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1. Introduction

Though by far less popularly publicized than the 50" jubilee of the deter-
mination of DNA structure, celebrated three years ago, 2006 will be the
40" anniversary of the introduction of molecular markers in the genetic
analysis, by Richard Lewontin in 1966. From the earliest, labour intensive
and time-consuming applications to the study of the natural populations, to
the massive exploitation in genome mapping of important plant species, it
took therefore less than half a century for molecular markers to become a
fundamental tool of theoretical and applied genetics. The oldest method for
the analysis of the animal and plants' genomes is their mapping, i.e. the or-
dered positioning of a number of tags, acting as markers, along the entire
length of the genome itself or, in the case of the eukaryotic genomes, of
each of the chromosomes in which it is fragmented. The concept that two
phenotypic traits can be inherited more often together rather than sepa-
rately, probably dates back to the early breeding experiences. In the early
decades of last century, the developments of genetic analysis led to the
construction of the first genetic maps, consisting of a few tens of markers —
mostly phenotypic, visible or easily scorable traits (Sturtevant 1913). It
took about 50 years for a new breakthrough in the linkage mapping tech-
nologies and strategies to occur, as it was recognized that molecular tags,
for example the isoenzymatic variants coded by different alleles at the
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same genetic locus, could be treated as markers as well (Lewontin and
Hubby 1966), and their association with other traits, or between them,
could be studied by standard genetic means.

The previously existing linkage maps, filled with only a limited number
of phenotypic markers and genes characterized by segregation ratios, were
rapidly enriched by the introduction of isoenzymatic markers. The follow-
ing revolutions, the use of a wide choice of DNA-based markers for ge-
netic analysis (Botstein 1980), only required 15 years after the introduction
of isoenzymes, and led after a few more years to the early highly saturated
human, animal and plant linkage maps. At the mid-Nineties, the maps of
the major crops, including several important industrial ones (e.g. potato,
sugarbeet) were densely studded with several markers, obtained with dif-
ferent molecular technologies, and ordered by detailed genetic analysis.
Marker technology was an important tool for either positioning and tag-
ging genes or QTLs on specific chromosome regions, and exploiting them
in the marker assisted selection (MAS). It seemed to occur a strict inverse
relationship between the time required to develop a new marker type, and
the number of markers that each new introduction made available to the
geneticists and breeders. The limit such an acceleration pointed at, was
soon reached: the collapse in the cost of DNA sequencing and equipment,
and the development of automatic, high-throughput technologies made
available, in a rapidly increasing number of species, the ultimate marker,
i.e. the gene or even the whole genomic sequences, in draft versions con-
stantly refined and annotated; it has been a matter of only a short time from
the publication of the human genomic sequence, and the complete se-
quencing of a model plant, the thale cress (The Arabidopsis Genome Initia-
tive, 2000). Soon the genomes of other plants were sequenced: rice, to-
mato, poplar. Several international initiatives and research consortia will
lead in the very next future to the availability of the entire sequence of
other crop plants, though these last years made increasingly evident, for
the full exploitation of the data available, the necessity of the functional
annotation and characterization of the expressed and regulative sequences
available (see Chapter 1 of this book).

Industrial crops were fully part of these development, and the advance-
ment of the research in the area of marker-assisted breeding and genomics,
depended on the rapid developments of the technologies and strategies
necessary, and on the economic relevance of the crop, leading to more or
less extensive gathering of research institutions into consortia engaged in
the sequence production and/or characterization.

Some plant species, that were traditionally considered food or forage
crops, can today be added to the list of typically industrial crops. Among
these there are plants that can now be exploited as biomass or biofuel
sources, such as sorghum or rapeseed. These new, industrial uses of
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traditional forage, food or oil crops, can take further impulse from the rapidly-
growing amount of genomic data accumulated since 2000. Among the sev-
eral industrial crops for which highly dense genetic maps, and an high
amount of genomic and functional genomic data are being accumulated,
there are rapeseed, sugarbeet and hemp. These three crops are somehow
paradigmatic of the evolution, along with the genomic technologies, of
their end-use, and of the possible exploitation, at different levels of devel-
opment, of the genomic databases. Besides their traditional use (food oil,
sugar and fibre), requiring completely different industrial plants, in the lat-
est years these three crop species can all be included in the list of actual or
potential crops grown for biofuels, a rapidly expanding field of invest-
ments in Europe and America. In the present review, we will highlight
some of the main advancements of the genomics and marker-assisted se-
lection in these three industrial crop species.

