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The Species Concept of Linnaeus 

By James L. Larson* 

LINNAEUS' SPECIES CONCEPT has been more widely discussed and mis- 
understood than any other aspect of his system.1 The concept was authoritative 

for many years in botanical and zoological investigation. Widespread acceptance of 
the concept indicates continuing belief in the version of creation found in Genesis, 
for Linnaeus' statement "species tot numeramus quot diversae formae in principio 
sunt creatae"2 aims quite obviously at the reconciliation of the fundamental units 
of natural history with scripture. This apparently simple and straightforward 
theory of origin and nature, however, establishes covertly an unstable equilibrium 
of empirical, ideal, genetic, and religious tendencies in Linnaeus' thought. Any 
understanding of his species concept and the difficulties in which that concept later 
involved him entails some consideration of these tendencies. 

The empirical element in Linnaeus' species concept issues from two commonsense 
observations. The plants found in nature are admittedly individuals, but some in- 
dividuals resemble one another more than they resemble the individuals who sur- 
round them. In favorable circumstances the seeds of such individuals produce 
plants resembling those which created them. In short, the characters of species 
members are relatively constant, and species members tend to breed true. A cursory 
examination of plants of the same species reveals, however, slight variations from 
individual to individual. In general, seeds reproduce plants very like the parent, 
but individuals are not absolutely alike; colors, sizes, figures, and so on, vary. 
Linnaeus' species concept entails, then, the differentiation of essential, fixed, in- 
trinsic marks which define species, from immaterial, variable, extrinsic marks 
which are somehow unreal. The concept contains, then, an ideal as well as an em- 
pirical element. Linnaeus' belief in fixed species is not, however, based solely, or 
even chiefly, upon empirical and ideal elements in his thought. The belief is im- 
posed by a strong element of naive religious faith. Before God's fiat there were no 
creatures, and since that occasion none have been created. The idea of spontaneous 
generation is foreign to Linnaeus' early thought. Such an idea conflicts with his 
belief in the Biblical account of creation. It conflicts as well with Linnaeus' con- 
viction that all living beings develop from seed or egg.3 This principle, taken from 

*University of California, Berkeley. pp. 119-132; and J. A. Nannfeldt, "Presiden- 
1 The best work on Linneus' theoretical tial Address," Systematics of To-day, Upp- 

species concept is Swedish. See Nils von Hof- sala Universitets Arsskrift, 1958, 6:7-12. 
sten, "Skapelsetro och uralstringshypoteser 2 Fundamenta botanica . . . (Amsterdam: 
fore Darwin," Uppsala Universitets Arsskrift, Schouten, 1736), ? 157, p. 18. The statement is 
1928, Prog. 2:31-36, and "Linnes naturupp- repeated in Philosophia botanica . . . (Stock- 
fattning," Svenska Linnesallskapets Arsskrift, holm: Kiesewetter, 1751), ? 157, p. 99, and in 
1958, Arg. XLI:13-35; Elis Malmestr6m, somewhat altered form in Genera plantarum 
"Artbegreppet och f6rhallande mellan tro och . . . (Leiden: Wishoff, 1737), unpaginated, 
vetande," Carl von Linnes religiosa askadning, "Ratio operis," No. 5. 
Akademisk Avhandling (Stockholm: Svenska 3 For Linnaeus' views on equivocal genera- 
Kyrkans Diakonistyrelsens Bokf6rlag, 1926), tion see Sponsalia plantarum, Amoenitates 
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Mechanism for evolutionary change 
I. Lamarckian inheritance and evolution



Jean Baptiste Lamarck

Lamarck proposed the 
inheritance of acquired 

characteristics



Testing Lamarck’s idea



August F. Weismann

• Weismann tested Lamarck’s 
idea using mice. 

• Cutting mice tails and 
breeding them. 

• 5 generations! 

What happened?



Mechanism for evolutionary change 
II. Natural selection



Darwin and Wallace, independently, proposed a 
theory of biological evolution and called it 

“Natural selection”

Charles Darwin Alfred Russel Wallace



Variation!



The book



Darwin’s postulates 



1) Individuals within a 
population are variable. 

2) Variation is heritable 
(passed to offsprings). 

3) Differential survival and 
reproduction. 

4) Survival and reproduction 
is not random (individuals 
with best variation produce 
more offsprings - Naturally 
selected).



