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SUMMARY

The processes of plant domestication and evolution are considered to
have different objectives and are therefore treated as different.
However, they are not independent. The dependence is discussed in
terms of a contribution of the results of domestication to evolution
and a contribution of knowledge about the included mechanisms.
Reproductive isolation can be developed in the framework of
domestication, and cultigens such as Triticum aestivum, Solanum
tuberosum, Coffea arabica and Vicia faba are treated as species in the
evolutionary sense. Newly obtained character combinations as a result
of plant breeding can be transferred to natural populations by means
of hybridization. Several methods for analysing the rate of gene flow
are discussed. The study of the occurrence of horizontal gene transfer
in nature is stimulated by the development of the technique of genetic
modification in biotechnologic research. Presumed cases of transfer of
genetic material between unrelated Angiosperms are based on
phylogenetic inconsistencies between gene trees and species trees,
although evidence on the vector involved in nature is not available.

Key-words: adaptation, barriers, horizontal gene transfer,
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INTRODUCTION

Domestication and evolution have common as well as differing aspects: the mechanisms
involved are identical or at least comparable to a certain extent, whereas the objectives
are supposed to be completely different (Van Raamsdonk 1993). Domestication can be
defined as a process resulting in (i) characteristics profitable for man which generally
reduce the fitness of plants in natural habitats, and (ii) a reduced or total incapacity
to disseminate viable offspring. Statement (ii) is in fact a special case of the charac-
teristics mentioned under (i). So, these crops survive thanks to special growing
conditions and reproduction strategies imposed by man (cf. De Wet 1981; Harlan 1992;
Van Raamsdonk 1993, 1995). Evolution is defined as the change through time of a
group of organisms in order to reach better adaptation or higher fitness under local
circumstances. Two types of evolutionary change have been recognized, i.e. anagenesis
or adaptation and cladogenesis or speciation (Rensch 1959). Nowadays the concept of
evolution is considered as a synthesis of a large range of different mechanisms which are
known to function in nature. The accumulated changes resulting from the mechanisms
at the micro-evolutionary level can be postulated to provide the best clarification for the
observed pattern at the macro-evolutionary level.

© 1995 Royal Botanical Society of the Netherlands



422 L. W. D. VAN RAAMSDONK

The aim of this paper is to discuss the effect of domestication on the process of plant
evolution, although comparison of the two processes will be addressed when appropri-
ate. The phrase ‘the effect on’ includes two different levels of abstraction. One aspect of
the effect on evolution is a presumed contribution of domestication in terms of new
species (cladogenesis) and new variation (anagenesis), and the possibility of transfer of
genetic material between plants subjected to either evolution or domestication. The
other aspect of the effect of domestication on evolution is the increasing knowledge of
specific mechanisms resulting from plant breeding studies. A comparison between
evolution and domestication in terms of the mechanisms involved has been carried out
by using a formal system of graphical representation (Van Raamsdonk 1993). The
mechanisms included in the process of evolution can be divided in variation-generating
mechanisms and variation-regulating mechanisms. New variation is primarily generated
by mutations at the level of genes (point mutations, sequence differences), the level of
chromosomes (deletions, additions, inversions, translocations) and the level of genomes
(dysploidy, polyploidy, aneuploidy). Mutations will occur in plants independent from
their background, i.e. at comparable frequencies under evolution and domestication.
Transfer of mutated variants from a crop to a wild plant depends on the possibility of
hybridization or horizontal gene transfer and these two mechanisms will be discussed.
Mutation frequencies can range from 1 mutation per 10° alleles to 1 mutation per 10*
alleles (Dobzhansky et al. 1977). Mutation induction by means of radiation (gene
mutations), colchicine treatment (polyploidy) or other techniques is an important tool
in plant breeding (Micke & Donini 1993).

When considering populations, new variation is generated inside the population by
means of mutation in the broad sense or it is introduced from outside the population by
means of introgression. The variation is regulated by mechanisms like selection and
genetic drift. Besides the regulation of these so-called modifiers, containment of the
impact of variation-generating mechanisms depends on reproductive isolation barriers
(RIBs). These barriers can be active in every stage from the release of pollen grains via
pollen tube growth, fertilization, embryo development and F; plant growth to the
establishment of an F, population. The RIBs can be divided in external (outside the
plant) and internal (inside the female parent) barriers, and the latter class can be
subdivided in pre- and postzygotic barriers (large box in Fig. 1). Figure 1 will be used
throughout this paper to illustrate certain aspects of the relation between evolution and
domestication.

First, both cladogenesis and anagenesis will be discussed in the next two sections,
whereafter two variation-generating mechanisms will be given attention, i.e. introgres-
sion and horizontal gene transfer. Mutations will not be treated extensively because they
can occur in every plant individual without restriction due to RIBs (Fig. 1), no matter
whether wild or domesticated plants are concerned.

