima, the closest wild relative of cultivated beets,
and B. macrocarpa that belongs to the gene pool 1, both
found in Portugal mainland, constitute highly suitable
targets for screening genetic resources useful to incorpo-
rate into breeding strategies.

By the 1980s, public and private plant breeders began
to consider more seriously the wild sea beet as a genetic
resource in which to find resistance to the increasing
pressure from insects, nematodes, and diseases, and as a
source of genes for greater productivity [16]. Breeding
programs devoted to sugar beet have long been in place
with successful results on the introgression of many traits
of interest identified in other Beta species, particularly
those related with disease resistance [25-29]. Much of the
research pertaining to sugar beet breeding and genetics
has been summarized in Biancardi et al. [29] and Dray-
cott [30]. In particular, significant advances on dissecting
genetic important traits were achieved through the con-
struction of high density genetic linkage maps in B. vul-
garis that integrate different marker types, for gene map-
ping and cloning, and development of markers for breed-
ing assistance [e.g. 31-35]. As an example, resistance to
the beet cyst nematode (Heterodera schachtii Schmidt), a
major pest in the cultivation of sugar beet, has been one
of the most coveted agronomic traits retrieved from the
wild relatives, that lacking in cultivated Beta species,
could be found in the wild species P. patellaris and re-
lated species P. procumbens and P. webbiana (GP3).
Identification and cloning of the resistance gene Hslpro-1
from P. procumbens [36] was thus one of the first break-
throughs in Beta research, extending later to the cloning
of a 2nd tightly linked resistance gene, Hs1-1 [35]. In the
last years, fine-tunning of molecular resources is being
exponentially obtained towards the accurately identifica-
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tion of the genes underlying such traits, and while ge-
netic markers are used to chromosomally assign and fine-
map the trait, a physical map is needed to access the ge-
nomic region between the markers that flank the trait. In
such framework, candidate gene discovery might be
supported by integration with genome sequences of other
species via map anchors of known sequence [37]. In the
same study, Dohm et al. [37] generated an extended
high-resolution and high-density genetic map and con-
structed a genome-wide physical map of sugar beet, pro-
viding comprehensive genomic information that covers
all nine chromosomes, and thus means enabling future
high-resolution trait mapping, gene identification, and
cross-referencing to regions sequenced in other plant
species.

Although the main research goals in sugar beet, deriv-
ing from breeder’s interests and concerns, have been fo-
cused on sugar content, beet yield, bolting control, seed
quality, and pest and disease resistance, a growing atten-
tion is being paid to other traits as a consequence of the
future climatic changes. Even more so when the Medi-
terranean is expected to be one of the most affected re-
gions in the near future, with a substantial decrease in
precipitation and a pronounced warming. The impact of
drought has already been recognized as a major cause of
yield losses in sugar beet [38,39], although the selection
for increased drought tolerance has not been a breeding
priority until recently [40]. Dry regions, such as those
found in the South of Portugal, are outstanding areas to
assess the degree of genotypic variation for drought re-
sistance, across many types of environments, including
the huge areas of salt marshes, and putative adaptations
to soil salinity. Beyond the required deep knowledge of
the genetic variability of the wild populations, the eco-
logical characterization of their habitats per se, may in-
dicate that a species possess appropriate physiological,
ecological or behavioral adaptations to successfully colo-
nize that particular environment. As a result, the wild
beet species growing naturally in those environments will
undoubtedly contribute with novel genes to sugar beet
improvement for the “new” traits of interest.

3.2. Genetic Relationships within the Beta
vulgaris Complex

While there is no doubt of the value of CWRs for sus-
tainable agriculture and future food security, there is still
a poor knowledge on the extent of the wild genetic diver-
sity and crop-wild relationships in a way that could
bridge conservation—use needs. The B. vulgaris complex
is of particular interest since fully cross-compatible crop,
wild and weed forms can be found in sympatric situa-
tions in some parts of Europe [41,42], resulting in un-
wanted recurrent hybridizations in both directions. In fact,
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conspecific weeds commonly found infesting the sugar
beet production fields and leading to severe agronomic
problems, are the proved effect of such phenomenon,
having arisen from hybridization between cultivated lines
and wild individuals in seed production areas [41].