Testing Darwin’s postulates



How does natural selection work?



1) Natural selection operates on individuals. 
2) Effects of selection are only seen at the population level. 
3) Selection operates on phenotypes. 
4) Evolution is seen as a change in allele frequencies. 
5) Evolution is a response to past conditions. 
6) No adaptation to potential future conditions. 
7) New traits may appear, and be selected for, as a result of 

random mutations. 
8) Evolution is non-random. 
9) Evolution is not “progressive” (does not always involve a 

change to greater complexity).



Testing Darwin’s postulates

Peter Grant and Rosemary Grant

October 2003 / Vol. 53 No. 10 •  BioScience 965

Plenary

Biologists are increasingly interested in diversity.
One major source of interest is the conservation of bio-

diversity in a world threatened with anthropogenic habitat de-
struction and environmental pollution. A second major
source of interest is the regulation and maintenance of existing
biodiversity by natural processes and the functioning of this
biodiversity in units that vary from small communities to large
ecosystems. Finally, the biodiversity puzzle has a third piece,
without which our understanding is bound to be incom-
plete: the evolutionary origins of diversity. Reduced to its
simplest form, this is the Darwinian question of how new
species arise and multiply. This question is the main focus of
this article, and we illustrate our points with Darwin’s finches
of the Galápagos Islands.

Some organisms are unusually suitable for answering par-
ticular questions. The squid, for example, has served neuro-
biology well because it has a giant axon; Drosophila species
have contributed much to cytogenetics because of the giant
chromosomes in their salivary glands; and Arabidopsis,
Caenorhabdites, and a few other small organisms have been
well chosen to investigate the construction of entire genomes.
Darwin’s finches are particularly suitable for asking evolu-
tionary questions about adaptation and the multiplication of
species: how these processes happen and how to interpret
them.

All species of Darwin’s finches are closely related, having
derived recently (in geological terms) from a common 

ancestor. They live in the largely undisturbed environment in
which they evolved, and none has become extinct as a result
of human activity. Consequently, whatever we can learn
about their ecology and evolution gives us insights into the
process of speciation under entirely natural conditions. Pop-
ulations of the same species occur on different islands, and
in some cases they have different ecologies. This allows us to
investigate the reasons for their divergence. Closely related
species occur together on the same island and differ. This 
allows us to investigate the nature of the reproductive barrier
between them and the question of how and why species stay
apart. Thus, considering populations across the entire archi-
pelago, we can see all stages of the speciation process, from
start to finish, at the same time.

In this article we survey the evidence from field studies of
the ecological causes of diversification. The explanation for

B. Rosemary Grant (e-mail: rgrant@princeton.edu) is a senior research scholar

and professor in the Department of Ecology and Evolutionary Biology, and 

Peter R. Grant is the Class of 1877 Professor of Zoology, at Princeton University,

Princeton, NJ 085440. They have studied the ecology, behavior, biogeography,

and genetics of Darwin’s finches for the last 30 years. This article is an expanded

version of a plenary address delivered at the 53rd annual meeting of the

American Institute of Biological Sciences, held in Arlington, Virginia, 22–24

March 2002. The title of the symposium was “Evolution: Understanding Life

on Earth.” © 2003 American Institute of Biological Sciences.

What Darwin’s Finches 
Can Teach Us about the
Evolutionary Origin and
Regulation of Biodiversity

B. ROSEMARY GRANT AND PETER R. GRANT

Darwin’s finches on the Galápagos Islands are particularly suitable for asking evolutionary questions about adaptation and the multiplication of
species: how these processes happen and how to interpret them. All 14 species of Darwin’s finches are closely related, having been derived from a
common ancestor 2 million to 3 million years ago. They live in the environment in which they evolved, and none has become extinct as a result of
human activity. Key factors in their evolutionary diversification are environmental change, natural selection, and cultural evolution. A long-term
study of finch populations on the island of Daphne Major has revealed that evolution occurs by natural selection when the finches’ food supply
changes during droughts. Extending this finding to the past, we discuss how environmental change has influenced the opportunities for speciation
and diversification of finches throughout their history: The number of islands has increased, the climate has cooled, and the vegetation and food
supply have changed.

Keywords: adaptation, natural selection, speciation, song learning, Galápagos history
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Research site: 
Daphne Major 



Data: 
Morphometrics on finches (e.g., beak size) 

Track multiple generations 
Measure survival and reproductive rates



1) Do finch populations vary?