CLADOGENESIS IN THE FRAMEWORK OF DOMESTICATION

The splitting of a population in two separate ones, i.e. the formation of two independent
evolutionary lineages is referred to as cladogenesis. The separation has to be achieved
by the establishment of some type of reproductive isolation. The independent lineages
are referred to as evolutionary species. A range of species definitions has been proposed
in the past. The most important concepts have been reviewed by Stuessy (1990) and by
Rieseberg & Brouillet (1994). In this paper the evolutionary species concept will be used,
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which is a single lineage of ancestral-descendent populations of organisms which
maintains its identity from other such lineages and which has its own evolutionary
tendencies and historical fate (definition taken from Wiley 1978). This definition
comprises two main aspects, i.e. the isolation in time and space between different
lineages, and the unique evolutionary role or niche. Both aspects as such are comparable
to the concepts of the biological species and the ecological species, respectively. It has
been argued that evolutionary forces are not fully applicable to cultigens, which are the
resultants of domestication, since cultigens lack an evolutionary role in the strict sense
and the tendencies of natural species and cultigens are different (Van Raamsdonk 1993;
Hetterscheid & Brandenburg 1995). In order to discuss the span of the evolutionary
species concept two requirements for the establishment and maintenance of an
evolutionary species can be abstracted from the given definition. These are the existence
of reproductive isolation and the possibility to fill an ecological niche. In order to discuss
the process and resultant of domestication in an evolutionary framework, I will focus on
both requirements separately.

The development of RIBs can take place in the course of a domestication process.
Generally, polyploidy will result in reproductive isolation, mainly in internal barriers.
Many polyploid crops are known: seven of the 20 economically most important crops
are polyploid. This percentage of 35% is comparable to the fraction of polyploids in the
naturally occurring flora of the Mediterranean area (Grant 1981), where a considerable
part of crops originated (Zeven & De Wet 1982). Some of these crops were taken into
cultivation after reaching the higher polyploid level, and reproductive isolation between
polyploids and their diploid progenitors is then the result of the naturally occurring
process of evolution. The occurrence of polyploidization in the framework of
domestication can be decided on the basis of the absence of a wild progenitor at the
same ploidy level or of the absence of closely related wild taxa possessing the same
ploidy level. The first criterion in fact implies the second. The presence or absence of
progenitors or wild relatives does not necessarily apply exclusively to the species level.
Using these criteria, Triticum aestivum (bread wheat), Solanum tuberosum (potato), the
polyploid cytotypes of Musa acuminata and its hybrids with M. balbisiana (banana),
several auto- and alloploid species of Dioscorea (yams) and Coffea arabica (coffee) are
the most important polyploid crops which reached the higher level of polyploidy in the
course of their domestication process, a scenario which is described as the bread wheat
domestication model (Van Raamsdonk 1995). RIBs can also result from breeding efforts
on the diploid level either as side-effect or as breeding objective. In several crops a shift
from allogamy to autogamy has been achieved, Lycopersicon esculentum (tomato)
among them (Rick 1988). Unilateral incongruity (Hogenboom 1975) was found in
crops, for instance in Phaseolus (Evans 1976), and reproductive isolation occurs between
the cultigen Vicia faba and its wild relatives (Hanelt 1986).

Notwithstanding the recognition of RIBs, the question arises whether or not
cladogenesis as an aspect of evolution can also be part of the process of domestication.
With regard to the direction of domestication and of evolution these processes are
completely incomparable. Domestication is directed by objectives set by man, whereas
evolution is undirected, although this may be incorrect from a teleological point of view
(Teilhard de Chardin 1955; Dobzhansky et al. 1977). A range of authors use a
terminology which links the two processes of domestication and evolution. Examples
are: ‘evolution under domestication’ (Pickersgill 1986; Hancock, 1992, p. 172); ‘Modes
of evolution in plants under domestication’ (Zohary 1984); ‘origin and evolution of
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cultivated plants’ (Pickersgill 1977); ‘evolution of crops’ (Simmonds 1979, p. 1; Harlan
1992, p. 90); ‘evolution of crop plants’; (Simmonds 1976; Smartt & Simmonds 1995);
‘evolution of cultigens’ (Smartt 1990, p. 112); ‘[crop] plants have undergone dramatic
coevolution with man as domesticates’ (Small 1984). On the other hand, a different
classification system of domesticated plants is proposed, since the classification of wild
plants is based on evolutionary relationships while that of domesticated plants is not
(Hetterscheid 1994; Hetterscheid & Brandenburg 1995). Nevertheless, the mechanisms
involved in both processes appear to be identical to a certain extent (Van Raamsdonk
1993). Artificial selection can be treated as a special case of directional natural selection
(Dobzhansky et al. 1977). So, cultigens such as Triticum aestivum, Solanum tuberosum,
Coffea arabica and Vicia faba can be treated as species in the evolutionary sense since
they pass the requirement of reproductive isolation, at least at the level as found in
numerous wild species. The ecological part of the definition of an evolutionary species
will be addressed in the next section.