The effect of such uncontrolled gene flow and intro-
gression is a subject of great concern for the management
and conservation of Beta genetic resources, as well as for
sugar beet sustainable production. In one hand, it can
lead to loss of local adaptation of native populations,
which can be of primary importance during periodic dis-
turbances or extreme environmental conditions, and, on
the other hand, to evolution of more aggressive weeds
with increased competitiveness. Moreover, the likelihood
of transgene escape from crop to wild relatives [43,44]
should be taken into account with extreme care [42].

Up to now, investigations on the evolutionary dynam-
ics of genetic diversity within the B. vulgaris complex
were thus mainly focused on assessing genetic relation-
ships among the different forms of beet [41,42,45,46],
with particular emphasis on crop-to-wild gene flow [47,
48]. Using a panel of polymorphic markers comprising
nuclear microsatellite loci, mitochondrial minisatellite
loci and one chloroplastic PCR-RFLP marker, Fénart et
al. [42] found similar levels of nuclear genetic diversity
in weedy beets and sea beets, as opposed to the narrow-
ness of cultivar accessions, but a very strong genetic di-
vergence between wild sea beet and other relatives,
which was unexpected given the recent evolutionary his-
tory and the full cross-compatibility of all taxa. Also, the
different forms of beet clustered into genetic distinctive
groups concordant with the classification of cultivated,
wild and weedy forms based on their geographical loca-
tion, phenotype or domesticated status despite the very
recent domestication process of sugar beet [42]. High
genetic diversity with no isolation-by-distance genetic
structure has been commonly found among weed beet
populations [41,42,47], although a strong spatial genetic
structure was detected in high-density, highly outcrossing
populations [48]. This implies that once established,
weed beet populations can sustain a high level of genetic
variation and thus provide a likely basis for potential
rapid evolutionary change. Moreover, characteristics of
particular source populations within initial native ranges
are likely to shape the evolution of invasive populations
[49]. This is particularly true as inland wild beets already
adapted to the margins of arable fields and other anthro-
pogenic habitats, through short life-span and first-year
flowering, can be found [48]. On the other hand, crop-to-
wild gene flow has been implicated in the increased like-
lihood of extinction of wild relatives by displacing native
wild allelic diversity [47]. Altogether these studies high-
light the need for careful survey and management of both
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sugar beet fields and seed production areas where wild
and cultivated relatives co-occur, as both a measure to
conserve wild populations from genetic swamping and to
ensure crop high-yielding production.

On a priority course for screening genetic resources
and locating adaptive traits, efforts should now be con-
centrated on evaluating the genetic variation of the
coastal wild populations occurring in specific habitats,
which have a distinct evolutionary trajectory. Knowledge
of the genetic structure of wild populations can provide
insight on the fundamental evolutionary influences of
selection, mutation, gene flow and genetic drift, reflect-
ing into patterns of population differentiation. There is an
important gap on this subject as very few studies have
dealt with patterns of genetic variation in wild sea beet.
Fievet et al. [50] analyzed wild sea beet populations
along the French coasts of the Anglo-Norman gulf and
found a significant geographical genetic structuring with
evidence of a distance-dependant pattern of dispersal,
comprising pollen vs. seed-mediated gene flow, within
which some populations are most likely a source of genes,
whereas others behave as a sink.

For the knowledge that has been built up on this im-
portant species complex, here reviewed, assignment
analyses based on multilocus microsatellite genotypes
proved to be a powerful tool for tracing contemporary
cross-breeding events between wild-cultivated relatives,
assessing genetic variation and recently to distinguish
sugar beet varieties [51]. Looking for adaptive traits will
require however, genomic approaches or candidate gene
targeted approaches that could detect population genetic
divergence most likely associated to processes of local
adaptation. A wide collection of molecular resources and
tools were made available for the B. vulgaris complex
over the last decade (see The B. vulgaris Resource,
http://bvseq.molgen.mpg.de), including about 30 000
sugar beet expressed sequence tags (ESTS) in the NCBI
dbEST database, that now can now be used to character-
ize the wild genetic diversity and locate the desired traits.