2) Is that variation heritable?



3) Do individuals vary in survival and reproduction?

Thus, while environmental change was the key factor that
triggered the founding of a new population, some idiosyn-
cratic genetic and nongenetic factors determined the fate, de-
velopment, and composition of the population. Even though
one individual made a large contribution to the population,
overall changes were relatively small in magnitude, for three
reasons: Selection pressures were weak, the population did not
remain small enough for random genetic drift to be effective,
and continuing immigration would have retarded diver-
gence. If the case of G. magnirostris can be considered repre-
sentative of how speciation begins, we would have to conclude
that it starts slowly, with small steps.

Speciation: The end
Speciation is completed when two populations that have 
diverged in allopatry can coexist with little or no inter-
breeding. Medium ground finches and cactus finches 
occupy different ecological niches, although their diets over-
lap. The ecological differences presumably permit coexistence
in sympatry, in an environment (e.g., Daphne Major) whose
food supply fluctuates in abundance and composition. To
paraphrase David Lack (1947), the species are ecologically 
isolated through niche differences that evolved by natural 
selection in allopatry. The differences may have been 
enhanced by selection in sympatry, thereby reducing inter-
specific competition for food. But how do the species 
maintain coexistence without interbreeding? What are the dif-
ferences that keep them reproductively isolated, and how
did the differences evolve?

Members of the group of closely related ground finch
species do not differ in plumage or courtship behavior, but
they do differ in beak morphology, and they differ conspic-
uously in song (Grant 1999). These two sets of cues, visual and
vocal, have been shown in separate field experiments to be
used by finches in discriminating between their own and

other species (Ratcliffe and Grant 1983a, 1983b, 1985). Thus,
part of the answer to the question of reproductive isolation
is that it evolves as a consequence of adaptive evolution of beak
sizes and shapes in allopatry. The other part, centered on
song, is more complex.

Song differences play a major role in keeping species apart.
Like beak differences, song differences presumably arise
through divergence in allopatry for reasons that are not en-
tirely clear. Song is an interesting trait because it is culturally,
and not genetically, inherited. We know this from a few 

October 2003 / Vol. 53 No. 10 •  BioScience 969

Plenary

Figure 4. As the average beak depth of a population of
granivorous Geospiza species increases, so does the maxi-
mum size and hardness of the seeds they can crack. Based
on Schluter and Grant (1984).

Figure 5. Evolutionary change in beak depth in the popu-
lation of Geospiza fortis on the island of Daphne Major.
The upper panel shows the distribution of beak depths in
the breeding population in 1976, with the survivors of the
1977 drought that bred in 1978 indicated in black. The
difference between the means, indicated by a caret, is a
measure of the strength of natural selection. The middle
and lower panels show the distributions of beak depths of
fully grown offspring hatched in 1976 and 1978, respec-
tively. Evolutionary change between generations is mea-
sured by the difference in mean between the 1976 popula-
tion before selection and the birds hatched in 1978.
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4) Are survival and reproduction non-random? 



5) Did the population evolve?

recent origin of Darwin’s finches helps to explain why they
are still capable of exchanging genes.

Divergence from their mainland relatives began when the
finches colonized the Galápagos islands. Situated 900 km
from continental Ecuador on the Nazca plate and moving 
imperceptibly toward the mainland, the archipelago is a re-
mote place for birds to visit. Colonization is an improbable
event. Nevertheless, according to one calculation, ancestral
Darwin’s finches arrived in a moderately large flock (or 
several small ones). Modern finches are genetically diverse at
the major histocompatibility complex locus, and Vincek and
colleagues (1996) used the allelic diversity of class II genes 
to calculate that the original colonists numbered at least 30
individuals.

Improbable events may arise in improbable and hence
rare circumstances. What might those circumstances have
been? Any answer must be speculative, even if rooted in 
current phenomena. The circumstances that promote dispersal
of contemporary finches within the Galápagos archipelago are
(a) high finch density following prolific breeding in El Niño
years and (b) forest fires caused by volcanic eruptions. If the

unusual dispersal activity from the mainland followed sim-
ilar patterns, it may have been induced by unusual volcanic
activity in the Andes. Burning of the forests in one such
episode would be followed by the establishment of large 
areas of shrub and secondary growth. With the buildup of
finch populations in secondary forest, and another round of
fires and burning, large numbers of finches and other birds
in coastal regions would fly out to sea to escape the flames and
smoke. The colonists would be helped if mats of vegetation
were rafted out to sea by strong El Niño–associated flooding
from the Guayas River. Global temperatures were warmer 2
million to 3 million years ago, and permanent El Niño con-
ditions are thought to have occurred until about that time
(Cane and Molnar 2001). The most marked shift in climate
seems to have occurred at 2.4 million to 2.5 million years ago.
This may be when the ancestral Darwin’s finches arrived.