2. Rapeseed

Rapeseed (Brassica napus) cultivation experienced a great expansion in
the latest years, and it is today one of the leading oil crops in the world,
along with soybean and palm. FAO reports a worldwide increase in the last
years from 25 to 27 millions ha since 2000, with a 14% increase in produc-
tion (FAOSTAT). It is likely that these increases were at least partially due
to the fact that, along with the traditional uses of rapeseed, for animal feed-
ing and vegetable oil, in the latest years the biodiesel option has been fa-
vored by public and private investments, and by specific legislative actions
in several countries. Due to its long-lasting economic importance in both
developed and developing countries, the state of the art of molecular mark-
ers development and genomics in this plant is highly advanced. Already in
1991, a genetic map essentially based on expressed cDNA probes, and
covering the 19 linkage groups of the amphidiploid species Brassica napus
was published, using as parentals of the mapping F2 population two "ca-
nola" varieties (Landry et al. 1991). Even in this early map, based on
poorly polymorphic probes, it was possible a first assessment of the struc-
ture of the rapeseed genome, identifying duplicated regions and rear-
rangements of the duplicated loci, altering their linear order in different
genome areas. Besides rapeseed, other Brassicaceae were thereafter exten-
sively studied by means of molecular markers, revealing a substantially
high degree of polymorphisms, detectable especially by DNA markers. Al-
ready in the mid-Nineties, it was possible to compare a number of maps for
several different species belonging to the "U triangle" (U, 1935), with the
only exception of Brassica carinata (Cheung and Landry 1996; Lager-
krantz and Lydiate 1996). The availability of the earliest maps in some of
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these species, and the extensive use of RFLP and cDNAs deriving from
studies on the model species Arabidopsis thaliana, started to pay off very
soon, driving and accelerating the advancements of genomic research in all
Brassicaceae (Teutonico and Osborn 1994). The following studies con-
firmed that an interesting feature of Brassica maps was the high number of
rearrangements found, a feature that allowed to date with great accuracy
the divergence of the different members of the family from Arabidopsis
(Lagerkrantz 1998). The use of molecular markers in this plant family is
therefore a good example of how molecular maps, besides their potential in
marker-assisted breeding, have an immediate application to the study of
the structure and evolution, natural or through domestication, of the plant
families. The colinearity found between the different rapeseed maps and
those obtained for other Brassicaceae, was almost complete, and their
comparison was fully in support of the postulated relationships between
the diplod and amphidiploid members of the family (Paterson et al. 2000;
Lydiate et al. 1993; Pradhan et al. 2003). Besides, specific bioinformatics
tools were developed for the systematic comparison of their genomes with
that of the fully sequenced Arabidopsis: the comparative analysis of the B.
napus genome led to the identification of 21 conserved units that can be
traced back to the Arabidopsis genome, modified by duplication and ar-
rangements (Parkin et al. 2005). The genomes within the Brassicaceae
family are comparatively large or even, in the case of the amphidiploid,
very large. It is of great importance the availability, for their genetic analy-
sis, of a much smaller, densely mapped and entirely sequenced genome of
a close relative with a smaller and simpler genome, such as Arabidopsis.
The informations and the functional annotations stored in databases like
TAIR (The Arabidopsis Information Resource, www.arabidopsis.org; see
also Chapter 1) are useful short cuts for the identification of B. napus can-
didate genes (see for example Brunel et al. 1999, where also polymor-
phisms discriminating different B. napus lines were detected).

As for the exploitation of molecular markers, a particularly useful ap-
proach was developed by the Brassica Microsatellite initiative, a public-
private consortium that developed over 2,000 microsatellite markers for B.
napus genetic analysis. Several genome-specific microsatellites (i.e. spe-
cific for the A or C genome of the amphidiploid) were identified; besides,
a number of highly polymorphic and reliable SSR loci for each linkage
group were made publicy available, allowing the research community to
exploit them for placing in "frame" any given new marker or trait in its un-
ambiguously defined linkage group (Lydiate and Sharpe 2003). SSR mark-
ers were also largely used in rapeseed for studying their genetic diversity
and the relationships between the different gene pools (Hasan et al. 2006),
and high-throughput systems were devised, involving multiplex PCR
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reactions and fluorescence-based detection of the fragments, for genotyping
and pedigree analysis (Mitchell et al. 1997).

Finally, it should be pointed out that some members of the Brassica
family were used to develop SRAP (Sequence Related Amplified Poly-
morphisms) markers; these markers are especially designed to target cod-
ing sequence in the genome. They are based on two 17 or 18 bp primers,
one consisting of a 14 bp "core" sequence composed of a 11 bp long
"filler" and a CCGG short tail, while the other primer has an AATT se-
quence. In both primers, three selective nucleotides are at the end of the
sequence. In Brassica species, this type of multi-locus marker proved to be
an effective strategy to amplify sequences particularly rich in coding re-
gions; in fact, the CCGG sequence "targets" the exons of ORFs, particu-
larly rich in G+C, while, at the opposite end, AATT sequence targets the
AT-rich regions at the 3' ends of the genes. Upon sequencing of the poly-
morphic bands, it was shown that for most of them, many highly similar
sequences in the Gene Bank were found following BLAST analysis. SRAP
markers can be relatively easily converted to codominant ones, and they
were found to have a good genome coverage in B. oleracea, where a com-
bined AFLP-SRAP map was developed (Li and Quiros 2001). SRAP
markers are also being tested, along with other more traditional marker
systems, for marker-assisted selection of important traits in the rapeseed
genetic improvement. Among the traits under selection with the aid of
these markers, there is the identification of resistance genes; particularly
relevant are the attempts of marker-assisted pyramiding of the different
sources of blackleg resistance; white rust resistance, another resistance trait
important to introgress into Indian mustard (B. juncea; Somers et al. 2002).
As for partial resistance to Sclerotinia sclerotiorum, a mixed RFLP, AFLP,
SSR and RAPD map was developed, and QTLs accounting for a large pro-
portion of the variation were identified and mapped (Zhao and Meng
2003).