4. Linking Ecological Data with Genetic
Analyses to a Comprehensive Knowledge
of Beet Diversity

Before CWR can be used in any plant-breeding program,
their genetic resources have to be evaluated by assessing
genetic variability in traits of interest for breeders [52].
The field of agricultural genomics is in the focus of a
technological revolution caused by the emergence of
DNA sequencing technologies; yet, reverse genetics ap-
proaches are still a valuable tool for the detection of dif-
ferences in target sequences to identify allelic variations
in natural populations and in the context of functional
genomics.
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Besides indicating relationships between individuals or
populations, DNA polymorphisms can be directly asso-
ciated to phenotypic differences or be genetically linked
to its causative factor [53]. As a result, distinguishing
adaptive variation from neutral mutations are becoming
key issues to understand the molecular basis of heritable
phenotypic changes and to carry out functional genomics.
Single Nucleotide Polymorphisms (SNPs) have emerged
as the most widely used genotyping markers due to their
abundance in the genome, together with small insertions/
deletions (indels), and the relative ease in determining
their frequency [54]. To efficiently identify SNPs, a
number of different techniques have been developed
namely PCR- and sequencing-based methods [reviewed
in 55-57], which all have their limitations. Thus, there is
an increasing demand for high-throughput genotyping
technologies able to increase the ability to determine
nucleotide differences putatively associated with traits of
agroeconomic interest. A number of studies have been
able to link SNPs/indels with phenotypic traits of agro-
nomic interest, such as an 8-bp deletion of a betaineal-
dehyde dehydrogenase gene (OsBADH?2) in rice [58] and
a SNP with G replaced by A in the same gene of soybean
[59] that revealed to be responsible for fragrant phenol-
types.

Under a CWR research perspective, biodiversity as-
sessment using functional genes related to ecologically
important traits of agronomic interest as markers, could
allow determining their usefulness as a supplementing
gene pool for crop improvement [60]. Such targeted ap-
proach focused on candidate genes of ecological/adap-
tive significance has the potential to provide crucial in-
formation, which cannot be obtained from a genetic di-
versity screen based on random anonymous markers. Yet,
this is only possible if CWR species and specific popula-
tions have been identified as a basis to work on.

4.1. Genotypic Variation for Salinity and
Drought Tolerance

Within the goal of broadening sugar beet gene pool for
drought and salt tolerance, wild relatives from gene pool
1 and 2 (Beta species) and also from gene pool 3 (Patel-
lifolia species) represent the best sampling source to
evaluate adaptive genetic variation, encompassing germ-
plasm from different populations and different regions.
As referred above in Section 2.2, in Portugal, representa-
tives of the Beta and Patellifolia genera have success-
fully colonized adverse environments developing poten-
tial resistance/tolerance to stressful abiotic conditions,
namely drought and salt stresses, which render them as
target populations to be included for in situ characteriza-
tion as potential donors of genes involved on related
adaptive responses. In such environmental conditions, as
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those described in the present study, expression of a va-
riety of genes is induced in adapted plants not only to
assure their survival, but also to assist in maintaining
their regular growth and productivity [61]. Under a can-
didate gene approach, assessment of the natural genetic
variation among different CWR species is performed on
a set of candidate genes involved in drought and salt tol-
erance leading to in situ germplasm characterization.
Candidate genes involved in drought and salt tolerance
were identified and can be selected from evidences on
literature [e.g. 62,63]. As drought and salt tolerance share
common mechanisms, stress-induced genes with known
functions, as well as specific drought- [64] and salt-re-
sponsive genes can be targeted [65]. Previous studies on
wild relatives of wheat and barley revealed rich genetic
diversities for drought and salt tolerances resulting from
adaptation to a broad range of environments [66]. A da-
tabase of allelic variants of the wild relatives of sugar
beet will deliver a tool on functional molecular markers
linked to drought and salt tolerance that can be applied in
marker-assisted selection for sugar beet breeding pro-
grams.