Relevant history of the Galápagos
To understand the past, the second question that needs to be
addressed is how the islands have changed, if at all, since the
first finches arrived. The simplest possible answer would be

October 2003 / Vol. 53 No. 10 •  BioScience 971
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Figure 6. Changes in the beak size and shape of Geospiza fortis and Geospiza scandens on the island
of Daphne Major. Mean trait values for each year are indicated by solid circles, and 95% confidence
intervals are shown by vertical bars above and below the mean. In the absence of change, the means
should remain within the 95% confidence intervals (horizontal broken lines) of the mean estimates
from the 1973 samples. PC refers to principal component, obtained from a principal components
analysis of size and shape variables. From Grant and Grant (2002a).
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Restatement of Darwin’s postulates 



1) New alleles arise as a result of mutation. 

2) Segregation and independent assortment 
reshuffle the genes. 

3) Individuals are variable for many heritable traits. 

4) Alleles are passed to offspring. 

5) Excess offspring are produced. 

6) Individuals with favorable allelic combinations 
preferentially reproduce.



an earlier versionof the taxonomy, inwhich these three groupswere clas-
sified as distinct species on the basis of morphological differences17,18.
Second, Geospiza conirostris on Española showed the highest gen-

etic similarity to another species, Geospiza magnirostris, whereas G.
conirostrisonGenovesa clusteredwithGeospiza scandens (Fig. 1b).Here,
phenotypic similarity parallels genetic similarity; G. conirostris on
Genovesa have a pointed beak similar to G. scandens, whereas those
on Española have a blunt beakmore similar to the beaks ofG.magnir-
ostris (Extended Data Fig. 3).
A network constructed from autosomal genome sequences indicates

conflicting signals in the internal branches of ground and tree finches
thatmay reflect incomplete lineage sorting and/or gene flow (Extended
Data Fig. 3). The exact branching order of the most recently evolved
ground and tree finches should be interpreted with caution as it may
changewith additional sampling. Since ourdata revealed some import-
ant discrepancies with the phenotype-based taxonomy, we propose a
revised taxonomy for the sharp-beaked ground finch (G. difficilis) and
the large cactus finch (G. conirostris) (SupplementaryTextandExtended
Data Fig. 4), but will use the current names in the text.
We dated phylogenetic splits on the basis of genome divergence

(Fig. 2a), and compared these estimates with those obtained using
mtDNA(ExtendedData Fig. 5a andSupplementaryText).We infer that
themost basal split, between warbler finches (Certhidea sp.) and other
finches, occurred about900,000 years ago.The rapid radiationsof ground
and tree finches began around 100,000–300,000 years ago. Although
these estimates are based on whole-genome data, they should be con-
sidered minimum times, as they do not take into account gene flow.

Extensive interspecies gene flow
The discrepancies between phylogenies based onmorphology and ge-
nome sequences may be due to convergent evolution and/or interspe-
cies gene flow.We found evidence of introgression from three sources:
ABBA–BABA tests, discrepancies between phylogenetic trees based on
autosomal and sex-linked loci, and mtDNA (Supplementary Text and
Extended Data Fig. 5a).
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Figure 1 | Sample locations and phylogeny of Darwin’s finches.
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Evolution of Darwin’s finches and their
beaks revealed by genome sequencing
Sangeet Lamichhaney1*, Jonas Berglund1*, Markus Sällman Almén1, Khurram Maqbool2, Manfred Grabherr1,
Alvaro Martinez-Barrio1, Marta Promerová1, Carl-Johan Rubin1, Chao Wang1, Neda Zamani1,3, B. Rosemary Grant4,
Peter R. Grant4, Matthew T. Webster1 & Leif Andersson1,2,5