Finally, markers have also been exploited for the tagging of the genes
involved in the biosynthesis of glucosinolates, the main secondary metabo-
lite produced by all members of the Brassicaceae family (Li and Quiros
2001; Mahmood et al. 2003); also for the putative identification of the
genes involved in their biosynthesis, it was extremely useful the candidate
gene approach, based on the knowledge of the homologous genes of A.
thaliana. By this approach, several genes involved in the synthesis and
degradation of glucosinolates in different Brassicaceae, have been isolated
and characterized (Barth and Jander 2006; Gao et al. 2004; Mahmood et al.
2003).
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3. Sugarbeet

On February 2006, the European Council of the Ministers gave green light
for the reform of the OCM sugar. The immediate consequence was a cut of
the sugarbeet production in all European countries, ranging from 5% for
Germany, up to 50% for Italy. One of the consequences of the reduction of
the production of sugar from beets has been the necessity, for many Euro-
pean governments, to provide incentives for alternative uses of both the
sugar factories (e.g. converted to the production of biodiesel or energy
from biomasses), while for the sugar beet crop, one of the possible path-
ways of utilization of the sucrose was the conversion to ethanol, for biofuel
production. However, for this relatively new end-use, sugar beet does not
appear competitive with other crops, and the sugar beet research commu-
nity will probably focus its attention on the exploitation of the biotechnol-
ogy and breeding strategies for increasing sugar beet yield and quality,
through the introduction of resistances to abiotic and biotic stresses, bolt-
ing and retrogradation, still a major cause of economic losses in many
areas.

Sugarbeet belongs to the Chenopodiaceae family, and all the cultivated
forms (sugar, chard, fodder and red beet) belong to the same species, Beta
vulgaris ssp. vulgaris, included in the Section Beta of genus Beta (Lange et al.
1999). In the same species is also included a distinct subspecies, per-
fectly intermating with all the cultivated forms, Beta vulgaris ssp. mari-
tima (the sea beet). Populations of this wild subspecies exist along most of
the coastal areas of Europe, and have been repeatedly exploited in
sugarbeet breeding, as they often are source of resistances to cercospora
leaf spot and rhizomania, two of the major diseases causing severe produc-
tion losses (Stevanato et al. 2001; Biancardi et al. 2002). The three remain-
ing Sections of the genus Beta: Nanae, Corollinae and Procumbentes, only
include wild species (e.g. B. nana, B. patellaris, B. procumbens, B. webbi-
ana). In these Sections, other important sources of resistance to cercospora
and to the nematode Heterodera schachtii exist (Luterbacher et al. 2005;
Speckmann and de Bock 1982; Heijbroek et al. 1983), though their intro-
gression in the cultivated gene pool is more difficult, due to high incom-
patibility with the B. vulgaris species. Among the earliest applications of
molecular markers to Beta studies, there has been the comparison of the
cultivated and wild germplasm, and the characterization of the ancestral or
actual gene flow occurring between them. Isoenzymes, RFLP and cDNA
probes were used to detect polymorphisms, to establish phylogenetic rela-
tionships between the different Beta taxa, and to fingerprint interspecific
hybrids or addition or translocation lines obtained from crosses between
incompatible B. vulgaris and B. procumbens or B. patellaris (Oléo et al.
1986; Nagamine et al. 1989). In these early works, genomic RFLPs were
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mainly used, but the detection of polymorphisms between sugar beet varie-
ties was quite low, at least until the use of hypervariable "minisatellite"
probes, targeting several different loci in one single hybridization step, was
introduced (Jung et al. 1993). These works confirmed the strict proximity
of the cultivated beet gene pool with the sea beet, while other species, be-
longing to different Sections of the genus Beta, were much more distantly
related, based on Nei and Li similarity coefficients: it was reported that
only 34% of the RFLP probes used cross-hybridized between these species
(Jung et al. 1993). Molecular markers were extensively used for detailed
studies of the gene flow within wild B. vulgaris ssp. maritima populations
(Raybould et al. 1996; Tufto et al. 1998), and particular relevance assumed
the studies of the gene flow (as estimated by AFLP or RFLP markers) be-
tween the bolting or flowering transgenic sugar beets, and the wild or
weedy populations. In these studies, the risk of the transgene escape from
cultivated fields was assessed (Desplanque et al. 1999), and the genetic
erosion of the wild beet populations was evaluated (Bartsch et al. 2002).
Gene flow studies, and their impact on the risk assessment protocols and
on the legislations regulating the introduction of transgenic varieties, were
indeed one of the main driving force for the discovery and application of
several microsatellite markers in the Beta genus (Cureton et al. 2002;
Richards et al. 2004). Although, strictly speaking, this research field is not
real marker-assisted selection, it can be considered as a new field of appli-
cation, a "marker-assisted risk assessment" strategy, that will probably
play an increasingly important role in a number of cases of decision-
making processes related with the introduction of transgenic varieties and
their coexistence with traditional crops.