ANAGENESIS IN THE FRAMEWORK OF DOMESTICATION

Anagenesis is the gradual process of adaptation to the changing requirements of
habitats in order to increase and optimize the fitness of the individuals involved.
Adaptation in terms of states or better adaptedness is discussed by Knoll & Niklas
(1987). The habitat of crop plants includes the requirements of man and discussion of
anagenesis in the framework of domestication will start with aspects of human-oriented
adaptations. It has been stated that anagenesis at the level of cultivars is excluded from
the process of domestication because of the so-called DUS-concept, which means that
a cultivar has to be distinct, uniform and stable in a genetic sense (Van Raamsdonk
1993). A specific cultivar cannot be adapted to new breeding objectives and a selected
set of plants from a cultivar is simply designated a new cultivar (see also commentary
in Hetterscheid & Brandenburg 1995). However, at the level of a cultigen anagenesis is
clearly recognizable. Plants have been chosen from wild populations and were adapted
to human needs by means of conscious or unconscious selection (Heiser 1988). The
plant parts which are used by man vary from roots, stolons, stems, leaves, inflorescences
to fruits. The distribution of the use of specific plant parts over the most important
families to which crop plants belong is rather scattered (Hancock 1992). For instance,
some of the most important crops eaten for their leaves belong to Chenopodiaceae
(spinach), Cruciferae (cole crops), Compositae (endive and lettuce) and Liliaceae (leek).
Similarly, crops with secondary thickening of their stem basis are found in
Chenopodiaceae (beet), Cruciferae (turnip and rape), Umbelliferae (carrot) and
Liliaceae (onion). Fruits in a variety of types of crops belonging to a range of families
are adapted to human consumption. The type of fruit is subjected to natural divergence,
since non-adaptive radiation resulted in general ground plans for families or other
higher categories (Dobzhansky et al. 1977). So, berries for human use are found in
families like Solanaceae, Rosaceae and Vitaceae, legumes in Leguminosae, pepos in
Cucurbitaceae, achenes in Compositae, and grains in Gramineae. From the viewpoint of
the families a more uniform situation can be observed. The two families with the most
important crops are the Gramineae and Leguminosae. All the more important crops
belonging to these two families except one are cultivated for their fruits. The only
exception applies to Saccharum (sugar cane), which is cultivated for its stems. Taking
these two families and the crops belonging to the Cucurbitaceae into consideration,
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Table 1. List of crops belonging to three of the most important families with domesticated
representatives. All listed crops except one (sugarcane) are cultivated for their fruits

Centre Gramineae Leguminosae Cucurbitaceae
Middle East Bread wheat, emmer,  Lentil, pea, faba bean, Water melon
einkorn, barley, oat chickpea
Africa Rice, sorghum, Cowpea Melon, bottle gourd
pearl millet
China Rice, foxtail millet Soybean Melon, snake gourds
SE Asia Rice, sugarcane Pigeonpea, mung bean =~ Cucumber, sponge
gourd
Mexico Maize Common bean, runner  Marrow, pumpkin,
bean, tepary bean squash
South America — Common bean, Lima Pumpkin

bean, ground nut

remarkable parallelisms of domestication events can be traced at the family level. The
number of recognized centres of domestication ranges from one (S. China; Carter 1977)
or two (Middle East and Mexico; Blumler 1991) to six (Harlan 1971) or even 12
(Zhukovsky 1968). When following the designation of Harlan (1971), members of the
three families are almost equally distributed over the centres of domestication (Table 1;
Van Raamsdonk 1993; Smartt & Simmonds 1995). Another, striking example of parallel
domestication is found in the genus Dioscorea (yams). The most important represen-
tatives are domesticated in Asia (D. alata), in Africa (D. rotundata) and America
(D. trifida; Hahn 1995). These examples could indicate some sort of natural preadap-
tation of the considered crops which favoured them in the usefulness for mankind in
several independent domestication centres.

The use of the term ‘gradual’ in the mentioned definition of anagenesis implies a
continuous process of adaptation. Opposite to this theory of phyletic gradualism the
theory of punctuated equilibria has been proposed (Eldredge & Gould 1972; Eldredge
1989). According to this theory, evolutionary change takes place rapidly in short periods
of time and during the remaining (longer) periods of time the state of homeostasis
prevails. In phyletic gradualism missing links in the fossil record are gaps which need to
be filled, while according to punctuated equilibria intermediate forms are relatively rare.
Both theories of anagenesis should be considered complementary rather than mutual
exclusive (Rhodes 1987; von Vaupel-Klein 1994). Early remains of crop plants can often
be distinguished from their immediate wild relatives by means of anatomical or
histological structures in inflorescences which prevents seed dispersal. These character-
istics are based on one or two genes in a number of cases (Hancock 1992; Ladizinsky
1979 for some legumes) and series of intermediate forms are then impossible to find.
With regard to quantitative characters as objectives of plant breeding such as yield, a
complete range between the extremes is present. For instance, in one specific backcross
generation in Zea mays (maize), yield was based on 44 different QTLs (Stuber 1989).
Monogenic, oligogenic or polygenic inheritance has been found for resistances against
pests and diseases (Kofoet et al. 1990; Van der Beek ef al. 1992, 1994; Maisonneuve
et al. 1994) and for morphological characters (Kennard et al. 1994; Song et al. 1995;
Bradshaw et al. 1995), and therefore, the existence of intermediate forms depends on the
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genetic system involved. So, both theories of phyletic gradualism and punctuated
equilibria can be applied to the adaptation of crops plants to the requirements of man.