Darwin’s finches, inhabiting theGalápagos archipelago and Cocos Island, constitute an iconicmodel for studies of speci-
ation and adaptive evolution.Herewe report the results ofwhole-genome re-sequencing of 120 individuals representing
all of the Darwin’s finch species and two close relatives. Phylogenetic analysis reveals important discrepancies with the
phenotype-based taxonomy. We find extensive evidence for interspecific gene flow throughout the radiation. Hybrid-
ization has given rise to species ofmixed ancestry. A 240kilobase haplotype encompassing theALX1 gene that encodes a
transcription factor affecting craniofacial development is strongly associated with beak shape diversity across Darwin’s
finch species aswell aswithin themediumground finch (Geospiza fortis), a species that has undergone rapid evolution of
beak shape in response to environmental changes. TheALX1 haplotype has contributed to diversification of beak shapes
among the Darwin’s finches and, thereby, to an expanded utilization of food resources.

Adaptive radiations are particularly informative for understanding the
ecological andgenetic basis of biodiversity1,2. Those causes are best iden-
tified in young radiations, as they represent the early stages of diver-
sification when phenotypic transitions between species are small and
interpretable and extinctions are likely to beminimal3. Darwin’s finches
are a classic example of such a young adaptive radiation3,4. They have
diversified in beak sizes and shapes, feeding habits and diets in adapt-
ing todifferent food resources4,5 (ExtendedDataTable 1). The radiation
is entirely intact, unlikemost other radiations, none of the species hav-
ing become extinct as a result of human activities4.
Fourteen of the currently recognized species evolved froma common

ancestor in the Galápagos archipelago (Fig. 1a) in the past 1.5 million
years according to mitochondrial DNA (mtDNA) dating6; a fifteenth
species inhabits Cocos Island. The radiation proceeded rapidly as a
result of strong isolation from the South American continent, genera-
tion of new islands by volcanic activity, climatic oscillations caused by
the ElNiño phenomenon, and sea level changes associatedwith glacial
and interglacial cycles over the past million years that led to repeated
alternations of island formation and coalescence7,8.
Traditional taxonomy ofDarwin’s finches is based onmorphology3,

and has been largely supported by observations of breeding birds4,5 and
genetic analysis6,9. However, the branching order of several recently
diverged taxa is unresolved6 and genetic analysis of phylogeny has been
limited to mtDNA and a fewmicrosatellite loci. Some candidate genes
for beak development are differentially expressed in species with dif-
ferent beakmorphologies10–12, but the loci controlling genetic variation
in beak diversity among Darwin’s finches remain to be discovered.
Here we report results from whole genome re-sequencing of 120

individuals representing all Darwin’s finch species and two closely
related tanagers, Tiaris bicolor and Loxigilla noctis13. For some species
we collected samples frommultiple islands (Fig. 1a). We comprehen-
sively analyse patterns of intra- and interspecific genome diversity and
phylogenetic relationships among species. We find widespread evid-
ence of interspecific gene flow that may have enhanced evolutionary

diversification throughoutphylogeny, and report thediscoveryof a locus
with a major effect on beak shape.

Considerable nucleotide diversity
Wegenerated approximately103 sequence coverageper individual bird
using 23 100 base-pair (bp) paired-end reads (Extended Data Fig. 1).
Readswere aligned to the genomeassemblyof a femalemediumground
finch (G. fortis)14. We identified Z- andW-linked scaffolds on the basis
of significant differences in read depth betweenmales (ZZ) and females
(ZW) (Supplementary Table 1) and generated a G. fortis mtDNA se-
quence through a combined bioinformatics and experimental approach.
Stringent variant calling revealed approximately 45million variable
sites within or between populations.We found a considerable amount
of genetic diversity within each population, in the range 0.33 1023 to
2.23 1023 (Extended Data Table 2), similar to that reported in other
bird populations15 including island populations of the zebra finch16.
Weused these estimates of diversity to estimate effectivepopulation sizes
of Darwin’s finch species within a range of 6,000–60,000 (Supplemen-
tary Text). Extensive sharing of genetic variation among populations
was evident, particularly among groundand tree finches, with almostno
fixed differences between species in each group (ExtendedData Fig. 2).