Beta vulgans ssp. mantima
populations from Po deita

Beta vulgans ssp. vulgaris
commercial vaneties
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Beta vulgaria ssp. mantima
— populatons from Southern italy
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Fig. 3.1. AFLP patterns (left) and principal coordinate analysis of AFLP data (right) for
varieties and wild populations of Beta vulgaris (ssp. vulgaris and maritima).



66  Giuseppe Mandolino

The existence in Beta of some Section-specific genomic probes, corre-
sponding to repeated, satellite sequences, had far-reaching consequences.
In fact, since 1990, probes hybridizing specifically to satellite DNA of
members of the Procumbentes Section were used in the marker-assisted
identification of the sugarbeet lines carrying the monosomic addition from
B. procumbens, enclosing the resistance gene to Heterodera schachtii
(Schmidt et al. 1990; Salentijn et al. 1992). These Section-specific markers
were used to "bracket" the resistance gene, and then to clone it (Klein-
Lankhorst et al. 1994; Cai et al. 1997). Marker-assisted tagging of specific
chromosome segments was also carried out in screenings of monosomic
additions and translocation lines from interspecific crosses (B. vulgaris x B.
procumbens or B. vulgaris x B. corolliflora), for the isolation of other
sources of nematode resistance (Heller et al. 1996; Kleine et al. 1998; Gao
et al. 2001).

Rhizomania is another important disease for which sugar beet breeding
has reached, in the last 15 years, several successes. The introgression of
the resistance trait appears the main strategy to obtain high yields and root
quality in the rhizomania-infected soils (Asher 1993; Biancardi et al.
2002). The breeding work took advantage of the availability of greenhouse
tests based on a positive correlation between rhizomania resistance and vi-
rus content, as evaluated by ELISA assay of the roots of artificially-
infected plantlets. This test was therefore the basis of many breeding pro-
grams, but was also useful for establishing an association between the
various resistance sources, and the different linkage groups and markers in
different mapping populations. The "Holly type" resistance was mapped in
the linkage group IV, with an RFLP marker about 7 cM from Rr/ gene
(Barzen et al. 1992); bulk segregant analysis (BSA; Michelmore et al.
1991) was used to screen for markers associated to this same locus, and
RAPD and SCAR markers were obtained (Barzen et al. 1997). Interest-
ingly, these markers also were able to identify an apparently different
source of resistance, originating from B. vulgaris ssp. maritima, and intro-
gressed in the sugar beet line R104 (Biancardi et al. 2002). Further re-
search, also based on map comparison and the construction of consensus
maps (Schumacher et al. 1997), revealed that another associated resistance,
deriving from a further B. vulgaris ssp. maritima accession, WB42, was
associated but distinct, mapping at a different locus called Rz2, to keep it
distinct from the Holly/R104 one (called Rz/; Scholten et al. 1999). In the
case of rhizomania, molecular markers, therefore, were not only useful for
marker-assisted selection (with the limit that most of the available markers
are protected by proprietary rights, as they have been developed by private
companies), but also contributed important insights on the long-debated
issue of the relationships between the different resistance sources (Bian-
cardi et al. 2002). Efforts were also made to combine different linkage
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maps from different populations, each contributing specific resistance or
quality traits, and segregating for QTL for yield-related traits (Weber et al.
1999; 2000). However, more recently the potential for marker-assisted se-
lection for yield and quality has also been explored by a functional ge-
nomic approach (see below).

As for the markers for disease resistances, a different approach recently
applied to sugar beet illustrates well the spreading of non-mapping strate-
gies, made possible by the increasingly wide number of expressed se-
quences available in public repositories. Sequencing of resistance genes
against several pathogens and in several plant species, made clear that
shared domains exist. Therefore, it has been possible to design primers and
to isolate resistance gene analogues, determining their functional charac-
teristics, mapping them on the existing linkage maps, and associating them
to mapped resistance loci, as it has been the case for rhizomania and cerco-
spora leaf spot resistance (Hunger et al. 2003). This approach can be par-
ticularly promising for identification of candidate genes for the resistance
to Cercospora beticola, the causal agent of cercospora leaf spot; this resis-
tance trait showed in selection programs a slow rate of gains, as it is typi-
cal of quantitative traits, and it is inversely correlated with the yield pa-
rameters (Skaracis and Biancardi 2000). Difficulties in the development of
effective markers for this trait are due to problems in exploiting a reliable
in vitro method for resistance evaluation, and on the number and chromo-
somal location of QTLs associated, that are different in different studies,
and even different depending upon the inoculation conditions (artificial
conditions or naturally infested fields) (Weiland and Koch 2004).

Among the several sugar beet linkage maps published, a special mention
deserves the one from Pillen et al. (1993), as this map includes evidences
of close association (and therefore, possible exploitability in the breeding)
with the fertility restoration gene, a very important trait in the development
of O-type lines. These latter are plants capable of "maintaining" the male
sterility, and therefore essential for the multiplication of the male sterile
lines, in turn used as parental for hybrid seed production. The "restoration
of fertility" locus, at which maintainer lines are endowed with the reces-
sive allele x, was mapped terminally on linkage group III, about 9 cM from
an RFLP marker; however, it should be pointed out that current genetical
models suggest the existence of two distinct loci for fertility restoration (X
and Z), on two different linkage groups. The importance of this trait in the
sugar beet industry is confirmed by the amount of studies carried out in the
last ten years, often with markedly different approaches. QTLs were de-
scribed on linkage group III and IV in segregating populations screened by
RFLP markers, and explaining from 72 to 79% of the variation observed;
this analysis suggested the existence of minor alleles in all mapping popu-
lations (Hjerdin-Panagopoulos et al. 2002). In another study, BSA was
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used, and several AFLP and RAPD markers were identified, three of
which were confirmed to co-segregate with the restoration of fertility
(Hagihara et al. 2005). Despite these successes, the gene(s) responsible of
the maintaining phenotype have not yet been cloned, their functional
analysis is still to come, and details of the interactions of nuclear gene
products with the cytoplasmic-encoded male sterility determinants have
not yet been clarified for sugar beet.

Despite the transition from genetic to genomic analysis has been in
sugar beet less advanced than in other crop species, huge collections of ex-
pressed genes have been deposited in the gene banks (e.g. TIGR,
www.tigr.org; The Sugarbeet EST Database _http://genomics.msu.edu/
sugarbeet/) and are presently being screened for functional analysis and for
genes possibly correlated to agronomically valuable traits. The progressive
accumulation of sequence informations on sugar beet was exploited for the
enrichment of the existing genetic maps with SNPs, or for the fingerprint-
ing of sugar beet genotypes. Particularly interesting is the approach linking
fragments of expressed genes, often of some relevance from the industrial
point of view, and the SNPs found in sugar beet germplasm within these
sequences, and anchored to the existing molecular maps (Schneider et al.
1999). SNPs were also identified in sugar beet by gel-based assays, such as
single strand conformation polymorphisms (SSCP) and heteroduplex
analysis (HA) (Schneider et al. 2001); the markers developed in this way
proved to have a polymorphism information content (PIC) around 0.47, not
as high as SSR, but superior to AFLP or RFLP markers. Sugar beet SNPs
identified by these approaches could also be located in the different link-
age group; multiplex assays were developed to fingerprint genotypes si-
multaneously at different loci in single PCR reactions for each linkage
group, and to detect these polymorphisms by fluorescence in capillary
electrophoresis, in a high-throughput, semi-automated system (Mohring et al.
2004).

In general, these examples show that marker-assisted selection is at a
quite mature stage in sugar beet, for different industrially important traits.
Besides, in the last few years, sugar beet functional genomics took advan-
tage of several specific international projects and cooperation’s, and it is
likely that in the next future the number of disease resistance, quality and
yield traits, for which the gene(s) and alleles responsible for the variation
are completely characterized, will substantially increase.

4. Hemp

Hemp, Cannabis sativa, is probably one of the most ancient non food
crops cultivated by mankind. Hemp is endowed of a particularly oil-rich
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seed, and of species-specific secondary compounds accumulating in the in-
florescences (cannabinoids); because of these characteristics, hemp has
been considered a candidate for biofuel production and pharmaceutical ap-
plications respectively; besides, a number of novel uses for its fibre have
been developed (e.g. in paper and automotive industry). Several initiatives
and industrial enterprises, aimed at demonstrating the feasibility and sus-
tainability of such uses, and the consequent worth of the re-discovery of
this ancient crop also for more modern industrial uses, have been carried
out, often with good commercial success (Guy and Stott 2004).

The first concept that is important to stress, when dealing with this typi-
cally industrial species, is that most taxonomists recognize the existence of
a single species in the Cannabaceae family, namely C. sativa. Therefore,
the distinction between C. sativa as a fibre crop -deserving sustain for its
beneficial added values such as low chemical inputs, eradication of some
soil-borne pathogens, potentially complete utilization of all its parts, etc.-
and C. indica as an illegal species, genetically different from the first, but
phenotypically undistinguishable from it, and only suited for drug abuse,
should be overcome. The two forms of Cannabis, that can be at most con-
sidered different subspecies, but more correctly different races or varieties
(chemotypes: see below), are perfectly interfertile, and they should be con-
sidered belonging to a single gene pool (Small et al. 1976). However, the
recent history of hemp cannot be made without considering two facts: first,
forms of Cannabis sativa L., endowed with levels of a single secondary
compound, A’-tetrahydrocannabinol (THC), above 0.30% of the inflores-
cence dry weight, are considered illegal (and not eligible for EU subsidies)
and cannot be cultivated; and second, that the close relatedness of the tra-
dition-revivifying, environmentally sustainable and agronomically benefi-
cial fibre hemp with the marihuana, has been used by opinion groups as an
argument in favor of its liberalization. As an obvious consequence, far
from limiting itself to industrial and technical issues, the question of hemp
cultivation in Europe and America has been strongly conditioned by the
analytical and legislative issues, in most cases hampering the re-discovery
and diffusion of this plant for a number of industrial exploitations (Ranalli
et al. 1999; Karus and Vogt 2004; Guy and Stott 2004). A further conse-
quence of this paradox was that forensic scientists, rather than breeders, set
up the basic knowledges leading to the exploitation of molecular markers
in Cannabis research (see Mandolino and Carboni 2004, for a review of fo-
rensic applications). Basically, these early applications aimed at the devel-
opment of methods recognizing the presence of the illicit "cannabis" plant
material, distinguishing it from other plant sources, and at the analysis of
the variability within illegal plant material, to reconstruct phylogenies of
the different drug strains, and the routes of their diffusion. For example, a
short intergenic sequence located between the chloroplast genes for the
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LEU and PHE transport RNAs can act, upon amplification, as a marker for
the recognition of Cannabis sativa DNA (Wilkinson and Linacre 2000).
The internal transcribed spacers I and II (ITS1 and ITS2) of the nuclear ri-
bosomal genes were used in forensic applications to univocally identify
Cannabis sativa (Siniscalco Gigliano et al. 1997).

These examples made confirm the fact that forensic research had a ma-
jor role in the development of molecular markers in Cannabis research:
AFLP analysis specific for marihuana samples (Coyle et al. 2003), and
RAPD (Gillan et al. 1995; Jagadish et al. 1996) and ISSR (Kojoma et al.
2002) markers were used in attempts to establish a direct relationship be-
tween the cannabinoid type of the plant, and the markers identified. How-
ever, no correlations between any specific markers and the gas-
chromatographic or HPLC cannabinoid profiles of different Cannabis
chemotypes were identified in these studies, and the development of
chemotype-specific markers has only recently been achieved (see below).

Microsatellites markers were described and applied to the study of Can-
nabis population and their variability only very recently (Alghanim and
Almirall 2003; Gilmore and Peakall 2003; Hsieh et al. 2003). In hemp, the
most common repeated motif is the dinucleotide GA/CT; di- and tri-
nucleotide repeats were the most frequent, with an allele number ranging
from 2 up to 28 (Hsieh et al. 2003). These markers were useful in describ-
ing the genetic relatedness of the Cannabis accessions considered, but no
marker associated with the chemotype, and suitable for marker-assisted
marijuana identification were found (Mandolino and Carboni 2004).

Variation is a key feature of Cannabis sativa, and this makes its finger-
printing and mapping essentially a statistical task. SSR and RAPD markers
were used for genotyping, and the variability found analyzing varieties,
populations and accessions was very high; in one study, out of 93 plants
examined by SSRs, only four (belonging to the same drug accession) were
not distinguishable from each other (Gilmore et al. 2003), and also RAPD
markers showed reproducibly high levels of variation (Faeti et al. 1996).
Therefore, a first level of analysis is variation assessment within varieties,
populations or accessions, and between them; other levels of analysis are
then possible (between and within chemotypes, sexes, etc.). Analysis of
Molecular Variance (AMOVA, Excoffier et al. 1992) has been a widely
used tool for analysis of marker variation, especially in natural and al-
logamous populations. In Cannabis, the majority of the observed marker
variation (from 50 to 73%) was attributable to individual differences
within accessions (Forapani et al. 2001; Gilmore and Peakall 2003). If the
accessions are roughly divided into the two groups “drug” and “non drug”
(chemotype I and III, see below), only 6% of the variation was attributable
to the chemotype: it was concluded that there was "no clear split or defined
boundary between drug and non drug materials". Conceptually similar
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results had been obtained also by Forapani et al. (2001), that confirmed the
very high degree of variation within the cultivars or accessions previously
identified, ranging from 31% of polymorphic loci in an inbred female
Cannabis strain, up to 78% in Fibranova, a cross-bred fibre variety. Fora-
pani et al. (2001) also found that the majority (66%) of the markers had a
calculated F value below the average (0.48); the authors interpreted this
finding as a confirmation of the existence of a widely shared gene pool in
Cannabis, with limited cultivar boundaries and relatively poor loci segre-
gation between different populations.

The marker variation observed was exploited to construct the few avail-
able molecular maps of Cannabis sativa, including RAPD or AFLP mark-
ers (Carboni et al. 2000; Flachowski et al. 2001; Mandolino and Ranalli
2002), but lacking until now agronomically relevant traits, like fibre con-
tent or quality, or monoecy; the genetic basis of these traits are indeed still
poorly understood. The available maps still have limited markers density,
and no attempts to define anchor markers, or to establish relationships be-
tween the molecular maps and the Cannabis chromosomes has been done
yet, with the only exception of the Y chromosome and of the male-
associated markers (see below). The extremely high variability found is a
general problem in many allogamous crop species, but it might reveal par-
ticularly important in hemp.

Sex and monoecy are particularly important traits to score during the se-
lection programs for industrial hemp. Dioecious varieties, made of male
and female plants, are generally high-yielding, more disease-tolerant, but
less uniform (a strong sexual dimorphism is present) and less amenable to
mechanical harvesting than monoecious varieties. This latter type of varie-
ties (presently the most diffused and cultivated in Europe) are made of
variable proportions of female and monoecious plants, have high seed
yields (because all plants contribute to seed formation), high habitus uni-
formity (favoring mechanical harvesting), but a narrower genetic base (due
to the selective pressure necessary to maintain the monoecious trait in a
significant proportion of the plants), a lower biomass yield, and the neces-
sity of strict isolation and seed batch control during seed multiplication,
due to the lower competitiveness of monoecious pollen compared with pol-
len from contaminating male (dioecious) plants. The practice of hemp
breeding sometimes requires the identification of the sexes (male, female,
monoecious), with the male sex determination being especially important
for the different strategies of improvement in dioecious hemp, and for seed
quality controls in monoecious hemp. Early identification of the male
plants is today an example of completely effective and 100% reliable
marker-assisted selection. In fact, since 1999, strictly male-specific
(probably Y-chromosome located) molecular markers were described by
several groups, obtained by RAPD markers (Mandolino et al. 1999), then
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transformed in SCAR markers upon sequencing of the discriminating
fragments (Mandolino et al. 1999; Mandolino et al. 2002); also AFLP and
SSR sex-specific markers were later described (Peil et al. 2003; Rode et al.
2005). In most cases, the strict association to the male phenotype was at-
tributable to the localization of the marker on the region of the Y chromo-
some excluded from recombination with homologous areas of the X chro-
mosome (Mandolino et al. 2002), while in another case the marker was
located on the Y chromosome by direct FISH analysis (Sakamoto et al.
2000). In all cases reported where these male-specific markers have been
sequenced, a high similarity between them and with LINE-like retrotrans-
posons was reported (Mandolino et al. 1999; Sakamoto et al. 2000; Saka-
moto et al. 2005).

The marker named SCAR , described in Mandolino et al. (1999), was
routinely used in selection programs for both dioecious and monoecious
hemp, demonstrating its full potential and association; direct PCR amplifi-
cation protocols of tiny tissue fragments were devised, simplifying the
scoring of the male sex in a huge number of samples (Mandolino and
Ranalli 2002); this marker was tested and used also by commercial seed
companies with excellent results.

One peculiar exploitation of sex-linked markers, came from the possibil-
ity to score at an extremely early stage of differentiation the genetically de-
termined male plants, well before any sex-related structure was visible.
This opportunity allowed the study of genome-wide gene expression at
very early stages of the sexual determination in male and female sexes. By
this "marker-assisted" gene expression analysis, it was possible to identify
by cDNA-AFLP and clone some sequences differentially expressed in
male and female plants (Moliterni et al. 2004).

Monoecy is another very important character for which a marker system
would be useful. However, the above described male-specific marker is
also suitable for keeping under strict control the “contaminating” male
plants in a monoecious stand or seed lot. The exploitation of this marker
could allow the introduction, by the seed companies commercializing
monoecious seed, of the “elite” or “superelite” terms for seed batches, de-
pending on the number of contaminating males expected (Mandolino and
Carboni 2004). This marker can be therefore already be exploited both in
MAS and in seed quality certifications of monoecious varieties. Monoecy
and flowering time are today among the main targets for genetic analysis
and marker-assisted breeding; the availability of male- and of monoecious-
specific markers, possibly combined in a single PCR assay, would allow
the complete identification of the sexual phenotype of plants belonging to
any variety or breeding lines.

As anticipated at the beginning of this section, one of the main targets of
modern industrial hemp breeding is the early identification of the
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chemotype, i.e. of the cannabinoid(s) a given genotype is endowed with. Today,
the determination of the chemotype and of the absolute amounts of each
cannabinoid is carried out by labor-intensive gas-chromatography or
HPLC; such analysis is mandatory to get the EU subsidies by industrial
hemp growers: THC levels in a sample of plants of the stand must be be-
low 0.30% of the inflorescence dry weight. Though the necessary tech-
niques are susceptible of being speeded up and automated, the develop-
ment of specific molecular markers predictive of the type and (ideally)
amount of each of the cannabinoids a plant can manufacture, would be
very useful for hemp breeders. Five main chemotypes (I through V) are
recognized and/or proposed today (Small and Beckstead 1973; Mandolino
and Carboni 2004); the mode of inheritance of the first three (I: prevalent
cannabidiol, CBD; III: prevalent tetrahydrocannabinol, THC; and II: mixed
CBD and THC), has been recently extensively studied and clarified (de
Meijer et al. 2003; Mandolino et al. 2003; Mandolino 2004). CBD preva-
lence in the plant (as observed, for example, in most modern fibre cvs.) is
determined by homozygosity at a single locus, B, of the allele B, while
prevalence of THC in the plant (e.g. in the drug varieties) is largely deter-
mined by homozygosity at the same locus for the B, allele. Therefore, the
chemotype is simply determined by the allelic constitution at one single
locus, while the total amount of cannabinoids can be considered a quantita-
tive trait; the combination of these two determination types, yields the spe-
cific cannabinoid's profile of a genotype (Mandolino 2004). The other two
chemotypes proposed (IV: prevalent CBG, and V: zero cannabinoids) are
still poorly characterized, though recently genetical models have been pro-
posed also for chemotype IV (de Meijer and Hammond 2005). Markers as-
sociated to the allelic status at the B locus (B./B,, B,/B, or B,/B,) have
been developed by bulk segregant analysis of segregating F2 progenies (de
Meijer et al. 2003; Mandolino et al. 2003).

The genes responsible for the synthesis of the two main cannabinoids, the
non-psychoactive CBD and the psychoactive THC, have been character-
ized, and several sequences related with the enzyme activities involved are
deposited in the Gene Bank (Sirikantaramas et al. 2004). The availability
of the gene sequences involved in the synthesis of the two main cannabi-
noids, and the knowledge of their characteristics, has also led to the devel-
opment of highly predictive sequence-based PCR markers for the chemo-
type (Kojoma et al. 2005); besides, marker systems based on multiplex
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PCR amplification, capable of identifying both alleles (and therefore either
homozygous or heterozygous genotypes at the B locus) have been devel-
oped; this particularly effective marker system has been extensively used
in the marker-assisted elimination of THC-containing plants (genotyped
B,/B.) from newly-developed hemp varieties. As expected, these markers,
very much like the male-specific markers described above, have a 100%
efficiency of correct identification of the genotype at the B locus, and also
gives indirect evaluation of the absolute THC content of any Cannabis
plant (Pacifico et al. 2006). Besides, the same marker can be exploited for
selecting high-THC producing plants, today used as a source of this impor-
tant active principle by pharmaceutical industry (Guy and Stott 2004).

Traditionally, the main product of industrial hemp cultivation was its fi-
bre; the genetics and functional genetics of fibre production is still in its in-
fancy, not only in hemp, but also in other fibre crops. It is likely that the
study of fibre characteristics and of their development will play a major
role in marker assisted selection for this trait; the functional genomics ap-
proach is at its beginning, but is already generating a number of interesting
results, both from the point of view of the basic research and of the devel-
opment of diagnostic tools (see chapter 6 of this book for a review of fibre
genomics).

5. Conclusions

In this review, the main advancements achieved in marker-assisted selec-
tion and genomics of three industrial crops have been highlighted. These
three crops represent somehow three different stages of maturity of the
markers' exploitation for genetic improvement. Rapeseed has a well de-
fined and consolidated body of knowledges about the structure and organi-
zation of its genome and the several genes relevant from the point of view
of industrial utilization, and it can exploit the knowledge of the complete
sequence of Arabidopsis thaliana; sugar beet is less characterized, espe-
cially from the functional genomics point of view, but recent research ef-
forts, and the fact that sugar beet is becoming a model species for root
crops, are rapidly filling the gap; hemp genomics still is in its infancy, but
a number of important traits, such as sex and chemotype are already char-
acterized, and effective tools for marker assisted breeding have already
been developed. It can be foreseen that in the next few years, pushed by
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the recent new opportunities of industrial utilization of these crops, impor-
tant breakthrough in genomics and genetic mapping of other important
traits will occur.
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