
HISTORICAL PERSPECTIVE ESSAY

Transfer and Origin of Adaptations through Natural Hybridization:
Were Anderson and Stebbins Right?

The biographer Ronald Clark once de-

scribed the influential evolutionary mathe-

matician J.B.S. Haldane as ‘‘. . .among the

last of the ‘string-and-sealing-wax’ scien-

tists, the men who could achieve results by

themselves, without the aid of a committee,

and who could, without the help of another

committee, see how their discoveries fitted

into the larger pattern of scientific knowl-

edge’’ (Clark, 1984). This sentiment is also

true for the equally influential evolutionary

botanists Ledyard Stebbins and Edgar

Anderson. Indeed, the last decade has

witnessed a renaissance of studies (e.g.,

Arnold, 1992, 1997, 2004; Grant and Grant,

1992, 2002; Dowling and DeMarais, 1993;

Rieseberg, 1997; Rieseberg et al., 2003)

into the evolutionary role of natural hy-

bridization—for example, the natural in-

terbreeding of individuals from wild

populations that can be distinguished on

the basis of one or more heritable charac-

ters (Harrison, 1990; Arnold, 1997)—the

process explored and described exten-

sively by these investigators (e.g., Anderson

and Stebbins, 1954). Through new insights

and investigations, the general conceptual

framework proposed by these authors, that

natural hybridization was evolutionarily cre-

ative through the origin of new species and

adaptations (or the transfer of adaptations

between the hybridizing forms), has been

extended greatly in the last 10 years.

However, just as thework of J.B.S. Haldane

remains broadly applicable to evolutionary

concepts (e.g., Haldane, 1948, 1949), so

also do the original experimental and

conceptual studies of Anderson and Steb-

bins (e.g., Anderson and Hubricht, 1938;

Anderson, 1948, 1949; Stebbins, 1959).

In this essay, I will consider only one of

the two creative outcomes of the process

of natural hybridization emphasized by

these investigators, the origin/transfer of

adaptations. As Anderson (1948) stated,

‘‘The commonest result of hybridization is

introgression’’ (i.e., the transfer of genetic

material between hybridizing taxa through

backcrosses; Anderson and Hubricht,

1938). This is not to suggest that speciation

via hybridization is less important than the

transfer or origin of adaptive traits. Indeed,

hybrid speciation is recognized as a major

outcome when species cross in nature,

particularly when one considers allopoly-

ploid plant taxa (Stebbins, 1947; Grant,

1981; Arnold, 1997; Rieseberg, 1997).

Furthermore, such hybrid speciation may

result from the origin of novel adaptations

(as discussed below; Rieseberg et al.,

2003). Yet, I wish to emphasize the com-

mon conceptual framework of seminal

work from the first half of the 20th century

through to the present day that investigates

the transfer and origin of adaptations

through natural hybridization. I will argue

that our contemporary studies are part of

an historical lineage dating from at least

the work of Stebbins and Anderson—that

many of us, like Newton, are indeed

‘‘. . .standing on the shoulders of giants.’’

INTROGRESSION OF

ADAPTATIONS—EVIDENCE FROM

PLANTS, ANIMALS, AND MICROBES

‘‘If introgression proves to be a primary

factor in evolution it will be because it so

greatly enriches variation in the participat-

ing species. . .’’ (Anderson, 1949). This

quote reflects the importance that Ander-

son, Stebbins, and other workers placed

on the process of gene transfer between

hybridizing forms. But the transfer of

genetic material through introgression

was not seen as the evolutionarily impor-

tant end product. Instead, as Anderson and

Stebbins (1954) hypothesized, ‘‘By intro-

gressive hybridization elements of an en-

tirely foreign genetic adaptive system can

be carried over into a previously stabilized

one, permitting the rapid reshuffling of

varying adaptations and complex modifier

systems. Natural selection is presented. . .

with segregating blocks of genic material

belonging to entirely different adaptive

systems.’’

The transfer of adaptations from one of

the hybridizing forms into the other could

lead to a geographic range extension by

the introgressed taxon, reflecting the in-

vasion of ecological settings available pre-

viously to only the alternate parental taxon.