Genome-based phylogeny
According to the classical taxonomy of Darwin’s finches, supported by
morphological andmitochondrial (cytochromeb)data,warbler finches
were the first to branch off, and ground and tree finches constitute the
most recentmajor split3,6,9. Ourmaximum-likelihoodphylogenetic tree
based on autosomal genome sequences is generally consistentwith cur-
rent taxonomy, but shows several interesting deviations (Fig. 1b). First,
Geospiza difficilis occurring on six different islands forms a polyphyl-
etic group separated into three distinct groups: (1) populations occu-
pying the highlands of Pinta, Santiago and Fernandina, (2) populations
occupying the low islands ofWolf andDarwin in the northwest3,6,9 and
(3) the population onGenovesa in thenortheast. This is consistentwith
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single nucleotide polymorphism (SNP), and observed a significant
associationwith beak shape (P5 8.83 1025, Fig. 3e). PP homozygotes
tended to have proportionately long, pointed beaks, BB homozygotes
had proportionately deep, blunt beaks, whereas heterozygotes (BP)
had intermediate beak shapes. We also compared haplotype frequen-
cies amongG. fortis individuals onDaphneMajor Islandwith those on
SantaCruz, which have a larger and blunter beak on average31, possibly
as a result of introgressive hybridization with G. magnirostris4,5. We
found theBhaplotype to bemore frequent onSantaCruz thanonDaph-
neMajor (0.74,n5 21 versus 0.49,n5 62;P5 0.007, Fisher’s exact test).
Natural selection on beak size and shape of G. fortis on Daphne

Major Island has led to evolutionary change in the past few decades5,30.
Moreover, genetic variation in beak shape has been increased through
introgressive hybridization5,30 with two species of Geospiza, scandens
and fuliginosa, that have relatively pointed beaks. Therefore we expect
hybrids and backcrosses in theG. fortis population to have a relatively
high frequency of the P haplotype. We genotyped an additional 25
G. fortis at ALX1, added them to the sample of 62 (Methods) and com-
pared thehaplotype frequencies in eight hybrids (including backcrosses)
and 79 non-hybrids. ALX1-P had a frequency of 0.75 among hybrids,
and 0.44 among the others, which is statistically significant in the ex-
pected direction (P5 0.03, Fisher’s exact test). Thus, ALX1-P alleles

introduced by introgressive hybridization most probably contributed
to evolution of more pointed beaks in 1987 following natural selection
as a result of a change in food supply in the 1985–86 drought30.

Discussion
Our revised and dated phylogeny of Darwin’s finches shows that the
adaptive radiation took place in the past million years, with a rapid
accumulation of species recently (Supplementary Text). We have ge-
nomically characterized the entire radiation, which has revealed a
striking connection between past and present evolution. Evidence of
introgressive hybridization, which has been documented as a contem-
porary process, is found throughout the radiation. Hybridization has
given rise to species of mixed ancestry, in the past (this study) and the
present30. It has influenced the evolution of a key phenotypic trait: beak
shape. Similar introgressive hybridization affecting an adaptive trait
(mimicry) has been described inHeliconius butterflies32. The degree of
continuity between historical and contemporary evolution is unexpec-
ted because introgressive hybridization plays no part in traditional
accounts of adaptive radiations of animals1,2. For young radiations it
complements the better-known role of natural selection.
Charles Darwin first noted the diversity in beak shapes among the

finches on Galápagos. Our genomic study has now revealed some of
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Figure 3 | A major locus
controlling beak shape. a, Genome-
wide FST screen comparing
G. magnirostris and G. conirostris
(Española) having blunt beaks with
G. conirostris (Genovesa) and
G. difficilis (Wolf) having pointed
beaks. The y axis represents ZFST
values. b, Nucleotide diversities in
the ALX1 region. The 240-kb region
showing high homozygosity in
blunt-beaked species is highlighted.
Red and blue colours in b–d refer to
blunt and pointed beak haplotypes,
respectively. c, Neighbour-joining
haplotype tree of ALX1 region.
Haplotypes originating from
heterozygous birds (see text) are
indicated in yellow. Estimated time
since divergence (6 confidence
interval) of blunt and pointed beak
haplotypes are given in thousands of
years. d, Upper panel: genotypes at
335 SNPs showing complete fixation
between ALX1 haplotypes associated
with blunt (B) and pointed (P)
beaks. d, Middle panel: classification
of alleles associated with blunt beaks
at the 335 SNPs as derived or
ancestral on the basis of allelic state in
the outgroup. d, Lower panel:
PhastCons35 scores (on the basis
of human, mouse and finch
alignments) for the 335 SNP sites.
TFBS, transcription factor binding
sites. e, Linear regression analysis of
beak-shape scores among G. fortis
individuals on Daphne Major Island
classified according to ALX1
genotype; distribution of pointedness
in each class is shown as a boxplot;
n5 62; F5 17.7, adjusted R25 0.22.
Differences in six individual body
and beak size traits were not
significant (all P. 0.05).
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a b s t r a c t