4.2. EcCOTILLING: As a SNP Discovery Tool to
Assess Natural Polymorphisms

Among the candidate gene-based approaches, Eco-
TILLING has proven to be a fast, reliable and low-cost
technique allowing a high-throughput analysis of natural
genetic variation [67]. This technique is based on the
Targeting Induced Local Lesions in Genomes (TILLING)
method, relying on the formation of DNA heteroduplexes
between an unknown homozygous DNA and a known
sequence by the usage of the endonuclease CEL 1 [68]. It
rapidly screens many samples towards the identification
of SNPs and/or small indels in a gene of interest, whose
number and position are revealed [67,69]. Due to the
reliability of the endonuclease system, only one repre-
sentative of each haplotype needs to be sequenced to
identify the point mutation in the gene of interest. More-
over, ECOTILLING was recently used to detect SNPs and
small indels across 375 rice germplasm accessions, tar-
geting several salt tolerance genes [70]. Representative
SNPs or indels were assessed in 3’-untranslated region,
thus pointing out for the need to determine not only the
allelic variants location but also their potential contribu-
tion to the regulation of gene expression. Also, in sugar
beet, a study reporting ECOTILLING as a reverse genet-
ics approach evaluated the diversity in a panel of 268 B.
vulgaris accessions targeted for three flowering time
genes, in which associations between nucleotide poly-
morphisms in one of the genes (BvFL1) with bolting be-
fore winter as well as winter hardiness was assessed [71].
In general, ECOTILLING have shown great promise for
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accelerating the process of the identification of natural
resistance alleles, which can be used to breed improved
cultivars. Successful detection of SNPs or small indels in
target genes in natural populations was achieved in
Populus trichocarpa Torr. & A. Gray regarding genes
involved on wood quality and pathogen defense [72], and
in a collection of Cucumis spp., resulting in the identifi-
cation of new allelic variants in elF4E, a factor which
controls virus susceptibility [73]. Quarrying for variation
in resistance genes help to speed up the process of iden-
tifying alleles that could provide immunity to various
diseases, for example, allelic variation was examined and
identified using ECOTILLING in mlo and Mla powdery
mildew resistance genes of barley [74], thus providing
several allelic variants that could be exploited to breed
cultivars with improved resistance.

Based on the genomic resources now available [EST
(http://genomics.msu.edu/sugarbeet/blast.html) for sugar
beet on databases and TIGR Gene Indices databases
(http://compbio.dfci.harvard.edu/tgi/plant.html, release Beet
4.0)], looking for genes of interest became a task with
higher viability, as well as annotating SNP localization in
coding regions, non coding regions, start and stop codons,
and splice sites by gene models based on genome se-
quencing data (http://bvseq.molgen.mpg.de/). Data from
population analyses of sequence variation can then lead
the way into getting insights on the adaptive nature of
DNA polymorphisms and engaging follow-up studies to
ascertain causal relations between phenotypes and allelic
variants. As non-synonymous substitutions can poten-
tially alter protein function and result in a phenotypic
change, as opposite to synonymous substitutions, candi-
date genes from which these allelic variants could be
identified among different wild relative species/popula-
tions are of major importance to further assess related
changes in gene expression.

4.3. Real-Time PCR: Uncovering Differential
Allelic Expression

SNP allelic variants can play a role in gene regulation,
affecting the expression level [reviewed e.g. 75,76].
Regulatory allelic variants may affect the level of gene
expression by causing imbalanced expression of alleles,
yet this is a phenomenon poorly studied in plants [77-81].
Identification of co-expressed allelic variants with phe-
notypic effects can provide novel insights into the bio-
logical processes underpinning an adaptive trait [82].
Quantitative genotyping, detection of SNPs, allelic dis-
crimination as well as genetic variations can be detected
by real-time PCR (qPCR). Specific amplification of alle-
lic variants can rely on the allele-specific expression by
amplification refractory mutation system (ARMS) [83]
using SYBR®Green. Discrimination power of ARMS
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technique was further improved using allele-specific for-
ward primers with a deliberate added mismatched nu-
cleotide located near the 3’ terminal region using the
same reverse primer, a system named Mismatch Ampli-
fication Mutation Assay (MAMA) [84,85]. This method
allows discrimination between different allelic variants
and the imbalanced allelic expression (Al) can be un-
veiled by a difference in the ratios measured in cDNA
and gDNA, being no reference gene needed in this case
as each allele is an internal control of the other [86]. This
strategy allows determining an allelic expression profile
specific to each genetic variant on the selected SNPs un-
der analysis. Analyzing CWR species differential gene
expression in genes putatively related to drought and salt
tolerance, as compared with cultivated susceptible spe-
cies is of great importance, since genotype to phenotype
inferences could potentially be addressed, in a way that
causal relations between CWR allelic expression profiles
and phenotypic variation could be ascertained. Ultima-
tely, it could indicate which CWR populations should be
included in future breeding programs concerning drought
and salt tolerance introgression on cultivated sugar beet.
Taken together, here we present molecular options to link
ecological data with genetic analyses as to provide ground
for the characterization of genetic variation related with
drought and salt stresses in target populations of B. vul-
garis subsp. maritima in Portugal mainland. Outline of
the workflow proposed is summarized in Figure 2.

5. Directions for Future Research

In the last decades, molecular research has made it possi-
ble to shift the paradigm from searching for phenotypes
to searching for genes of interest. In fact, given the rapid
burst of the next-generation sequencing (NGS) technolo-
gies with reduced cost as well as newly available appli-
cations being developed, CWR genetics will benefit from
the generation of large numbers of genetically informa-
tive markers, considering in the first place its major down-
stream application, marker-assisted selection (MAS). The
reported results in this paper were based on extensive
field surveys, and provided an indication of natural adap-
tations to salinity and drought and would be important in
determining the direction of research and in designing
strategies for future breeding programs. Particularly, the
Beta populations that occur in south-eastern regions of
Portugal seem to be a highly promising target for further
evaluation regarding drought tolerance.

Indeed, these plants have successfully colonized ad-
verse environments and their study can contribute sig-
nificantly to the knowledge on stress tolerance, namely to
drought and salt, and be used in future breeding pro-
grams.

Large scale discovery of genome-wide distribute SNPs
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sequence genetic variation

/1N

identification of
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e

Ria Formosa Natural Park

a priori knowledge and selection of candidate genes
for drought and salt tolerance previously described in related species
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environmental variables

Genetic characterization of target populations of sea beet related to drought and salt stresses
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identification of SNP allelic
variants (haplotypes)

/ N\

analysis of gene differential
expression of allelic variants for
putative correlation with
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Figure 2. Outline of the workflow proposed for the characterization of the genetic variation related with drought and salt
stresses in target populations of Beta vulgaris subsp. maritima in Portugal mainland. The Natural Park of Ria Formosa pro-
posed for screening is indicated by arrows: salt marshes and dry habitats.

can be effectively conducted with NGS technologies on
species with or without reference genome, thus enabling
studies of non-model organisms and wild populations
[87]. Genome reduction methods, such as Reduced Rep-
resentation Libraries (RRL), Restriction site Associated
DNA (RAD) sequencing and complexity reduction of
polymorphic sequences (CRoPS) (reviewed in [88]), aim
at sequencing only a small fraction of the genome. RAD
[89,90] coupled to Illumina sequencing (RADseq) [91] is
extremely promising and feasible for detecting SNPs in
unknown genomes (e.g. [92]). Applications of RAD se-
quencing in crop genetics have been performed for the
perennial ryegrass (Lolium perenne L.) by constructing a
linkage map and quantitative traits loci (QTLs) associ-
ated with resistance to stem rust caused by the pathogen
Puccinia graminis subsp. graminicola [93]; in lupin (Lu-
pinus angustifolius L.), 30 markers are linked to an an-
thracnose resistance gene caused by the pathogen Col-
letotrichum lupini [94], among several other studies
(more examples reported in Deschamps et al. [95]). In
the context of assessing diversity in nature related with
traits probably developed under strong selective pressure,
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population genomics are used to identify signatures of
selection and subsequently loci of adaptive significance
and potentially underlying evolutionary change. Given
the wide DNA sequencing technologies available, it is
advisable to account for both limitations and advantages
on selecting the best NGS technology. Deepening the
understanding of the molecular connection linking geno-
type to phenotype will enable sugar beet genomics-as-
sisted breeding. For breeding applications, relevant poly-
morphisms can be discovered only when novel germ-
plasm is introduced into the breeding pool, thus rein-
forcing the need to augment the gene pool of crops by
recurring to their wild relatives. Ultimately, the selection
of CWR species based on genomic tools, rather than se-
lecting random variants with desirable characteristics,
will be a promising and still little explored route towards
the development of improved crops.
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