An examination of evolutionary literature

published during and subsequent to the

neo-Darwinian synthesis identifies empiri-

cal and conceptual studies that describe

phenomena consistent with the transfer of

adaptations through introgressive hybrid-

ization. It is a truism that a comparative

approach is necessary for strong evolu-

tionary inferences. In this regard, I will

discuss seven examples, including three

cases for plants (Iris: Riley, 1938; Ander-

son, 1949; Arnold and Bennett, 1993;

Helianthus: Heiser, 1951; Kim and Riese-

berg, 1999; Cowania/Purshia: Stutz and

Thomas, 1964) and two examples each

from animals (Dacus, now Bactrocera:

Lewontin and Birch, 1966; Morrow et al.,

2000; Anopheles: Wang et al., 2001; Gen-

tile et al., 2002; Besansky et al., 2003) and

microbes (Haemophilus influenzae: Kroll et

al., 1998; Smoot et al., 2002; Trypanosoma

cruzi: Machado and Ayala, 2001).

Iris

Anderson (1949) used the Louisiana Iris

species complex and, in particular, Iris fulva

and I. hexagona as his typical example for

the process of introgressive hybridization.

Natural hybridization between these spe-

cies was seen as a type for understanding

the process of introgression from its initia-

tion to its diverse evolutionary and ecolog-

ical outcomes. Because Anderson (and

Stebbins) viewed the potential evolutionary

outcomes of this process as pervasive and
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important, it is instructive to reexamine one

of the examples thought by them to be so

illustrative. In particular, given the current

topic, it is important to ask if there is

evidence for the exchange of adaptations

between these species, allowing the alter-

nate forms to invade habitats characteristic

of their partner in hybridization. The evi-

dence for the transfer of adaptations be-

tween I. fulva and I. hexagona comes from

both experimental and descriptive studies.

It is now well established that hybridiza-

tion and introgression between I. fulva and

I. hexagona (and a third species, I. brevi-

caulis) is common and widespread (Viosca,

1935; Riley, 1938; Arnold, 1994). This

introgression has resulted in the transfer

of genetic material in areas of sympatry and

into allopatric populations of each species

(Arnold et al., 1990; Arnold, 1993). In

addition, these species and their hybrids

differ in their ecological adaptations, as

evidenced by their demonstrating a range

of fitnesses across different environments.

For example, by exposing the different

genotypes to various levels of light re-

duction, Bennett and Grace (1990) dis-

cerned that I. fulva possessed a high level

of shade tolerance compared with I. hex-

agona. They also found that hybrid geno-

types demonstrated different fitnesses

when exposed to a range of light reduc-

tions (Bennett and Grace, 1990). Finally,

Emms and Arnold (1997) detected varying

fitness estimates for these species and

their hybrids when the genotypes were

placed into natural settings in southern

Louisiana (Figure 1).

The final piece of evidence that indicates

the possible role of introgression in trans-

ferring the traits underlying these alternate

adaptations comes from analyses of natu-

ral hybrid zones (i.e., a region in which

natural populations of individuals that are

distinguishable on the basis of one or more

heritable characters overlap spatially and

temporally and cross to form viable and at

least partially fertile offspring; Arnold,

1997). In particular, Arnold and Bennett

(1993) reported a significant association

between the proportion of I. fulva genetic

material in introgressed I. hexagona plants

and the degree of natural light reduction

they experienced. Although these plants

were phenotypically I. hexagona, the indi-

viduals that possessed higher frequencies

of I. fulva markers occurred in areas

characterized by significantly lower light

levels. This finding—I. hexagona-like plants

introgressed by I. fulva growing within

shade levels known to significantly reduce

the fitness of I. hexagona (Bennett and

Grace, 1990)—suggests strongly that the

genetic architecture of the shade tolerance

adaptation has been introgressed into

these hybrid plants.