Frontonasal dysplasia (FND) can have severe presentations that are medically and socially debilitating.
Several genes are implicated in FND conditions, including Aristaless-Like Homeobox 1 (ALX1), which is
associated with FND3. Breeds of cats are selected and bred for extremes in craniofacial morphologies. In
particular, a lineage of Burmese cats with severe brachycephyla is extremely popular and is termed
Contemporary Burmese. Genetic studies demonstrated that the brachycephyla of the Contemporary
Burmese is a simple co-dominant trait, however, the homozygous cats have a severe craniofacial defect
that is incompatible with life. The craniofacial defect of the Burmese was genetically analyzed over a 20
year period, using various genetic analysis techniques. Family-based linkage analysis localized the trait to
cat chromosome B4. Genome-wide association studies and other genetic analyses of SNP data refined a
critical region. Sequence analysis identified a 12 bp in frame deletion in ALX1, c.496delCTCTCAGGACTG,
which is 100% concordant with the craniofacial defect and not found in cats not related to the Con-
temporary Burmese.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Frontonasal dysplasia (FND) or median cleft syndrome is a
heterogeneous group of disorders that describes an array of ab-
normalities affecting development of the maxilla-facial structures
and the skull. The prevalence of FND is unknown and is considered
a rare or “orphan” disease (ORPHA no.: ORPHA250), however af-
fected children can have severe presentations that are life-long
medically and socially debilitating. Three genes have been im-
plicated in FND conditions. Aristaless-Like Homeobox 1 (ALX1)
(OMIM:601527) is associated with FND3, which was defined in
three Turkish sibs of consanguineous parents (Uz et al., 2010).
ALX1 is also known as Cartilage homeoprotein-1 (CART1) (Zhao
et al., 1993), which has been demonstrated to cause neural tube

defects in mice (Zhao et al., 1996), presenting as acrania and
meroanencephaly in mice.

Domesticated animals are often selected for craniofacial var-
iants that become breed defining traits. Conditions that would be
considered abnormalities or severe craniofacial defects in humans
are desired phenotypes in cats and dogs, thus companion animals
are excellent models for human facial development due to their
popularity. Many dog and cat breeds are bred for brachycephaly,
which is assumed to be preferred due to its neotenic effect on the
animal's face. In dogs, the definition of brachycephaly has been
quantified by morphological measurements (Huber and Lups,
1968; Koch et al., 2012; Regodon et al., 1991; Schmidt et al., 2011)
and two genes have been implicated for affecting head type
(Haworth et al., 2001; Hunemeier et al., 2009; Schoenebeck et al.,
2012). The health concerns associated with canine brachycephaly
have come under strong veterinary and public scrutiny (Kruijsen
and Wayop, 2011; Oechtering et al., 2010; Roberts et al., 2010),
suggesting severe modifications to breeding programs to alleviate
the extent of brachycephaly.
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The Burmese is a cat breed with an extreme brachycephalic
phenotype (Fig. 1a). In the late 1970's, a male Burmese cat in the
USA with a more brachycephalic head type became a highly
popular sire and his lineage became known as the “Contemporary”
Burmese (Fig. 1b). The head type was found to be heritable,
however, offspring from “Contemporary” style mating produced a
craniofacial defect in 25% of offspring (Noden and Evans, 1986;
Sponenberg and Graf-Webster, 1986). The abnormality is char-
acterized by agenesis of all derivatives of the medial nasal pro-
minence; lateral duplication of most derivatives of the maxillary
process; including the canine teeth and whiskers fields; tele-
ncephalic meningoencephalocele; and secondary ocular degen-
eration (Fig. 1c and d). The midline facial defect is autosomal re-
cessive, however, carriers of the mutation are more brachycephalic
individuals than wildtype and were positively selected in the
breed, thus the trait has also been described as co-dominant. Af-
fected kittens were generally born live and require euthanasia as
the condition is incompatible with life. The heterozygous cats
became the hallmark phenotype of the “Contemporary” Burmese
and the predominant winners at cat shows.