In an ecological sense, in addition to human requirements, crop plants are adapted to
the growing conditions of man-made habitats. These habitats can range from com-
pletely artificial (glasshouses) to only weak disturbance (production forests, roadsides).
In any situation weeds may be found in these habitats. Weeds can be defined either
according to unwantedness for man or to ecological preferences (Harlan 1992). They
can be genetically related to a crop and originate after hybridization or escape, or just
unrelated mimics (Barrett 1983). In the framework of the current discussion it is
sufficient to focus on the capability of weeds to grow in man-made habitats as crops do,
and on their ability to disperse their diaspores independently from man. Apparently
man-made habitats provide unintentionally niches to two types of plants additional to
crops, for which these habitats are specifically designed: (i) for weeds genetically related
to crops, which is to be expected, and (ii) for unrelated weeds. The existence of the last
category implies that man-made habitats provide niches in an ecological sense just as
natural habitats do. It can be concluded that there is no principal difference between
natural, disturbed or man-made habitats. The adaptation of crops to the latter category
of habitats can be considered as a special form of anagenesis. It is of importance to
consider whether the new traits or new combinations of characters can be transferred
from domesticated to wild plants or vice versa.

INTROGRESSION AND MIGRATION AS BRIDGES BETWEEN
WILD AND DOMESTICATED PLANTS

Hybridization is an important mechanism in nature (Anderson 1949; Grant 1981; Small
1984, Abbott 1992), although its importance to plants is much greater than to animals
(Dobzhansky et al. 1977). Stace (1975) estimated the extent of hybridization in the flora
of the British Isles. He found successful hybridization in 55 plant families and a
considerable amount of hybrids in 14 of them (Stace 1975). A total of 23 000 species
combinations (excluding orchids) was estimated on a total amount of approximately
250 000 plant species (Van Damme 1992). Many specific situations have been studied;
the case of Iris is a classical example (Nason et al. 1992).

Hybridization is a specific case of migration at and above the species level. When
plant dispersal units migrate to a population of a closely related species, the impact of
migration depends not exclusively on the migration rate, but also on the effectivity of the
RIBs, which finally determines the level of successful hybridization and introgression
(Abbott 1992). The importance of RIBs between species is expressed by the sizes of the
arrows prior and after the RIB-box in Fig. 1: only in the case of fertile F; plants can gene
flow between two species occur, and a contribution to the next generation is indicated
by the arrow in the lower right corner of Fig. 1. Notwithstanding the importance of
RIBs, the mentioned estimated number of hybrid combinations (Van Damme 1992)
equals about 9% of the number of vascular plants.

An attempt to calculate the level of gene flow during hybridization has been made by
the development of the so-called crossability coefficient (Van Raamsdonk 1992). In this
coefficient three subsequent stages are included, i.e. the production of seeds, the
germination of seeds and the generative phase of the offspring. In each of these
stages the result is scored. The coefficient is calculated by using a formula which is
based on the three scores, and it ranges from zero (completely interfertile) to one
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(completely intersterile). The coefficient can be interpreted as a distance and dendro-
grams with crossability relationships have been calculated in several crop examples
(Van Raamsdonk 1990, 1992, 1995; Van Raamsdonk et al. 1992, 1995; Van Raamsdonk
& Sandbrink 1995). Crossability dendrograms appeared to be useful in molecular
variation studies concerning nuclear (n) DNA as well as chloroplast (cp) DNA. In
Allium subgenus Rhizirideum the phylogenetic distance based on nDNA between
A. cepa (onion) and A. roylei is far greater than the distance based on cpDNA. The
topology of the cpDNA tree appeared to be identical to the crossability dendrogram,
and introgression of cytoplasm (chloroplast capture) was proposed as cause of the
homology (Van Raamsdonk & Sandbrink 1995). This example of A/lium indicates that
the crossability coefficient can be useful in studies of introgression, but it is necessary to
stress that the coefficient is designated as crossability coefficient, since only stages
concerning the production of the first hybrid generation are involved. In order to use the
same concept for an introgression coefficient, the formula should be extended to the next
backcross generations, in the same way as the current crossability coefficient is an
extension compared to the index used by Shore & Barrett (1985).

The rate of hybridization between domesticated plants and their wild relatives and of
escape of domesticates has been estimated in the form of a so-called Dpy¢ code for 36
crop plants at the species level and for some genera (De Vries et al. 1992). The D4 code
is designed for estimation of the risk of gene transfer from transgenic plants. It is a
compilation of the chance of spontaneous gene dispersal by means of pollen (p), the
chance of spontaneous dispersal by seed or other diaspores (d), and the distribution
frequency of the crop in the wild (f). The higher the three values the higher the rate of
hybridization and/or migration and, hence, the higher the risk of transgenic plant
release. All possible combinations of values for p, d and f have been classified in
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Table 2. List of 36 species arranged according to estimated rate of hybridization and/or migration
between crop and wild relatives (taken from De Vries et al. 1992; pdf values in brackets taken
from Frietema 1994), with indications of the chance of spontaneous gene dispersal by means of
pollen (p), the chance of spontaneous dispersal by seed or other diaspores (d), and the distribution
frequency of the crop in the wild (f), possibility of hybridization with wild relatives (hyb),
establishment of hybrids (est), occurrence of wild relatives in The Netherlands (rel), possibility of
escape (esc), possibility of naturalizing (nat), predominance of self- or cross-pollination (poll.) and
crop domestication model (model: Van Raamsdonk 1995). Model types are ‘wheat’ (artificially
polyploid crops), ‘cotton’ (naturally polyploid crops), ‘soybean’ (diploid crops, predominantly
autogamous), ‘c/w’ (crop-weed complexes, extensive hybridization) and ‘(c/w)’ (at least some
aspects of crop—weed complexes)

pdf Species name hyb. est. rel. esc. mat. poll model

Limited rate of hybridization and migration

000 Anthurium andreanum no no no no no
010 Cucumis melo no no no no no self
010 Cucumis sativus no no no no no self cotton
010 Phaseolus vulgaris no no no occ no self  soybean
010 Pisum sativum no no no yes no self  soybean
010 Rheum x hybridum no no no oOcC NOo  Cross
010 Scorzonera hispanica no no no occ no
010 Secale cereale no Nno no oOcc NnoO  Cross
011 Lupinus luteus no no NO OCC NO  Cross
021 Lycopersicon esculentum no no no yes no self* (clw)
110 Allium cepa no no no oO¢cc no cross Ssoybean
110 Allium porrum ? no dist occ no cross cotton
111 Brassica oleracea yes oOcC yes OcC no  Cross (clw)
120 Solanum tuberosum no no no yes occ self wheat
210 Vicia faba no no no occ occ self soybean
Medium rate of hybridization and migration
122 Brassica napus occ ? dist yes occ
222 Fragaria % ananassa occ no dist yes occ cross
312 Avena sativa occ occ yes occ occ  self* (clw)
337 Cichorium endivia yes ? yes occ ? self
411 Beta vulgaris yes yes yes yes no  Cross clw
441 Lilium bulbiferum ocC no yes occ no
441 Narcissus pseudonarcissus occ occ yes yes yes
441 Tulipa sylvestris no no yes oOcc yes
High rate of hybridization and migration :
347?74 42) Lactuca sativa occ rare yes occ ? self  soybean
347 Raphanus sativus yes yes yes Yyes yes  Cross clw
442 Asparagus officinale yes ? yes occ yes  Cross
442 Cichorium intybus yes ? yes yes yes Cross
442 Medicago sativa yes yes yes yes yes cross cotton
443 Brassica rapa yes ?7 yes yes oOcc  Cross (clw)
443 Daucus carota yes yes yes oOcC no  Cross clw
443 Trifolium repens yes yes yes yes ? Cross
543 Agrostis capillaris yes yes yes yes yes cross?
543 Agrostis stolonifera yes yes yes yes yes cCross?
543 Festuca pratensis yes yes yes yes yes  Cross clw
543 Lolium perenne yes yes yes yes yes  Cross clw
543 Poa pratensis occ ? yes yes yes  Cross

*Interfertility with related species.
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Fig. 2. Principal component plot based on four characters concerning the expectation of the rate of
hybridization and migration of 36 crops in The Netherlands. The boundaries of the shaded areas resulted from
the analysis. The sign of each crop is chosen according to the indication of De Vries et al (1992). Meaning
of indications: light shading+circles=limited rate; medium shading+squares=medium rate; dark
shading+triangles=high rate.

three classes indicated as no, some and substantial ecological risk (De Vries et al. 1992;
Table 2). In this paper these three classes will mainly be discussed in terms of limited,
medium and high exchange rates. I have tabulated data on five additional parameters:
possibility of hybridization (hyb), establishment of hybrids (est), occurrence of wild
relatives in The Netherlands (rel), possibility of escape (esc), and possibility of
naturalizing (nat). A major part of these data was collected by De Vries et al. (1992) for
The Netherlands and further completed with data from some other sources (Keeler
1989; Raybould & Gray 1993). The total of eight parameters has been subjected to
multivariate analysis using the program package IRIs (Van Raamsdonk 1988). The
highest correlation was found between hyb and est (0-940). Other high correlations were
found between p and est (0-891), hyb and rel (0-874), p and f (0-872), d and f (0-872), and
p and rel (0-862). The parameters p, d and f were excluded prior to principal component
analysis since the indication of exchange rate based on these three parameters will be
used as an a posteriori overlay on the principal component plot. The parameter hyb is
also excluded because of its high correlation with other parameters in order to avoid a
too high level of redundancy in the dataset.

The resulting principal component plot is presented in Fig. 2. The x-axis represents
70-6% of the total variation. The possibility of hybridization appears to be more
important in the presented distribution than the possibility of escape by means of seeds,
as can be concluded from the factor loads, which is in concordance with literature
studies (Ellstrand & Hoffman 1990). The classification of no (circles), some (squares)
and substantial (triangles) exchange rate is generally well based on the used parameters
est, rel, esc and nat. However, in detail some specific crops take aberrant positions in the
plot. The estimation of exchange rate of De Vries et al. (1992) of crops like Narcissus
pseudonarcissus, Beta vulgaris, Avena sativa, Lactuca sativa and Brassica oleracea should
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Fig. 3. Interpopulation mating rates estimated by paternity analysis by means of allozyme data of Raphanus

sativus (Klinger et al. 1991) and Helianthus annuus (Arias & Rieseberg 1994) compared to data of other plant
species (Ellstrand & Hoffman 1990).

be reconsidered. Gregorius & Steiner (1993) reached the same conclusion for Narcissus
pseudonarcissus and Lactuca sativa. There is a strong correlation between estimated
exchange rate and allogamy (Table 2). Lactuca sativa is the only autogamous crop
classified with an estimated high exchange rate. Further study of this crop resulted in a
higher D4 value due to the presumed conspecificity of L. sativa and its progenitor
L. serriola (Frietema et al. 1994). This conspecificity is not supported by the results
obtained by De Vries & Van Raamsdonk (1994; Van Raamsdonk & Van der Maesen
1996). The frequency of escape of L. sativa is still unknown. Brassica oleracea is
considered to be not indigenous in The Netherlands (De Vries et al. 1992) but northern
European races are assumed to have contributed to the present day crop (Hodgkin
1995). This assumption, and the span of the species concept used determine whether or
not wild relatives and gene flow exist (Van Bothmer 1995). At least some aspects of
crop/weed complexes can be recognized (Van Raamsdonk 1995).

Additional information from case studies is available for some other crops listed in
Table 2. Considerable gene flow estimated from cpDNA variation patterns is reported
in Beta vulgaris (Boudry et al. 1993) and in Trifolium pratense (Milligan 1991), which is
a relative of T. repens possessing the same reproductive system. The gene flow in
Raphanus sativus (Klinger et al. 1991; see also Gregorius & Steiner 1993) estimated by
means of allozyme variation is considerable compared to other data (Ellstrand &
Hoffman 1990; Arias & Rieseberg 1994; Fig. 3). Observable gene flow in Agrostics
capillaris (under the synonym of A. tenuis) was found at a distance of 8000 m (Fig. 3).
Hybrids between Brassica napus and B. rapa can be fertile to a large extent and gene flow
from B. napus has been detected at a distance of 2000 m (Williamson 1993; Timmons
et al. 1994). This information could provide an improved fundament to D4 codes
for these crops.

There is also a certain indication that crops of which the domestication can be
described according to the so-called Chilli Pepper model (crop/weed complexes; Van
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Raamsdonk 1995; Van Raamsdonk & Van der Maesen 1996; Table 2) possess potential
risk which is obviously due to the capability of these crops to contribute to hybrid
swarms. Genetic exchange between domesticates and wild plants may play a greater role
than estimated from the current data (Table 2), since these data represent the situation
in The Netherlands. Crops without relatives in The Netherlands may be capable of
hybridization and/or migration in their centre of origin. For example, Helianthus annuus
(sunflower) was excluded in the Dutch study (De Vries et al. 1992) and was considered
to have only minimal gene flow in an English study (Raybould & Gray 1993), while
considerable gene flow was found in America (Rieseberg & Soltis 1991; Fig. 3). Studies
concerning the possibility of genetic exchange should be based on globally collected
data, as was also concluded by Bartsch et al. (1993) in the case of Beta vulgaris.

THE OCCURRENCE OF HORIZONTAL GENE TRANSFER
IN NATURE

Besides mutation, either on the gene, chromosome or genome level, and hybridization, a
third mechanism can be recognized as a source of new variation within a population.
Horizontal gene transfer is defined here as the transfer of genetic material from one
species to another, sexually incompatible species by means of a vector, which does not
belong to the nature of the organism. The term horizontal is used in contrast to vertical
transfer, which is the sexual transfer of DNA from one generation to the next within the
same species. The transfer of DNA from one eukaryotic to another eukaryotic species by
a prokaryotic vector (bacterium) is a special situation covered by this definition. Transfer
of prokaryotic DNA to an eukaryotic organism is excluded by using this definition, but
most authors use a concept which includes all types of transfer except vertical. I use the
given definition in this paper in order to be able to compare the occurrence in nature with
genetic modification in laboratory experiments, called genetic modification.

Examples in the plant kingdom of characters presumed to be the product of
horizontal transfer are rare. Of a list of nine documented cases of horizontal transfer
(Syvanen 1994), six apply to prokaryotic—eukaryotic DNA transfer, two examples
involve chloroplast-nucleus DNA transfer and one example concerns cytochrome c.
This enzyme, as found in Arabidopsis thaliana, shows much more affinity at the
molecular level to that of Neurospora than to those of other angiosperms (Kemmerer
et al. 1991). The evidence for horizontal gene transfer is usually poor or conflicting
(Prins & Zadoks 1994) or circumstantial by means of testing phylogenetic incongru-
encies between species trees and gene trees (Syvanen 1994). One of the nine cases of the
list of Syvanen (1994) refers to Fe superoxide dismutase (Fe SOD) found in Fuglena
gracilis (Lengfelder & Elstner 1979), Brassica rapa (Salin & Bridges 1980), Entamoeba
histolytica (Smith et al. 1992) and representatives of some other angiosperm families
(Prins & Zadoks 1994). Fe SOD is assumed to be of prokaryotic origin (Salin & Bridges
1980; Syvanen 1994), but this assumption is based only on the erratic distribution of Fe
SOD among plants. The assumption of several independent horizontal transfers is not
likely (Prins & Zadoks 1994). A further example concerns the resistance gene for the
bacteria Pseudomonas syringae f. sp. tomato, which has been found in the unrelated
species Lycopersicon esculentum (Solanaceae; Keen et al. 1990) and in Arabidopsis
thaliana (Cruciferae) and Glycine max (Leguminosae; Whalen et al. 1991). The matching
of the resistance gene of these species and the avirulence gene of P. syringae is identical
at the molecular level in all three species. The most likely explanation so far seems to be
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horizontal gene transfer (Zadoks & De Wit 1992), although the plant species mentioned
originate from Central America, Europe and eastern Asia, respectively, and it is to be
expected that geographic isolation will prevent horizontal gene transfer. Examples of
homology between transposable elements are also more frequent in animals than in
plants. In the animal kingdom several cases of presumed horizontal gene transfer
between species of Drosophila were documented, for instance the P transposable element
(Daniels et al. 1990; Kidwell 1992). The transposase amino acid sequences of hobo in
Drosophila melanogaster, Ac in Zea mays and Tam3 in Antirrhinum majus show a higher
similarity than may be concluded from the phylogenetic distances (Capy et al. 1994). On
the other hand, the similarity between Ac or Ac-like transposons of Zea mays and
Pennisetum glaucum (both Gramineae) is not higher than that between the Adhl genes
of the same species (MacRae & Clegg 1992). Unexpected transposon similarities have
also been found in strains of Escherichia coli (Lawrence et al. 1992). Retroviruses may
play an important role as vector of horizontal transfer in nature (Capy et al. 1994). In
all cases arguments for and against horizontal gene transfer are put forward (Capy et al.
1994; Cummings 1994). Other explanations of the detected similarities in spite of the low
relationship between the carrying species may include loss of certain sequences by
genetic drift, strong selective pressures, ancestral polymorphism, differences in evolution
rate, treating orthologous genes as if they are paralogous, and convergence or parallel
evolution (Capy et al. 1994; Syvanen 1994; Prins & Zadoks 1994). The first two
mechanisms also modify the result of hybridization (Fig. 1). Ancestral polymorphism,
also called phylogenetic sorting (see Doyle 1992) has to be investigated more fully in the
presumed cases of horizontal gene transfer. It has been stated that cases of convergence
may occur more often than previously assumed (Van Raamsdonk 1993). Direct proof of
horizontal gene transfer between angiosperms should include evidence on the vector and
on the specific transfer mechanism involved. Before accepting the scattered distribution
of transposable elements as proven cases of horizontal gene transfer, the genetics of
transposable elements have to be completely understood.

There are reasons why the effectivity of horizontal gene transfer in hlgher organisms
should differ largely between plants and animals. This difference is caused by the
presence of cell mobility, of a circulatory system, of an immunological system and of a
germ line in animals (Klekowski 1988). The existence of uncontrolled growth of cancer
cells after transformation can ruin the immunological system and cause death occasion-
ally. The circulatory system can act as an effective vector for cancer cells, The
transformed genotype will only be transferred to the next generation when the
transformed cells belong to the specific germ line in animals. On the other hand, plants
lack the special features as mentioned, although Prins & Zadoks (1994) recognized a
germ line in plants. Tumour-like structures can develop in plant tissues, but cancer will
not result due to the presence of permanent cell walls among other reasons (Klekowski
1988). Because of the lack of a germ line initiated early in the ontogenic development in
higher plants (Wei & Mahowald 1994), a transformed cell may have a certain chance of
being involved in gametogenesis and of contributing to the next generation (Prins &
Zadoks 1994; generative HGT), or an even greater possibility of being involved in
vegetatively propagated clones (Prins & Zadoks 1994; vegetative HGT).

The mechanism of horizontal gene transfer in the sense of the given strict definition
has not yet been proved to take place in higher organisms, while it is a recognized
phenomenon between prokaryotes (Levy & Miller 1989; Bergmans 1992; Lopez-Pila &
Scheler 1993; Van Raamsdonk 1993; Prins & Zadoks 1994). The Ti-plasmid of
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Table 3. Transformation frequencies using Agrobacterium tumefaciens. The frequency denotes
number of transgenic shoots per 100 inoculated transplants

Plant species, tissue Frequency Reference

Flax, hypocotyle 1-7-16-7 Dong et al. 1993
Petunia, shoot tips 11 Ulian et al. 1988
Cucumber, petiole, leaf segments 2-9 Sarmento et al. 1992
Tomato, leaf discs up to 100 Davis et al. 1991
Poplar, stems up to 60 Leple et al. 1992

Agrobacterium tumefaciens, when incorporated in the genome of a host is considered not
to be transferred to the next generation of this host in nature (Zadoks & De Wit 1992).
Any attempt to discuss the impact of horizontal gene transfer on natural evolution has
to be made indirectly. Data on frequency of successful transformation of leaf discs or
cell cultures are available. The frequency of transformation using A. tumefaciens as
vector ranges from 2 to 100% (Table 3). The rather high rates of horizontal DNA
transfer under laboratory conditions resulted in the statement, that ‘if a mechanism so
potentially useful existed, nature would find a way to use it’ (Syvanen 1994, p.238).
There is some limitation of the impact that horizontal gene transfer may have on the
structure of the gene pool (Fig. 1). It could be expected that exchange of DNA of
physically isolated populations, either geographically (allopatry) and ecologically
(allotopy), will be limited. The other RIBs are not effective, as is illustrated by the size
of the arrows prior and after the RIB-box in Fig. 1.

CONCLUSIONS

The occurrence of interspecific hybridization or cladogenesis in the framework of
domestication depends on the span of the species concept. A narrow species concept
results when discontinuities are all translated to differences between formal taxa
(Stuessy 1990). On the other hand, in a situation where species include a considerable
amount of variation the frequency of interspecific hybridization can be expected to be
low. It can be concluded from the presented examples that acceptance of a moderate
point of view on the span of species results in supposition of cladogenesis of cultigens
at the specific level. Specific case studies on the relationship between domesticated and
wild plants should also emphasize this aspect, as is illustrated by the examples given of
Lactuca sativa and Brassica oleracea.

The restriction by RIBs of hybridization and introgression, and of horizontal gene
transfer differs (Fig. 1). When not physically isolated, horizontal gene transfer is less
restricted by RIBs, provided that an effective vector is available. Horizontal gene
transfer may have a serious effect on phylogenetic results. Phylogenetic reconstruction
is usually based on the distribution of derived states of the observed characters. The
parsimony principle leads to a minimalization of the number of parallel occurrences of
an apomorphic character state. Horizontal gene transfer will manifest itself as a special
case of parallel evolution. The more characters are included in a phylogenetic analysis,
the more cases of parallel evolution will be allowed. In small datasets, especially at the
DNA level, parallel evolution and horizontal gene transfer may seriously bias the
resulting phylogenetic tree. It is necessary to estimate the frequency and effect of
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horizontal gene transfer in nature. Study of the mechanism and vector involved can be
promoted by knowledge achieved in biotechnological experiments.

The contribution of domestication to plant evolution is twofold as stated; namely, a
contribution in terms of actual material and in terms of knowledge. Plant material
resulting from plant breeding efforts in particular cases can be considered species in an
evolutionary sense. New character combinations can be transferred to natural popula-
tions by means of hybridization. New mechanisms are currently in development for the
transfer of genetic material. The recent discussion and research regarding the occurrence
of this mechanism in nature is promoted by the recent advancements in biotechnology.
The difference between the mechanisms included in the processes of domestication and
plant evolution increases by the development of new plant breeding techniques.
However, when resultants and objectives are studied, the similarities between the
processes are more prominent than the differences.

It can be concluded that the process of domestication has a recognizable effect on
evolution and it is important to pay attention to new developments in modern plant
breeding in the framework of evolutionary studies (Briggs & Walters 1984). Some sort of
‘co-evolution’ between studies on evolution and domestication could be mutually beneficial.
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