Helianthus

The second case of putative adaptive

introgression involves the plant species

Helianthus annuus and H. debilis ssp cucu-

merifolius. Heiser (1951) proposed that the

morphological similarity of H. annuus pop-

ulations in eastern Texas to H. debilis ssp

cucumerifolius was attributable to intro-

gression from the latter species into the

former. Contemporary hybrid populations

were identified between these two species,

supporting the hypothesis of introgression.

Furthermore, Heiser (1951) argued that this

introgression likely involved the transfer of

H. debilis ssp cucumerifolius ecological

adaptations into H. annuus. He thus stated,

‘‘Helianthus annuus when it was first in-

troduced. . .may have been poorly adapted

and hence there might have been some

selective premium placed on those hybrid

forms which contained genes from H.

debilis var cucumerifolius, a species already

well adapted to this area.’’
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Figure 1. Clonal Reproduction of Transplanted Rhizomes of I. fulva, I. hexagona, and Their F1 and F2

Hybrids.

(A) Probability of new ramet production. Data show least-squares means1 1 SE of genotype means for

each plant class at each site (i.e., means are adjusted for the effect of rhizome mass).

(B) Proportional change in rhizome mass. Bars sharing a letter within each site do not differ significantly

at P\ 0.05 after adjustment for multiple comparisons (from Emms and Arnold, 1997).
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Kim and Rieseberg (1999) tested the

above hypothesis using an elegant analysis

of quantitative trait loci (QTL) variation

associated with species-specific morpho-

logical characteristics (Figure 2). Using this

approach, these authors demonstrated that

the introgression of three chromosomal

blocks from H. debilis ssp cucumerifolius

intoH. annuuswas sufficient to produce the

unique H. annuus phenotype found in the

eastern Texas populations. Though this

study was not designed to test directly the

fitness effects of these QTL, the fact that

these elements recreate the introgressed

H. annuus phenotype suggests their in-

volvement in adaptive trait introgression.

Cowania/Purshia

The final example I wish to discuss, for

which adaptive trait introgression among

hybridizing plant species has been hypoth-

esized, comes from the work of Stutz and

Thomas (1964). These authors described

extensive hybridization between the mor-

phologically and ecologically divergent

Cowania stansburyana (cliffrose) and Pur-

shia tridentata (bitterbrush). Though the

area of sympatry and hybridization inclu-

ded ‘‘. . .nearly the entire state of Utah. . .’’

(Stutz and Thomas, 1964), the two species

were largely separated because of C.

stansburyana and P. tridentata occurring

at elevations of 5000 to 8000 feet and 3000

to 6500 feet, respectively. However, where
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Figure 2. Linkage Map and Genomic Positions of QTL Affecting Species-Specific Vegetative and Floral Characteristics Found in H. annuus and H. debilis

ssp cucumerifolius.

Horizontal lines indicate genetic marker locations, with their designations given below each linkage group. Map distances between markers are indicated by

numerals to the left of linkage groups. QTL positions and the magnitude of their effect are indicated to the right of the linkage groups (from Kim and Rieseberg,

1999).
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the species overlapped, hybridization was

nearly ubiquitous; thus, nonintrogressed

populations in Utah were rarely detected

(Stutz and Thomas, 1964).

Two findings by Stutz and Thomas (1964)

suggested that introgression had facilitated

the transfer of ecological adaptations. The

first involved the southernmost Purshia

populations. These populations (1) pos-

sessed hybrid index scores (i.e., a numeric

assignment reflecting the proportion of

Purshia and Cowania morphological traits)

indicative of introgression from Cowania

and (2) occurred in atypical (for Purshia)

xeric settings. Stutz and Thomas (1964)

argued that introgression from xeric-adap-

ted Cowania populations had allowed the

invasion of the southern Purshia popula-

tions into Cowania-like habitats. The sec-

ond observation suggesting an adaptive

role for introgression from Cowania into

Purshia involved populations of the latter

species that were found further north than

any Cowania populations. In these northern

populations, the introgression of genes

from Cowania causing unpalatability was

strongly inferred. Indeed, selection was

hypothesized to have driven this favorable

introgressed phenotype to near fixation far

north of any contemporary area of overlap

(Stutz and Thomas, 1964).

Bactrocera

Lewontin and Birch (1966) were the first to

propose the now classic zoological exam-

ple of adaptive trait introgression involving

the Australian fruit fly species Bactrocera
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Figure 2. (continued).
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tryoni and B. neohumeralis (formerly Dacus

tryoni and D. neohumeralis). According to

these authors, hybridization between the

Bactrocera species had resulted in (1) the

introgression of a morphological marker

and (2) outbreaks of B. tryoni on temperate

crops, such as apples and peaches, as well

as tropical fruit species, such as guavas. It

was proposed that introgression from B.

neohumeralis into B. tryoni allowed the

latter species to expand its range into ad-

ditional areas of cultivation. Although this

hypothesis was subsequently discounted

(Gibbs, 1968; Birch and Vogt, 1970), more

recent applications of molecular genetic

markers have supported the original con-

clusion that B. neohumeralis genes have

introgressed into B. tryoni (Morrow et al.,

2000). Pike et al. (2003) found that the

cause of the asymmetry in gene flow

between these two species—from B. neo-

humeralis into B. tryoni—was a difference

in mating period. In conclusion, the hypo-

thesis that introgression can greatly ex-

pand a pest species’ niche (Lewontin and

Birch, 1966) is supported by findings from

the Bactrocera complex.

Anopheles

The second zoological example I wish to

highlight involves the malarial vectors,

Anopheles gambiae and An. arabiensis. It

is important to first emphasize that signifi-

cant genetic discontinuities, indicating

a level of subspecific reproductive isolation,

have been detected within the widespread

An. gambiae (Gentile et al., 2002). Repro-

ductive barriers within this species are

reflected by the co-occurrence, in single

populations, of different genotypes at the

rDNA cistron. Indeed, different genotypic

variants were discovered for both the in-

ternal transcribed spacer and intergenic

spacer regions (Gentile et al., 2002). The

significant reproductive barriers within this

specieswere apparent from thepresenceof

(1) no heterozygotes for the different var-

iants and (2) nearly total linkage disequilib-

rium for the pairs of internal transcribed

spacer and intergenic spacer genotypes

defined as S/type I and M/type II (Gentile

et al., 2002). By contrast, other regions of

the genome demonstrated no such genetic

discontinuities (Wang et al., 2001; Gentile

et al., 2002). These opposite patterns of

introgression versus no introgression of

different genomic regions indicate the semi-

permeability (Key, 1968) of the S and M

genomes; someregions recombineatahigh

frequency, whereas others, like the rDNA

cistron, recombine rarely.

The semipermeability of genomes is also

apparent when we consider the genetic

architectures of the sibling species An.

gambiae and An. arabiensis. In particular,

Lanzaro et al. (1998) and Besansky et al.

(1997) reported limited and extensive in-

trogression of nuclear and mitochondrial

markers, respectively. Recent studies have

supported the hypothesis of past and

contemporary introgression between these

two species (Wang et al., 2001; Besansky

et al., 2003). With regard to the present

topic, the most important conclusion was

stated in the following manner: ‘‘The pro-

posed acquisition by An. gambiae of se-

quences from the more arid-adapted

An. arabiensis may have contributed to

the spread and ecological dominance of

this malaria vector’’ (Besansky et al., 2003).

Like irises, sunflowers, and Australian fruit

flies, the change in ecological tolerances

and subsequent invasion of this disease

vector is likely because of introgressive

hybridization.

Trypanosoma

Trypanosoma cruzi is the protozoan para-

site responsible for American trypanoso-

miasis or Chagas’ disease. This protozoan

species is well known for its genetic and

phenotypic variability (Machado and Ayala,

2001). To test whether this variability

was attributable to natural hybridization,

Machado and Ayala (2001) used an analy-

sis of DNA sequence variation at unlinked

genes. They concluded that natural hybrid-

ization had played an important role in the

evolutionary history of the T. cruzi lineage.

Furthermore, they proposed that the vari-

ation in the adaptations associated with

growth rate, pathogenicity, infectivity, and

drug susceptibility was because of intro-

gression between divergent lineages.

Haemophilus

The final example of the transfer of adap-

tations via introgressive hybridization

comes from the bacterial species Haemo-

philus influenzae. This species is one of the

most commonly isolated microorganisms

from the human upper respiratory tract

(Kroll et al., 1998). Although normally non-

pathogenic, it sometimes becomes inva-

sive, leading to serious illnesses. One of the

diseases caused by H. influenzae is Brazil-

ian purpuric fever. This disease was orig-

inally detected within a Brazilian population

of children, 70% of whom died from its

effects. Because Brazilian purpuric fever

was characterized by meningococcal sep-

sis, it was originally assumed to be caused

by ameningococcus species rather than by

H. influenzae (Kroll et al., 1998). However,

the disease was ultimately found to be

caused by an infection of H. influenzae

biogroup aegyptius, an organism previ-

ously known to cause only conjunctivitis

(Kroll et al., 1998). H. influenzae biogroup

aegyptius had thus somehow acquired the

meningococcal phenotype. Kroll et al.

(1998) hypothesized that the acquisition of

this phenotype resulted from the transfer of

virulence genes from Neisseria meningitidis

into H. influenzae. This hypothesis was

supported when Smoot et al. (2002) re-

ported evidence of introgression from the

pathogen into the previously nonpatho-

genic H. influenzae. This evidence also

supported the conclusion of Kroll et al.

(1998) that the transfer of the adaptations

between these species facilitated the origin

of a ‘‘. . .clone with the phenotype of rapidly

fatal invasive infection. . ..’’

ORIGIN OF NOVEL ADAPTATIONS

THROUGH NATURAL

HYBRIDIZATION—EVIDENCE FROM

PLANTS (AND MICROBES)

As with the examples of the transfer of

adaptations through introgression, the de

novo origin of adaptations not found in

either of the hybridizing taxa would allow an

ecological and geographical spread of

hybrid forms. However, the origin of novel

adaptations would facilitate the invasion of

HISTORICAL PERSPECTIVE ESSAY
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habitats not utilized previously by either

parent (Anderson and Stebbins, 1954). The

processes of exchange and origin of

adaptations through natural hybridization

are conceptually similar and somewhat

difficult to differentiate. However, a major

difference in the outcomes of the two

processes is that the origin of novel

adaptations may facilitate the formation of

stabilized hybrid species (Grant, 1981;

Arnold, 1997; Rieseberg, 1997). Anderson

and Stebbins (1954) argued that this was

likely because of the advent of ‘‘. . .new

adaptive systems, adapted to new ecolog-

ical niches. . .’’ (Anderson and Stebbins,

1954). I will use two examples to illustrate

the process whereby ecological adapta-

tions have arisen through hybridization be-

tween divergent lineages. The first comes

again from the annual sunflowers and the

second from the plant pathogen genus

Phytophthora.

Helianthus

Natural hybridization between the annual

sunflower species H. annuus and H. petio-

laris has led to the production of at least

three hybrid species (Heiser et al., 1969;

Rieseberg, 1991). Yet, the fact that hybrid-

ization between these two species has led

to hybrid species formation appears some-

what paradoxical. This is because early

generation hybrids between H. annuus and

H. petiolaris are highly infertile and inviable.

For example, F1 individuals demonstrate

pollen fertilities of 0 to 30%, and F2 and

first backcross generation individuals pro-

duce no more than 2% viable seed (Heiser

et al., 1969). Though seemingly counterin-

tuitive, hybrids formed from strongly iso-

lated lineages may stand a greater chance

of surviving in the face of potential re-

productive contact with their parents. In

spite of the extremely low fitness of the

initial hybrid generations, natural hybridiza-

tion between H. annuus and H. petiolaris is

ongoing and has produced numerous,

contemporary hybrid zones (Heiser et al.,

1969; Rieseberg, 1991). In regard to the

present review, the most significant finding

has been the confirmation of the formation

of stable hybrid lineages that possess

novel ecological adaptations (Lexer et al.,

2003; Rieseberg et al., 2003). The evidence

for these conclusions comes from (1)

genomic mapping of experimental hybrid

populations and the naturally occurring

hybrid species and (2) QTL mapping of

traits associated with the novel habitats

occupied by the hybrid species (Lexer et al.,

2003; Rieseberg et al., 2003). These results

indicate that hybrid sunflower genotypes

have formed that possess novel adapta-

tions to habitats in which the parental

genotypes are less fit (Lexer et al., 2003).

Phytophthora

Brasier et al. (1999) have concluded that

some plant disease epidemics may be

because of ‘‘. . .accelerated pathogen

evolution. . .as a consequence of genetic

exchange between introduced, or intro-

duced and resident, fungal pathogens. . ..’’

Brasier et al. (1999) emphasized the im-

portance of testing for the effects of natural

hybridization on the evolution of plant

pathogens because they might include

‘‘. . .the acquisition of new host specific-

ities. . .’’ and the ‘‘. . .emergence of entirely

new pathogen taxa.’’ As discussed above,

both outcomes have been postulated for

nonpathogenic species as well. The acqui-

sition of greater ecological diversity and the

origin of new species via hybridization and

introgression have been inferred for nu-

merous species complexes (Arnold, 1997;

Rieseberg, 1997; Schweitzer et al., 2002;

Rieseberg et al., 2003).

The evolution of hybrid fungal pathogens

is exemplified well by the genus Phytoph-

thora. This fungal taxon includes species

that infest cultivated (e.g., potato blight)

and native species (e.g., forest dieback;

Brasier et al., 1999). Significantly, patho-

genic isolates (1) possess hybrid geno-

types and (2) are genetically very similar to

the nonpathogenic species, Phytophthora

cambivora (Brasier et al., 1999). It was thus

concluded that the pathogenic isolates had

formed from hybridization between non-

pathogenic strains (Figure 3). Though their

parents were not adapted to a pathogenic

life history, within 3 years of their being

HISTORICAL PERSPECTIVE ESSAY

Figure 3. Genetic Relationships among the Hybrid Pathogenic (Swedish, Standard Alder, Dutch,

German, and UK Variants) Phytophthora and Their Possible Parents, P. cambivora and P. fragariae

(from Brasier et al., 1999).
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detected, the hybrids had caused the

deaths of [10,000 trees (Brasier et al.,

1999).

The origin of the pathogenic Phytoph-

thora from natural hybridization between

nonpathogens is instructive for under-

standing both evolutionary processes and

disease control. On the one hand, this

example demonstrates the same process

whereby natural hybridization produces

new evolutionary lineages that possess

novel phenotypes and ecological ampli-

tudes (Anderson and Stebbins, 1954). On

the other hand, though the origin of some

fungal lineages via hybridization may lead

to beneficial interactions (e.g., plant endo-

symbionts; Tsai et al., 1994), the origin of

plant pathogens obviously poses a threat

to artificial and natural ecosystems (Brasier

et al., 1999). However, the positive and

negative outcomes (as judged by humans)

both reflect the common hypothesis

emphasized in this review; hybridization

and/or introgression can produce hybrid

genotypes that possess novel adaptations

that allow the invasion of additional niches

(Anderson, 1948, 1949; Anderson and

Stebbins, 1954).

FUTURE DIRECTIONS

In a 1992 review, I suggested that ‘‘At the

present time, the greatest lack in analyses

of natural hybridization, as with most areas

of evolutionary biology, involves experi-

mentation. Reciprocal transplants, life his-

tory tables, experimental hybridization and

gene flow analyses in natural and experi-

mental hybrid populations are necessary to

measure interactions between the environ-

ment and genotype. Such studies will allow

an assessment of the relative roles of

deterministic and stochastic processes in

the evolution of hybrid populations and,

thus lead to predictions concerning the

evolutionary consequences of natural hy-

bridization’’ (Arnold, 1992). I believe that

several research groups, including our

own, havemade great strides in addressing

the need for experimentation (e.g., Grant

and Grant, 2002; Johnston et al., 2003;

Rieseberg et al., 2003). For example, it is

now recognized that hybrid genotypes

demonstrate a range of fitnesses when

they are exposed to a variety of habitats

(e.g., Arnold, 1992, 1997; Arnold et al.,

1999; Fritz et al., 2003). This reflects amajor

shift from the conceptual framework estab-

lished in the neo-Darwinian synthesis that

assumed uniform hybrid unfitness (see

Arnold, 1997 for a discussion). There are

also numerous data sets concerning the

extent of introgression (e.g., Dowling and

Secor, 1997; Williams and Arnold, 2001)

and in a few instances, the fitness effects of

such gene flow (e.g., Parsons et al., 1993;

Cruzan and Arnold, 1994; Rieseberg et al.,

1999) in natural hybrid zones.

In spite of the empirical and conceptual

advances made in the last decade, there

remains a great need for experimental

work that addresses the effects of envi-

ronmental selection on specific geno-

types. For example, several studies have

addressed the effect of different hybrid

plant phenotypes on pollinator behavior

(Campbell et al., 1997; Emms and Arnold,

2000; Wesselingh and Arnold, 2000;

Hodges et al., 2002; Bradshaw and

Schemske, 2003). However, each of these

studies either lacked the genotypic reso-

lution necessary to finely dissect the effect

of genotype on the phenotype and, thus,

on behavior or in the one case where the

genetic basis of a floral color polymor-

phism is well understood (Bradshaw and

Schemske, 2003), deals with a potentially

unique case of genes with large effects. It

is necessary that a diverse set of genet-

ically well-defined floral traits be pre-

sented to natural pollinator assemblages

to test their effects on gene flow and

fitness. Furthermore, though it can now be

assumed that the environment plays a

role in the evolution of plant, animal, and

microbe hybrid zones (Anderson, 1948;

Endler, 1977; Moore, 1977; Howard, 1986;

Harrison, 1986; Arnold, 1997), the genetic

basis of adaptations to microhabitats pre-

sent in these zones is virtually unknown.

Without these data, strong inferences

concerning the pattern of introgression of

these and other adaptations across areas

of overlap are impossible to construct.

From the above, we see that the mea-

surement of ‘‘. . .interactions between the

environment and genotype’’ (Arnold, 1992)

remains the great prize for students of

natural hybridization. As comparative data

sets are assembled that allow tests for

common patterns, it should become pos-

sible to construct models that take into

account genotypic and environmental var-

iation and thus predict hybrid zone evolu-

tion. As this is accomplished, we will be

better able to discern the evolutionary

significance of the transfer and origin of

adaptations via natural hybridization and

introgression.

I think it is important to conclude with

what may be obvious to some but trans-

parent to the rest of us. We are unable to

confidently predict the important concepts

and questions that will arise from future

work on natural hybridization. Just as

Anderson and Stebbins, for example, could

not foresee the relative importance of

additive versus epistatic interactions, we

cannot, with any measure of certainty,

outline the relative effect of the environ-

ment on the fitness of hybrid genotypes.

However, I would suggest that the results

from future research ‘‘. . .must be regarded

more as we regard those cathedrals where

work of many different periods is mixed

and produces a total effect, admirable

indeed but never foreseen nor intended

by any one of the successive builders’’

(Lewis, 1964).
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T., and Kafatos, F.C. (2001). When genetic

distance matters: Measuring genetic differen-

tiation at microsatellite loci in whole-genome

scans of recent and incipient mosquito spe-

cies. Proc. Natl. Acad. Sci. USA 98, 10769–

10774.

Wesselingh, R.A., and Arnold, M.L. (2000).

Pollinator behaviour and the evolution of

Louisiana Iris hybrid zones. J. Evol. Biol. 13,

171–180.

Williams, J.H., Jr., and Arnold, M.L. (2001).

Environmental, historical, and introgressive

sources of genetic structure in the woody

perennial, Betula occidentalis. Int. J. Plant Sci.

162, 1097–1109.

HISTORICAL PERSPECTIVE ESSAY

570 The Plant Cell