The controversy of the craniofacial defect and the recognition
of other health concerns in non-USA Burmese, such as hypokale-
mia (Blaxter et al., 1986; Jones and Gruffydd-Jones, 1990), orofacial
pain (Rusbridge et al., 2010) and diabetes (Rand et al., 1997) has
led to the isolation of the USA and non-USA breeds and the USA
Burmese divided into “Traditional” and “Contemporary” styles;
Burmese are now one of the most genetically inbred cat popula-
tions worldwide with significantly reduced popularity due to the
health concerns (Kurushima et al., 2012; Lipinski et al., 2008).
Genetic studies have proven to be highly efficient in populations
with high linkage disequilibrium (LD) and inbreeding, particularly
companion animals. The LD of the Burmese is amongst the most
extended for cat breeds (Alhaddad et al., 2013).

A long-term project that initiated with targeted linkage ana-
lysis, and, as domestic cat genomic resources improved, pro-
gressed to identity by descent mapping, homozygosity mapping
and a genome-wide case-control association study (GWAS) sug-
gests ALX1 as a major gene controlling craniofacial structure and
the variant in ALX1 is associated with the Burmese brachycephaly
and the craniofacial abnormality.

Fig. 1. Variation of the Burmese cat breed’s craniofacial structure. (A) Traditional lines are not as extreme, but selection has continued for the past 30 years for a more
extreme type that is not associated with congenital abnormalities. Some Traditional lines and contemporary lines are now difficult to distinguish phenotypically. Thus, all
Burmese need to be genotyped to confirm presence or absence of the variant. (B) The Contemporary style Burmese has extreme brachycephyla and the phenotype is
association with the craniofacial defect. (C) Frontal view displays duplication of the maxillary processes and agenesis of the medial nasal prominence. (D) Lateral view
displays abnormal development of the maxillary processes and ocular degeneration. Photographs courtesy of Nancy Reeves, Isabelle Marchand and Richard Katris – Chanan
Photography.
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compared to controls (Supplementary Fig. S7).

3.5. ALX1 genomic analysis and variant genotyping

The entire ALX1 CDS sequence was analyzed in ten cats, in-
cluding five affected Burmese and five controls (domestic short-
hair, one Persian, and three Burmese). ALX1 has one isoform and
the length of the coding region of the transcript is 981 bp in hu-
man and cats, translating into 326 amino acids. The average CDS
homology between human and cat is 93.8% and the protein
identity is 97.5%. A 12 bp deletion (c.496delCTCTCAGGACTG) was
identified in the coding region of ALX1 (XM_011288799.1). The
variant is predicted in silico to be responsible for the lack of four
amino acids in the homeobox domain of the protein (Supple-
mentary Fig. S8) was further investigated. No other variants were
identified during the sequencing effort.

All the unaffected cats in the pedigree were confirmed to be

homozygous wild-type or carrier of the 12 bp deletion while all
the affected cats were homozygous for the identified variant
(Supplementary Figs. S2 and S3). Genotyping of over 3000 Bur-
mese type cats suggests the allele frequency is !6% in the Bur-
mese population. However, this estimation is biased as breeders
know the at-risk cats. The variant was also genotyped in !2400
cats from other breeds with brachycephaly, such as Persian, Exotic
Shorthair, Scottish Fold, Selkirk Rex and British shorthair, as well
as random bred cats. None of the tested cats from other breeds or
populations showed the deletion (Table 3).

4. Discussion

Frontonasal dysplasias are a heterogeneous group of disorders
(Sedano et al., 1970; Twigg et al., 2009). Cases can be sporadic,
however, several familial cases have been reported (Fryburg et al.,
1993; Moreno Fuenmayor, 1980; Nevin et al., 1999; Toriello et al.,
1985; Twigg et al., 2009; Wu et al., 2007), with two or more of the
following clinical signs: true ocular hypertelorism, broadening of
the nasal root, median facial cleft affecting the nose and/or upper
lip and palate, unilateral or bilateral clefting of the alae nasi, lack of
formation of the nasal tip, anterior (rostral) cranium bifidum oc-
cultum and a V-shaped or widow’s peak frontal hairline (Sedano
and Gorlin, 1988). The Burmese craniofacial defect has the same

Fig. 2. