Lopez-Caamal and Tovar-Sanchez Revista Chilena de Historia Natural 2014, 87:16

http://www.revchilhistnat.com/content/87/1/16

® Revista Chilena
de Historia Natural

a SpringerOpen Journal

Genetic, morphological, and chemical patterns of

plant hybridization

|1,2

Alfredo Lépez-Caamal'? and Efrain Tovar-Sanchez'”

Abstract

Secondary metabolites

Natural hybridization is a frequent phenomenon among vascular plants. Hybridization is considered an important
evolutionary force since it may lead to (1) an increase of the intraspecific genetic diversity of the participating
populations, (2) the creation of new species, (3) species extinction through genetic assimilation, and (4) the
generation of highly invasive genotypes. Because of the importance of plant hybridization in evolution, it is of great
importance to accurately identify hybrid individuals. In this review, we give a general historical background of the
study of plant hybridization. Also, we review some of the tools employed for hybrid recognition and their pattern
of expression in hybrid individuals (morphological, chemical, chromosome number, and DNA fingerprinting
techniques). We emphasize that even when chromosome number, morphological characters, and chemical
characters are of limited use for hybrid recognition in the absence of DNA fingerprinting techniques, their
exploration may give insights of the ecological performance of hybrids. This is of special importance when
hybridization leads to evolutionary novelty in the form of polyploidy, transgressive character expression, or the
expression of new secondary metabolites not present in the parental species.
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Introduction

Natural hybridization is recognized as an important evolu-
tionary process in plants, animals and fungi (Mallet 2005;
Schwenk et al. 2008; Paun et al. 2009; Whitney et al.
2010). Indeed, hybridization has been considered the rule
rather than the exception at least in plants. During the
recent decades, a number of studies related with the role
of natural hybridization in shaping earth’s biodiversity
have been published (Wiesseman 2007). In this sense, it
has been found that interspecific hybridization may have
an important effect shaping the genetic diversity of a
single population (Arnold 2006). Also, hybridization may
be the cause of extinction of endemic species or rare plant
populations (Levin and Francisco-Ortega 1996). In con-
trast, hybridization may lead to the creation of new spe-
cies (Soltis & Soltis 1993; Arnold 2006). Beyond the
species level, hybridization may impact the arthropod com-
munity structure associated with hybridizing populations
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(Tovar-Sanchez and Oyama 2006) and lastly, it may affect
some ecosystem processes (e.g. nutrient cycling due to the
secondary metabolite composition of hybrids; e.g. Driebe &
Whitham 2000).

Recently, the movement of species far from their ori-
ginal distribution range has promoted the emergence of
a number of invasive species (Mooney and Cleland
2001). Besides the concern that this species have in con-
servation biology due to their high competitive ability,
this species may also cause the extinction of closely
related species with restricted distribution range through
introgressive hybridization (Vila et al. 2000). Also, as
hybridization creates new allelic combinations in the
offspring, it has been proposed that hybridization may
enhance the invasive capacity of an invasive species
through gene introgression (Schierenbeck and Ellstrand
2009). As plant hybridization may have profound effects
on the genetics and ecology of the participating species,
the correct identification of hybrid individuals is of
prime importance as a first step to specify which pro-
cesses occur within hybridizing populations.
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In this review, we aim to give a brief historical back-
ground of the study of plant hybridization as well as show
the principal outcomes for the involved populations and
their hybrid offspring. Then, due to the importance of
hybrid individual identification, we explore several of the
tools (morphological, chemical, DNA based markers) that
have been employed for this purpose. We discuss their
advantages and limitations in the recognition of hybrid
individuals as well as the pattern of expression of each
marker in hybrids.

Review

Historical background of interspecific hybridization

Plant hybridization has been important to humans since
the Neolithic era, when the domestication of plants and
animals began (Zirkle 1935). However, the formal study
of plant hybridization was retarded due to the lack of
knowledge about plant sexuality. Although hybridization
between some species certainly occurred during domes-
tication, these events passed unnoticed as there was no
knowledge of pollen function. However, some cultures
noticed that staminate flowers should be in close prox-
imity to pistillate flowers in order to produce fruits in di-
oecious plants (Roberts 1929). For example, Babylonians
were aware that hand pollination was necessary for
reproduction of dioecious palms, identifying ‘male’ and
‘female’ plants. However, they did not recognize sex in
plants because they had not a clear idea of fertilization.
Also, as Babylonians cultivated palms to harvest the
edible fruit rather than the seeds, the breeding of new
plants was merely a matter of chance and thus, sexual
reproduction remained unknown (Roberts 1929; Zirkle
1935).

Until the seventeenth century, the discussion about
the existence of sex in plants was largely based on philo-
sophical and moral discussions, with little experimental
evidence. For example, Tabernaemontanus (1731) and
other authors observed that grains of different colors oc-
curred on the same ear of maize. However, they did not
understand the mixture of grains, ascribing it to the cre-
ation of God in order to astonish the botanists of the
time (Zirkle 1934). It was until 1694 that Camerarius
proved experimentally that pollen is necessary for seed
development, thus recognizing plant sexuality. Although
he perceived the possibility of fertilizing a female plant
with the pollen from another species, he never con-
ducted hybridization experiments (Roberts 1929).

The first intentional hybrid produced is ascribed to
Thomas Fairchild involving crosses between Dianthus
spp. (Zirkle 1935). Although there is no record of the ex-
periments by Fairchild himself, Bradley (1717) summarizes
these experiments, noting that the hybrids were alike a
‘mule’ since they yielded no seeds. Also, Linnaeus per-
formed several experimental crosses between Tragopogon
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species in 1759. He found that hybrids sometimes have
intermediate morphologies between the parental species
(Roberts 1929). Additionally, Haartman also found that
interspecific hybrids between Thalictrum sp. were inter-
mediate regarding the number of stamens and pistils
(Haartman 1764). So, by the mid of the eighteenth cen-
tury, although poorly understood, plant hybridization was
known as a phenomenon that could yield sterile plants
with intermediate phenotypes.

However, it was Kolreuter who began with the system-
atic study of plant hybridization. This author performed
crosses between Nicotiana paniculata and N. rustica (Kol-
reuter 1761). As a result from these crosses, he made im-
portant conclusions about plant hybridization. First, he
observed that first generation (F1) hybrids usually exhibit
pollen malfunction, describing them as ‘botanical mules’.
Second, Kolreuter made an important observation regard-
ing ecological factors in the formation of hybrid individ-
uals. He noted that hybrids were likely to occur when two
closely related allopatric species are brought into sympatry
by means of anthropogenic disturbance; resulting in hy-
brids with morphological intermediacy. When the hybrids
obtained by Kolreuter were backcrossed with the parental
species, the phenotype of the latters was recovered. He
considered that hybrid sterility and the reversion to the
parental phenotypes were a mean by which the preexisting
harmony of nature could be conserved, considering
hybrids as ‘unnatural procreations’ (Kolreuter 1761). Thus,
he considered that hybridization was an ephemeral
phenomenon with little importance, reinforcing the
ideas of special creation of species prevailing at that time
(Roberts 1929). By this time, all hybridization experiments
were conducted by hand pollination. However, Kolreuter
also noted that insect pollination occurred in a number of
plants including the genus Iris, Nicotiana, Oenothera
among others. Later, Sprengel (1793) described in great
detail insect pollination in plants. Also, Sprengel found
that the maturation of stamens and pistils within a same
flower could exhibit temporal isolation. With this evi-
dence, he suggested that these were mechanisms that
maximize cross fertilization in plants, also noting that
hybridization between different species pair could occur
through insect pollination. Sprengel’s work was influential
to several authors such as Darwin (1859).

At the beginnings of nineteenth century, hybridization
was largely used as a source of variation for plants of
agronomical or ornamental importance. However, at this
time, hybridization was mainly seen as a way to prove if
two different plants deserve the species status (Roberts
1929). When plants of two presumably different species
were crossed and fertile offspring was produced, then
the two parental individuals were considered as varieties
of a single species. On the contrary, if two plants were
intercrossed and the resulting hybrid was sterile, the
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plants were considered as belonging to different species
(e.g. Godron 1863). Most of the naturalists of the 19
century considered sterility as a criterion for species sta-
tus and hybrids were considered sterile by definition.
This view was challenged by Hebert (1847) as he recog-
nized that a continuum between species and varieties ex-
ists, with no discrete limits among them.

Following Hebert ideas, Naudin (1863) carried out
interspecific crosses between Datura laevis and Datura
stramonium. He observed that almost all hybrids were
fertile, allowing him to grow further hybrid generations
beyond F1. Naudin described the hybrids between
Datura species as morphologically variable, exhibiting a
‘disordered variation’. Sometimes they were morpho-
logically intermediate and others they exhibited morph-
ologies similar to either parental species. He also noted
that F1 hybrids were always morphologically intermediate
and were very similar among themselves, while later gen-
eration hybrids exhibited great variation. Other authors
such as von Girtner (1827), Knight (1799) and Négeli
(1865) also noticed this pattern. However, although they
made similar inferences about character segregation
described in 1865 by Mendel, they lack a mechanism to
explain such variation. A very important finding in plant
hybridization is the work by Mendel (1865). Despite of its
importance, Mendel's paper was published in an obscure
journal and thus, it passed unnoticed to the scientific
community. However, the rediscovery of Mendel work by
de Vries (1900), Correns (1900) and Tschermak (1900) set
the foundation for modern plant genetics.

A couple years after the rediscovery of Mendel’s laws,
Sutton (1902) identified individual chromosomes in cells
of Brachystola magna undergoing meiosis. He also noticed
that the number of chromosomes was consistent in cells
of a certain species, but the number of chromosomes
varied among organisms. However, the most important
discovery made by Sutton was that chromosomes were
stable elements that pass from generation to generation,
identifying the chromosomes as the genetic material
responsible for Mendelian inheritance. This observations
lead Sutton formulate the Chromosomal Theory of
Inheritance, which provided the mechanism underlying
Mendel’s laws (Sutton 1902, 1903).

Once the mechanism of segregation of characters was
discovered, plant hybridization became a very important
mean to obtain new crop varieties. However, the evolu-
tionary importance of hybridization was scarcely dis-
cussed. At the beginnings of the 20™ century, there
were important discoveries that suggested the role of
hybridization in evolution. Wingé (1917) showed through
theoretical studies that new and stable species could arise
by the duplication of the chromosome number of a hybrid
individual (i.e., allopolyploidy). Nowadays, hybrid speci-
ation through allopolyploidy is considered a prominent
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process within flowering plants (Soltis and Soltis 1993).
Later, Miintzing (1930) proposed a second mechanism in
which hybridization may produce new and stable species.
Miintzing proposed that later generation hybrids may,
by chance, lead to new combinations of alleles due to
chromosome rearrangements producing populations that
are homozygous for a unique combination of chromo-
some sterility factors (Mintzing 1930; Rieseberg 1997).

Also in the 20™ century, Anderson and his colleagues
emphasized on the creative role of plant hybridization in
evolution (Anderson 1949). Anderson suggested that, in
natural conditions, hybrids may backcross toward their
parental species, thus increasing the genetic diversity of the
participating populations and contributing to adaptive
evolution. Hybridization by this time was considered as a
very frequent phenomenon in flowering plants (Stebbins
1959). In the last decades, the high number of molecular
markers used to document hybridization have permitted to
confirm several of the hypothesis proposed by Anderson.
However, it has been also demonstrated that hybridization
may have other consequences for the participating popula-
tions and their offspring (see further section).

Hybridization, species concept, and phylogeny
reconstruction
As shown in the above section, several of the early inves-
tigators used hybridization as a way to prove or deny the
species status of two supposedly different plant species.
This criterion shows the difficulty in species’ definition.
This everlasting debate is exacerbated by genetic ex-
change (i.e., hybridization) between two different species.
Although a discussion of the species concept is beyond
the scope of this review, interspecific hybridization ne-
cessarily requires a consideration of species concept.
The biological species concept is one of the most
widely used (Mayr 1942). This concept considers that
species are a group of potentially or actually interbreeding
organisms, emphasizing that the development of repro-
ductive barriers is the main process by which species are
defined (Mayr 1942, 1963). Mayr considered that hybrid
zones were always stable resulting from a secondary
contact. If the hybrids within this hybrid zones were
fertile, then he considered that the two species should be
considered subspecies. Alternatively, Mayr considered that
hybrids always are sterile exhibiting a lower fitness and
even when backcrosses may occur, they were considered
unfit genotypes that were discarded by natural selection.
Thus, hybridizing populations were seen as an inter-
mediate step of speciation (Dobzhansky 1940, 1970). The
study of hybrid zones were important in order to clarify
the steps in speciation that yield to complete reproductive
isolation between taxa (ie, reinforcement). Although
reinforcement is an important consequence of natural
hybridization, it is not the only one; hybrid speciation,
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introgression and genetic assimilation may also occur. So,
how can we recognize these consequences and still con-
sider the participating taxa as different species?

One way to achieve this is by relaxing the definition of
hybridization itself. Hybridization is commonly consi-
dered as the cross fertilization between individuals of
different species. However, a broader definition considers
hybridization as the cross fertilization of individuals from
populations that are distinguishable on the basis of one or
more heritable characters (Harrison 1990; Arnold 1997). In
the same sense, introgression is typically considered as the
movement of genes between species through repeated
backcrossing. A broader definition of introgression involves
the movement of genes between genetically distinguishable
populations (Rieseberg and Carney 1998). These definitions
of hybridization and introgression have the advantage of
not relying upon any species concept. Thus, under this
definition hybridization may occur between species, sub-
species or between differentiated populations of a single
species.

Another way to recognize hybridizing taxa as species is
relying upon the cohesion species concept as described by
Templeton (1989). This concept arose in order to over-
come the limitations of the biological species concept to
recognize asexual organisms as well as those involved in
syngameons. Under this concept, a species is defined as ‘the
most inclusive group of organisms having the potential for
genetic and/or demographic exchangeability’ (Templeton
1989). This definition includes the ecological and genetic
characteristic of the species, which gives as a result a cohe-
sive group. The genetic characteristics that this concept
takes into account include, of course, hybridization and gen-
etic exchange between divergent lineages. Also, this concept
does not consider hybridizing taxa as a subspecific taxa.
This concept takes into account hybridization as part of the
evolutionary history of a certain taxon (Templeton 1989).

We may also recognize hybridizing species when relaxing
the biological species concept. In this regard, Rieseberg and
Carney (1998) define a biological species as “groups of
interbreeding populations that are ‘genetically isolated’ ra-
ther than ‘reproductively isolated’ from other such groups”.
According to the authors, this definition allows the recogni-
tion of hybridizing taxa as different species. The authors
consider that most hybrid zones act as a barrier to genetic
exchange among species, thus each species will preserve its
genetic integrity, permitting their differentiation by genetic
means (Rieseberg and Carney 1998).

Besides the problem of the species concept that should
be employed to define hybridizing taxa, the genetic
exchange between differentiated species may also pose a
problem in systematics during the phylogeny reconstruc-
tion of a certain lineage (Arnold 2006). In this sense,
there are two approaches when including hybrids in
phylogeny reconstruction. The first of these approaches
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employ explicitly the phylogeny reconstruction as a tool
for detecting hybridization or as a tool to prove the
hybrid origin of a species (van Ramsdonk et al. 2000;
Koontz et al. 2004; Soltis et al. 2008). Also, hybridization
could be suggested to occur between a species pair when
an incongruence in the topology of the phylogenies
derived from different data sets occur (nuclear vs. cyto-
plasmic markers; Rieseberg and Soltis 1991; Pelser et al.
2010). However it is emphasized that phylogeny incon-
gruence may be the result of processes other than
hybridization such as incomplete lineage sorting (Comes
and Abbott 2001; Pelser et al. 2010). Despite this diffi-
culty, in these studies there is an a priori knowledge of
hybrid taxa or putative hybrid individuals.

The second approach, deals with the real problem when
including hybrids in a phylogeny. In this case, there is no
a priori knowledge of the inclusion of hybrids in the ana-
lysis. It has been proposed that the inclusion of hybrids
may impact importantly the topology of the phylogeny,
distorting the hypothesized relationships between non-
hybrid taxa (Rieseberg et al. 1995). However, under certain
conditions, this is not necessarily the case. For instance,
McDade (1990, 1992) tested the impact of the inclusion of
F1 hybrids of several species of Aphelandra in the top-
ology of phylogenies employing morphological data. He
concluded that the inclusion of hybrids between closely
related species do not alter the topology of the phylogeny,
while the inclusion of hybrids between distantly related
species within the genus have a very important impact in
the topology of the phylogeny and distort the relationships
between non hybrid-taxa (McDade 1990, 1992). Also, she
found that hybrids are usually grouped in a clade where
one of the parental species occurs, but rarely with both
(McDade 1992). In a similar fashion, Soltis et al. (2008),
evaluated the impact of the inclusion of hybrid’s poly-
morphic sequences of ribosomal DNA (rDNA) spacers in
the topology of phylogenies of Tragopogon, Glycine and
Rubus. In general the authors found that the inclusion of
hybrids do not disrupt the overall topology of the phyloge-
nies, conserving the relationships between non-hybrid
taxa. However, McDade (1992) and Soltis et al. (2008) out-
line that cladistics analysis based on rDNA spacers and
morphology may be an unreliable method to distinguish
between hybrid and non-hybrid taxa, making necessary
the use of additional data to unveil the phylogeny of a
group. Therefore, the authors suggest that hybridization
may be a source of error during cladistic analysis (McDade
1992; Soltis et al. 2008).

Outcomes of plant hybridization

Natural hybridization is nowadays recognized as a fre-
quent phenomenon among vascular plants. Whitney et al.
(2010) studied the frequency and patterns of interspecific
hybridization across eight floras. The authors found that
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40.4% of the families and 16.2% of the genera studied
reported at least one hybrid. However, the consequences
of these hybridization events may have a variety of conse-
quences for the hybridizing taxa and their hybrids. These
consequences depend on the environmental conditions
(ie., degree of disturbance), the local abundance of the
parental species and the genetic structure of the partici-
pating species (Levin and Francisco-Ortega 1996; Rhymer
and Simberloff 1996; Arnold 2006). A remarkable conse-
quence of plant hybridization is the high frequency of
hybrid species reported (Rieseberg 1997). It has been
suggested that up to 11% of flowering plants may be
directly the result of hybridization events owing to the
high levels of polyploidy found in angiosperms (Arnold
2006). Also, there are several studies that report the occur-
rence of speciation via hybridization in which the newly
formed species shows the same ploidy of the parental
species (Rieseberg 1997).

However, in several studies it has been found that
although hybridization may occur between a species pair,
the resulting first generation hybrids (F1) exhibit a low
reproductive success measured as pollen fertility (e.g.
Campbell et al. 2003), leading to ‘botanical mules’ (sensu
Kolreuter). The production of these unfit F1 has been
proposed as a mechanism of reinforcement of the repro-
ductive barriers between the participating species due to
selection against hybrid genotypes (Marshall et al. 2002).
However, in most cases, the fitness of hybrid individuals
appears to be dependent on the environment in which
they establish. In this sense, a number of studies (Levin
and Francisco-Ortega 1996; Lamont et al. 2003; Lihova
et al. 2007; Tucker & Behm 2011) have reported a high
occurrence of hybrids in environments with a high degree
of disturbance (along roadsides, crops, sites with recent
volcanic activity, etc.). The role of disturbance in plant
hybridization is twofold:

1. A major isolating mechanism between potentially
hybridizing species is a divergence in the habitat
preferences between species (Arnold 2006).
Disturbance usually breaks down this isolating
mechanism by creating environments where both
species can establish and reproduce.

2. Once hybridizing species meet, hybrid genotypes
may be produced in the absence of other isolating
mechanisms (i.e. incompatibility). In this disturbed
environments, certain hybrid genotypes may exhibit
a similar or higher fitness than both parental species
(Mallet 2005). Thus, it has been considered that
disturbance is a prerequisite to the formation of
hybrid zones (e.g. Rieseberg and Gerber 1995).

Once F1 individuals are formed, they may act as a
bridge whereby alleles may cross from one species to
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another through repeated backcrossing with the parental
species (i.e., introgression). If the rate of backcrossing is
limited and the abundance of the parental species is
similar, introgression may lead to an increase of the intra-
specific genetic diversity of the parental species, which
may enable them to colonize new areas (e.g., Caraway
et al. 2001). However, when the abundance of the parental
species differ considerably, the introgression towards the
less abundant species may lead to the loss of its genetic
integrity, leading to its extinction through the process
known as ‘genetic assimilation’ (Levin and Francisco-
Ortega 1996; Meyerson et al. 2010). In this regard, the
introduction of species far from its native range has
resulted in the formation of invasive species (Vila et al.
2000; Petit et al. 2004; Schierenbeck and Ellstrand 2009).
In addition to the threat of invasive species to local
biodiversity due to their high competitivity, they may also
pose a serious threat to endemic or rare populations of
species by means of genetic assimilation, especially in
environments with a high degree of disturbance. Also, it
has been proposed that hybridization may enhance the
invasive behavior of certain species, leading to highly
competitive genotypes with increased invasive behavior
(Schierenbeck and Ellstrand 2009). As shown above,
natural hybridization may have a number of consequences
that may affect either positively (e.g., increased allele
diversity, speciation) as well as negatively (e.g., extinction
through genetic assimilation, increased invasiveness of
certain genotypes) the genetic diversity of a taxon or the
species composition of a certain community. Thus, as a
first step in the study of this processes, it is of chief
importance to make a correct identification of hybrid indi-
viduals. In the following sections, we discuss the morpho-
logical, chemical and DNA based markers used for hybrid
identification.

Morphological character expression in hybrids

Traditionally, taxonomist rely upon intermediate morph-
ology of hybrids compared to their parental species for
their identification. An intermediate morphology was an
intuitively assumed characteristic of hybrids as these
characters were supposed to be in polygenic control with
simple additive effects (Rieseberg et al. 2007). In fact,
most of the methodologies employed in the past century
were designed to detect this intermediate morphology.
Within these methodologies, Anderson (1949) and other
influential authors employed methods such as pictoralized
scatter diagrams (Anderson 1949), multivariate analysis
such as principal component analysis (Wagner 1969) and
the character count procedure (Wilson 1992). All the
authors suggest that these methodologies should be
employed with a large data set with as much morpho-
logical characters as possible (Anderson 1949; Wilson
1992). Also, it was supposed that the correlation between
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the morphological characters in the parental individuals
will be conserved in hybrid individuals. This ‘character
coherence’ of morphological traits, was considered a diag-
nostic feature of hybrid individuals (Anderson 1949).
However, when morphological intermediacy or character
coherence were lacking in hybrid individuals, it was rarely
discussed.

Later, it was recognized that morphological character
intermediacy is a poor predictor of hybrid ancestry by
several reasons:

1. Morphological characters are usually correlated. Thus,
the number of available characters is much reduced.

2. As any other phenotypic character, the morphological
expression in hybrids is highly dependent on the
environment. In this sense, the same genotype may
exhibit a wide array of morphologies (intermediate or
not) if grown in different conditions.

3. Also, morphological intermediacy may be originated
by processes other than hybridization. For example,
some individuals of closely related species may
exhibit morphological intermediacy if these species
retain plesiomorphic character states of their
ancestral population, conducing to an erroneous
interpretation of hybridization (Rieseberg 1995;
Judd et al. 2002; Arnold 2006).

Also, from the genetic point of view there are also
explanations from a deviation of morphological inter-
mediacy. In a revision of 46 studies exploring morpho-
logical character expression in hybrids, Rieseberg and
Ellstrand (1993) pointed out that F1 hybrids expressed
44.6% of intermediate characters, while 45.2% of the
characters in hybrids were similar to either parental
species. Lastly, 10.2% of the characters showed values
beyond the range of the parental species (transgressive
characters). The high frequency of parental values in
hybrids may be the result of only one ore few loci having
a dominant (rather than codominant) effect on a certain
morphological character in hybrids. However, the most
outstanding result is the presence of ca. 10% of trans-
gressive character in F1 individuals (Rieseberg and
Ellstrand 1993). In advanced hybrid generations (F2,
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backcrosses) the percentage of transgressive characters
was ca. 30%. The occurrence of the transgressive charac-
ters have been ascribed to an increased mutation rate in
hybrids, the complementary action of new allele combi-
nations in hybrids, reduced developmental stability,
epistatic effects, heterosis, among others (Grant 1975;
Voigt and Tischler 1994; Rieseberg et al. 1999; Bell and
Travis 2005). As several of this explanations are not gen-
etically inherited traits (epsitasis, heterosis, developmen-
tal instability), they account for a small fraction of the
variation. So, it is assumed by a number of authors that
transgressive character expression is the result of a com-
plementary action of genes (Rieseberg et al. 2003; Bell
and Travis 2005; Stelkens and Seehausen 2009).

Complementary gene action assumes that the parental
species have fixed alleles with opposing effects within
the hybrid (Rieseberg et al. 1999). This is, transgressive
character expression in hybrids results comes from loci
interactions between alleles having opposing effects on
phenotypes within each parental species but have re-
inforcing effects (i.e., complementation) in hybrids (Bell
and Travis 2005; Table 1). This model of transgressive
character inheritance explains the larger amount of
transgression found in later generation hybrids com-
pared to F1 hybrids, where intermediate character ex-
pression is more frequent due to an additive effect of the
parental loci (Table 1).

The frequency of transgressive character expression in
hybrids seems to be the rule in plants. From a survey of
113 studies reporting hybrid phenotypic values, Riese-
berg et al. (1999) found that only three of these failed to
report at least one transgressive character. Also, of 579
morphological traits measured in these 113 studies, 58%
exhibited transgressive values. Due to this unpredictable
morphological expression in hybrids, some authors have
considered that these are of limited value in detecting
hybridization (Rieseberg and Ellstrand 1993; Hardig
et al. 2000, Arnold 2006), and additional markers should
be employed to make robust hypothesis of hybridization.

Secondary metabolite expression in hybrids
Given that morphological markers are of limited import-
ance as tools for hybrid recognition, other markers have

Table 1 Hypothetical case of transgressive segregation of a quantitative morphological trait due complementary

gene action
Locus Phenotypic value

Species A Species B F1 Transgressive F2 hybrids
1 +1, +1 =1, -1 +1, -1 +1, +1 =1, -1
2 +1, +1 -1, -1 +1, =1 +1, +1 -1, -1
3 -1, -1 +1, +1 +1, =1 +1, +1 -1, -1
4 =1, -1 +1, +1 +1, -1 +1, +1 =1, -1
Net phenotypic value 0 0 0 +8 -8
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been historically employed for this purpose. Among
these, the secondary metabolite composition of hybrids
was considered as a more reliable tool. In the mid 1950’
and until 1980, the use of this markers was thoroughly
employed in phylogenetic and in taxonomic studies of
several species (La Duke 1982; Rieseberg and Ellstrand
1993). Zobel (1951) was the first to apply the secondary
chemistry in hybrid recognition. However it was with
the studies of Alston and Turner (1962) that this ap-
proach was widely recognized.

The secondary metabolite composition in hybrids was
thought to be a reliable tool for hybrid identification be-
cause it was supposed that they had a simple inheritance
mechanism (i.e. oligogenic control with Mendelian seg-
regation ratios). However, as shown later, hybrid second-
ary metabolites usually have more complex patterns of
inheritance in hybrids both qualitatively and quantita-
tively (Orians 2000; Cheng et al. 2011). The main sec-
ondary metabolites studied in hybrids have been
phenolic, terpenoid, alkaloid, isothiozyanates and flavon-
oid compounds. Of these, the flavonoid compounds have
been the most studied compounds due to their high
variability and stability (Crawford and Giannasi 1982;
Rieseberg and Ellstrand 1993).

Qualitative variation and its genetic basis in hybrid
secondary metabolite expression

Rieseberg and Ellstrand (1993) compile 24 studies about
plant secondary metabolite expression in hybrids. As a
result of this revision, the authors found that first gener-
ation hybrids (F1) usually exhibit a complementary ex-
pression of the secondary metabolites present in the
parental species. That is, the hybrid usually expresses
both parental secondary metabolites. Rieseberg and Ell-
strand (1993) found that 67.7% of F1 hybrids exhibit this
complementary pattern, while 27% lack at least one sec-
ondary metabolite present in the parental species and
5.2% express new metabolites which are not present in
their progenitors.

More recently, Cheng et al. (2011) complemented the
revision of Rieseberg and Ellstrand (1993) by incorporat-
ing the patterns found by Orians et al. (2000) and other
studies done until 2011. The findings of these authors
follow the same general pattern above mentioned. In
total they revised the expression of 1,112 secondary me-
tabolites and their expression in hybrids: 70.3% of these
metabolites were present in both the parental species
and their hybrids, 24.2% of the metabolites were lacking
in hybrid progeny and 5.5% were new metabolites not
present in the parental species.

It has been proposed that the expression of metabolite
secondary compounds is regulated by one or few genes
exhibiting dominance/recessivity (where dominance is
given by the expression of a secondary metabolite)
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which follow the Mendelian segregation ratios. This pat-
tern of inheritance explain the complementarity found
in hybrid metabolite composition. However, it is clear
that deviations of this general pattern exist. This devia-
tions may be explained in several ways:

1. The lack of a parental secondary metabolite in
hybrids may be due to the polymorphism in the loci
controlling the expression in parental individuals. If
the parental individuals of a hybrid are heterozygous
for a gene controlling the expression of a secondary
metabolite, their hybrid progeny may or not exhibit
such metabolite (according to Mendelian inheritance).

2. Also, the lack of a secondary metabolite in hybrids
may be due to the elongation of the biosynthetic
pathway. The elongation in a certain pathway may
yield a secondary metabolite which is an
intermediary to another pathway, being rapidly
converted to the next compound in the pathway.

3. The expression of new secondary metabolites may
be due to the obstruction of a biosynthetic pathway
in hybrids. If this occurs, the accumulation of
intermediary compounds that are only transient in
the parental species will be evident in hybrids
(Rieseberg and Ellstrand 1993; Orians 2000; Firn and
Jones 2003; Cheng et al. 2011).

Because of this, in large populations where hybridization
occurs, it is expected that a large qualitative variation of
secondary metabolite compounds will occur. This high
variability of secondary metabolite has been observed in a
number of studies (e.g., Hallgren et al. 2003; Kirk et al.
2004; Oberprieler et al. 2010; Oberprieler et al. 2011).

Quantitative variation and its genetic basis in hybrid
secondary metabolite expression

As with the qualitative variation, the quantitative pat-
terns of the secondary metabolite expression in hybrids
is variable. Orians (2000) evaluated the concentration of
secondary metabolites found in hybrids in relation to the
levels present in the parental individuals (5 studies). As a
result, the author found that 33% of the 96 secondary
metabolites were expressed at similar concentrations of
the parents, 29% showed intermediate concentrations in
hybrids, 19% were at higher concentrations in hybrids
(overexpressed) and 14% showed lower concentrations
than their parents (underexpression). Recently, Cheng
et al. (2011) extended this revision by adding 7 studies
published until 2010. The authors found a similar pat-
tern: most of the metabolites are expressed at similar
concentrations of one or both parents or at intermediate
concentrations (51.6 and 28.2% respectively). Also, some
metabolites are overexpressed (11.5%) or underexpressed
(8.7) in hybrids.
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The genetic regulation of the quantitative expression of
secondary metabolites in hybrids is controlled by more
than one gene with dominant, overdominant or epistatic
effect within a locus (Cheng et al. 2011). The effects of this
genes usually affect the expression of the enzymes
involved in the pathway of secondary metabolites. If the
enzyme is overexpressed, so will happen to the secondary
metabolites. Although the metabolite secondary concen-
tration of hybrids is rarely used as a criterion for hybrid
identification, it may impact plant-herbivore interactions
and other ecological processes (see further discussion).

Genetic data employed for hybrid recognition:
chromosome number and DNA fingerprinting techniques
Besides phenotypic characters, hybrid recognition relies
nowadays in the genetic data of individuals. In this sense,
one approach that was thoroughly used as an important
evidence of hybridization during the 20™ century was the
chromosome number of putative hybrid individuals. This
approach supposes that hybrid individuals always undergo
an instant duplication of the chromosome complement
(i.e. allopolyploidy; Harlan and deWet 1975). Several well
known cases of allopolyploidy include hybrids between
Tragopogon spp (Ownbey 1950; Roose and Gottlieb 1976),
Spartina spp (Strong and Ayres 2013), and species belong-
ing to the Hawaiian silversword alliance (Barrier et al.
1999; Lawton-Rauh 2003) among others. This tool be-
came popular because the analysis of the chromosome
number in hybrids was supposed to be relatively easy;
hybrids will display a duplication of the whole chromo-
some complement when compared with the putative
parental species. Also, the discovery of allopolyploidy was
quite important, since it provided a mechanism that lead
to reproductive isolation between hybrids and its parental
species (Winge 1917; Ownbey 1950). Indeed, polyploidy is
nowadays considered a prominent speciation mechanism
in flowering plants (Levin 1983; Ramsey and Schemske
1998; Soltis et al. 2010).

However, in some cases it may be difficult to distinguish
between autopolyploidy (i.e., polyploids that arise within a
single population of a single species; Grant 1981) and
allopolyploidy (i.e., polyploids derived from hybridization
between two different species; Ramsey and Schemske
1998), rendering the chromosome number as an unreliable
tool for hybrid detection (Comai 2005). This difficulty
arises because intermediate states between autopolyploidy
and allopoliploidy may occur, making difficult the differ-
entiation between these categories. It has been proposed
that ‘segmental allopolyploids’ may occur, in which some
chromosomes may exhibit a pairing similar to those of
allopolyploids during meiosis, and other chromosomes
have a similar pairing to autopolyploids (Stebbins 1950).
Although no clear examples of the occurrence of segmen-
tal allopolyloids can be mentioned (Soltis et al. 2010), this
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condition explains some segregation ratios found in
nature (Stift et al. 2008). Besides this problem, the differ-
entiation between auto- and allopolyploids pose some
methodological difficulties. In order to establish whether
an individual is an auto- or an allopolyploid, an explor-
ation of the segregation ratios at many loci as well as the
absence or presence of multivalents during meiosis should
be observed (Soltis et al. 2010). This techniques are expen-
sive and time-consuming, making them ineffective to
determine the status of putative hybrid individuals.

As mentioned above, the chromosome number of
putative hybrids may give insights of hybridization in
some instances. However, when it is used in the absence
of additional data (morphological or genotypic), the
frequency of hybridization may be underestimated. This
occurs because hybrids may exhibit the same chromo-
some number than the parental species (i.e., homoploid
hybrids; Mallet 2007, Abbott et al. 2010). Indeed, despite
that allopolyploidy is considered a prominent mode of
speciation within angiosperm, homoploid hybrid speci-
ation has been recorded in a number of species (Gross
and Rieseberg 2005; Abbott et al. 2010). Because of this,
the chromosome number of hybrids is not a reliable tool
when used in the absence of additional data, however it
may provide robust hypothesis of hybridization when
morphological or DNA fingerprinting techniques are
employed (e.g., Newaskar et al. 2013)

Due to the complex pattern of expression of phenotypic
data and the unreliable data provided by chromosome
number counts in putative hybrids, DNA fingerprinting
techniques are now the most used tool for hybrid identifi-
cation. The advantages that these markers have over
phenotypic traits are: 1) they are present in a large number
within the genome, 2) they usually exhibit independence,
3) as these markers are supposed to be located in non-
coding regions, they are selectively neutral, and 4) their in-
heritance is strictly under Mendelian segregation ratios
(Rieseberg and Wendel, 1992). Also, these markers have
been useful detecting different hybrid classes (F1, F2,
backcrosses and later generation hybrids) when Bayesian
based analyses such as STRUCTURE (Pritchard et al.
2000), NEWHYBRIDS (Anderson and Thompson 2002),
BAPS (Corander and Marttinen 2006) and GENECLASS
(Piry et al. 2004) have been employed.

However, there is a wide variety of DNA fingerprinting
techniques employed for hybrid recognition. In Table 2,
we mention the main DNA fingerprinting techniques,
their mode of inheritance and degree of polymorphism.
Within the non-based PCR techniques the Restriction
Fragment Length Polymorphism (RFLPs) is the most
recognized technique (Jeffreys et al. 1985). This technique
is based on the activity of bacterial restriction enzymes.
These enzymes identify specific palindrome sequences,
producing fragments with variable dimensions. This
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Table 2 Comparison of several DNA-based markers used for hybrid identification

Marker Degree of polymorphism Inheritance Reproducibility Technical requirements
RAPD Medium Dominant Low Low

RFLP Medium Codominant High High

AFLP Medium Dominant High High

SSR Medium Codominant Medium Medium

SNP High Codominant High Medium

RAPD, random amplified polymorphic DNA; RFLP, restriction fragment length polymorphism; AFLP, amplified fragment length polymorphism; SSR, single sequence

repeats; SNP, single nucleotide polymorphism.

fragments are then visualized on gel electrophoresis
(Jeffreys et al. 1985). The variation in the length of restric-
tion fragments are due to changes (point mutations or
translocations) in the sequence recognized by the en-
zymes. Although RFLP are highly reproducible and poly-
morphic, this technique is time consuming. Also, the use
of radioactive agents and the need for large quantities of
sample DNA make this technique unpopular nowadays.

Several PCR-based markers overcome some of the
difficulties of RFLPs. PCR based markers are less time
consuming techniques, and the initial DNA sample
could be minimal. Also, some of these techniques
require no previous knowledge of sequence of the organ-
ism under study. Random Amplified Polymorphic DNA
(RAPD) and Amplified Fragment Length Polymorphism
(AFLP) are two of these markers (Williams et al. 1990;
Vos et al. 1995). RAPD markers are generated through
the random amplification of genomic DNA using short
primers (10 base pair). The use of short primers is
necessary to increase the probability that they are able
to find homologous sequences suitable for annealing.
The polymorphism in RAPD fragments is produced by
rearrangements or deletions at the primer binding sites
in the genome (Williams et al. 1990). However, the
major problem with this technique is its poor reprodu-
cibility, usually exhibiting different banding pattern
when carried out under slightly different PCR conditions
(Williams et al. 1990; Hadrys et al. 1992). AFLP are a
much reproducible technique which combine RAPD and
RFLP. In this technique, restriction fragments of the
sample DNA are obtained. Then, the fragments are
amplified through random PCR amplification (Vos et al.
1995). The main limitation of both RAPD and AFLP
fragments is that both have a dominant pattern of inher-
itance. That is, the character is recorded as the presence
of a specific band in gel electrophoresis (dominant state)
or the absence of such band (recessive state).

A different approach to arbitrary PCR amplification
consists in the amplification of target regions of a gen-
ome through specific primers. These kind of DNA finger-
printing techniques have become very popular due to the
ease and accessibility of sequence technology. A popular
technique relies in the polymorphism of Microsatellite or

Simple Sequence Repeats (SSR). SSR consist of sequences
of repetitions, comprising short motifs generally between
2 and 6 base-pairs long (Kalia et al. 2011). The poly-
morphism within a specific locus is due to the variation
in length of the microsatellite sequence, which depends
on the number of repetitions of the basic motif. These
markers have several advantages compared to AFLP,
RAPD and RFLP. SSR have a codominant inheritance
(i.e., the heterozygote state for a locus can be assessed),
they are highly abundant in the genome, they exhibit a
high allelic diversity and their amplification is highly
reproducible (Kalia et al. 2011). However, SSR require
extensive knowledge of DNA sequence of the target
species in order to design specific primers. Also, the pres-
ence of null alleles (i.e., a point mutation in the primer
annealing site may cause the amplification failure of a
specific microsatellite locus) is thought to be frequent,
leading to an underestimation of allele diversity (Chybicki
and Burczyk 2009).

The techniques mentioned so far have been widely
employed for hybrid recognition (Blair and Hufbauer
2010; Meyerson et al. 2010; Travis et al. 2010; Zalapa
et al. 2010; Saad et al. 2011; Tovar-Séanchez et al. 2012).
However, the new technological advances in sequencing
technology have provided with new markers with an
almost unlimited amount of variation based on DNA
sequences. The main problem with classical protocols
employing previous markers such as RAPD, SSR, AFLP,
and RFLP is that they have a low availability of markersb
that discriminate between closely related species with low
resolution and identify later generation hybrids (Twyford
and Ennos 2012). Although a recent hybridization event
can unequivocally detected with as few as four markers
(Boecklen and Howard 1997), the correct assignment of
individuals to hybrid categories (F1, F2, backcrosses) will
require the exploration of 24 to 48 independent codomi-
nant loci (Vdhd and Primmer 2006). Also, it is sometimes
difficult to find diagnostic or species-specific markers
(Howard et al. 1997) which differentiate between hybridiz-
ing species using the traditional PCR based methodolo-
gies. This diagnostic markers are the most powerful
markers used to detect late generation introgression
(Hohenlohe et al. 2011).
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These limitations in most PCR based DNA markers
have conducted to the development of new markers that
assess the sequence of a complete subsection of a genome
without the need of previous knowledge of the target
sequence. In particular the new technique known as Next-
Generation Sequencing (NGS) generates a large quantity
of nucleotide sequence data from complex nucleic acid
populations (Metzker 2010). NGS is considered an emer-
ging technique which is thought to improve our know-
ledge about hybridization and introgression because no
prior knowledge of the sequence of the target organisms is
required (Hohenlohe et al. 2011). In particular, the vast
amount of markers for each of the parental hybridizing
populations may increase considerably (up to ca. 300),
compared to the traditional PCR based methods above
mentioned (Twyford and Ennos 2012).

Why should we employ several different markers for
hybrid identification?
In the previous sections, we discussed the principal tools
for hybrid identification. It is clear nowadays that DNA
fingerprinting techniques are the most reliable tool for
hybrid identification compared to morphological and
secondary metabolite markers. The main advantages of
DNA molecular markers are principally their neutrality
and the nearly unlimited number in which they can be
found within the genome. As mentioned earlier, morpho-
logical character expression is considered complex and in
some cases unpredictable (Rieseberg et al. 1999; Hardig
et al. 2000). Meanwhile, secondary metabolites have a
more predictable inheritance mechanism, with F1 hybrids
exhibiting both secondary metabolites of the parental
species (Rieseberg and Ellstrand 1993; Orians 2000; Cheng
et al. 2011). However, obtaining the chemical profile of
hybrids is time consuming and is technically difficult.
Also, it is a poor predictor of hybrid ancestry in later
generation hybrids (Cheng et al. 2011). Finally, chromo-
some number may provide information about the hybrid
origin of individuals when these exhibit allopolyploidy,
however, sometimes hybrids exhibit a homoploid condi-
tion compared to its parental species (Abbott et al. 2010).
Also, the chromosome count of putative hybrids and par-
ental individuals may be expensive and time consuming.
So, if DNA fingerprinting techniques are the best tools
for hybrid recognition, why should researchers continue
using other markers such as morphological, chemical
profiles and chromosome number in hybridization re-
lated studies? Some authors propose that besides DNA
fingerprinting, other markers should be employed in
order to have a vast amount of evidence to confirm the
hybridization hypothesis between two taxa (e.g. Hardig
et al. 2000). Also, it has been found that these additional
markers may unveil hybrid individuals that go un-
detected when using problematic DNA markers such as
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RAPD or AFLP (e.g., Kirk et al. 2012). However, the
main reason to study phenotypic and chromosomal
traits in hybrids is that they may give insights of their
ecological performance. This is of special importance
when hybrids exhibit novel or transgressive characters
compared to their parental species.

In this regard, the expression of transgressive morpho-
logical characters have been proposed as a mechanism
of speciation when ecological divergence occurs between
the parental species and their hybrids. In this regard,
Schwarzbach et al. (2001) studied the character expres-
sion of the hybrid species Helianthus anomalus and
their parental species; H. annuus and H. texanus. The
hybrid species has a very distinct ecological preference
than their parental species. H. anomalus occurs mainly
in sand dune habitats. As a first step, the hybrid species
was determined as such employing DNA based markers
(Rieseberg 1991). But later, Schwarzbach et al. (2001)
accounted its morphological variation. The authors mea-
sured 41 morphological traits. They found that H. anom-
alus was intermediate in 2.4% of the characters, while
parental and transgressive characters accounted for
56.1% and 41.5%. The authors suggest that the high
frequency of transgressive character expression of
H. anomalus may have facilitated its ecological diver-
gence. This hypothesis is reinforced as many of this
transgressive characters are consistent with adaptations
for other sand dune plants (Schwarzbach et al. 2001).

Besides the role of hybridization in speciation above
mentioned, natural hybridization has also been proposed
as a process involved in the evolution of invasive geno-
types due to its potential in generating evolutionary nov-
elty (Schierenbeck and Ellstrand 2009). The transgressive
character expression in some hybrid genotypes has been
proposed as one of the mechanisms that enhance inva-
siveness in some populations (Ellstrand and Schierenbeck
2000).

On the other hand, the secondary metabolite expres-
sion in hybrids may affect he herbivore-plant interaction.
In this sense, the quantity and the type of the secondary
metabolites present in hybrid individuals may reduce the
palatability to herbivores (Orians 2000). In terms of the
qualitative variation, the expression of new metabolites
in hybrid could deter nonadapted herbivores, both gen-
eralists and specialists thus generating resistant plants.
Whether these hybrids remain resistant might depend
upon the relative abundance of the plant. Chew and
Courtney (1991) argue that if the abundance of a host
plant producing a novel chemical is highly variable over
time, herbivores will be unable to track the plant and
adapt to that chemical. In terms of quantitative variation
hybrids may exhibit a higher concentration of secondary
metabolites. In general, it has been proposed that a high
concentration of secondary metabolites give resistance
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to hybrid individuals (Orians 2000). However, a single
chemical might stimulate, deter or have no effect in the
activity of an herbivore (Orians 2000). Thus, the quality
and quantity of hybrid secondary metabolites may influ-
ence the arthropod associated community and the
herbivore-plant interaction.

However it has been suggested that hybrid secondary
metabolite composition may alter processes at the eco-
system level. For example, Driebe and Whitham (2000)
evaluated the leaf litter decomposition rate of Populus
angustifolia, P. fremontii and their hybrids. In general,
the authors found that F1 hybrids showed all secondary
metabolites present in the parental species. The leaf
litter decomposition rate of F1 hybrids was intermediate
between both parental species. However, they found that
backcross hybrids showed higher levels of condensed
tannins than both pure parental individuals and F1
hybrids, which lead to a slower decomposition rate of
the leaf litter. The authors suggest that if hybridization
occurs in broad geographic areas, the nutrient avail-
ability in the soil could be seriously altered due to the
altered decomposition rate, modifying whole ecosystem
processes (Driebe and Whitham 2000).

Regarding chromosome number, several hybridization
related studies continue to study the cytogenetic of putative
hybrid individuals (e.g. Sudrez-Santiago et al. 2011). The
approach of these studies may answer several important
questions about hybrid performance. First, hybridization
may produce allopolyploids that are intersterile to both
parental species and may yield to new species (Comai
2005). On the other hand, if hybrids are homoploid, they
may backcross toward parental species and lead to intro-
gression (e.g, Peffley and Mangum 1990). However,
although homoploid hybrids may be interfertile with both
parental species, homoploid hybrid speciation may occur.
Homopoid hybrid speciation may occur in two ways; 1)
homoploid hybrids may exhibit new characteristics
(ie., transgressive characters) that enable them to colonize
new areas, leading to an ecological divergence from paren-
tal species or 2) hybrids may exhibit new chromosome or
genetic sterility barriers that lead to reproductive isolation
from their parental species (Abbott et al. 2010). Homoploid
hybrid speciation has been proposed to produce several spe-
cies such as H. anomalus (Sapir et al. 2007), H. paradoxus
(Lexer et al. 2003) and H. deserticola (Gross et al. 2003).

Also, allopolyploids may have also important features
that yield to evolutionary novelty. Allopolyploids exhibit
some advantages compared to their diploid parental
species. For instance, polyploids usually exhibit heter-
osis, causing them to be more vigorous than their paren-
tal species (Chen 2013). Also, due to the chromosome
doubling in allopolyploids, hybrids exhibit gene redun-
dancy which provide them of several advantages. First,
gene redundancy in allopolyploids provide them with a
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protection against recessive deleterious alleles and reces-
sive mutations (Comai 2005). Second, allopolyploids are
able to diversify gene function by modifying the redun-
dant copies of genes. This may lead to advantageous
alleles that may increase their fitness (Prince and Pickett
2002; Adams et al. 2005). Finally, allopolyploids usually
show an increase of asexual reproduction that enable
them to increase their population even in the absence of
sexual mates (Comai 2005). Spartina anglica is a re-
markable example of the advantageous characteristics
offered by allopolyploidy (see Strong and Ayres 2013).
Due to the importance of allopolyploidy and homoploidy
in the ecological performance of hybrids, it is not trivial
to study the chromosome number of putative hybrid
individuals.

As shown in a previous section, morphological
markers, chemical markers and chromosome number
are not reliable tools for hybrid identification when used
in the absence of DNA fingerprinting techniques. How-
ever, the evaluation of these markers is of importance
due to the evolutionary novelty that may arise via
hybridization. Hybrids may exhibit transgressive charac-
ter expression in morphological characters, new second-
ary metabolites and enhanced genetic variability due to
allpoliploidy. This evolutionary novelty may result in
new species if ecological divergence occurs or it may
lead to an increase of hybrid resistance to herbivores or
pathogens. Although DNA fingerprinting techniques are
the most reliable tool for hybrid identification, the use of
additional markers will continue to be employed as they
give insights of the ecological performance of hybrids.

Conclusions

In this review we explored the utility and/or mode of in-
heritance of the main markers that have been historically
employed for hybrid identification: morphological and
chemical markers as well as chromosome number and
DNA fingerprinting techniques. While morphological
characters were thoroughly employed during the last
century as the main marker for hybrid recognition, now-
adays it is known that their pattern of inheritance is
complex and usually unpredictable. Also, during the last
century, the plant secondary metabolite composition
emerged as a more reliable tool than morphological
markers, however, their high costs, their low polymorph-
ism and complex inheritance made them also unreliable
tools for hybrid recognition in the absence of other
markers. As both chemical and morphological markers
are phenotypic traits, their expression in hybrids is
highly dependent of the environment, reducing their
utility to detect hybridization under natural conditions.
Also, the chromosome number of putative hybrids is a
criterion that may exhibit some disadvantages. Some hy-
brids may exhibit allopolyploidy, while others may be
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homoploid hybrids. Thus, hybridization rates may be
underestimated. Additionaly, the techniques employed
during chromosome count may be expensive and time-
consuming. In this regard, DNA fingerprinting appears
as a much better option for hybrid recognition due to
their high availability in the genome, their neutrality and
the ease with which large amounts of data may be
obtained.

It is undeniable that DNA fingerprinting techniques are
the best option for hybrid recognition. When correctly
employed, they are able to detect later generation hybrids
with high reliability. However, while DNA-based markers
are the prime marker when studying whether or not
hybridization occurs between a species pair and its fre-
quency, other important questions arise about the fate
that hybrids will have under natural conditions: How can
we recognize these hybrids under field conditions? Will
they exhibit a higher resistance/tolerance to pathogens?
Will they possibly exhibit a higher fitness than pure paren-
tal individuals? These questions may be answered using a
cytological approach as well as molecular and secondary
metabolite markers. Whether hybridization is carried out
under natural or greenhouse conditions, these questions
may be very important issues. The relevance of these
questions is exacerbated when considering the global
changes occurring on earth; global warming, deforest-
ation, and the introduction of exotic species favor the
sympatry between species that are previously allopatric.
As hybridization introduces much more genetic diversity
than mutation alone, it may confer hybrids with advanta-
geous characteristics that may alter significantly the eco-
systems where they grow.

So, while DNA fingerprinting techniques are really
useful to unveil the existence and frequency of natural
hybridization, the use of other markers may give insights
of the ecological performance of hybrids.
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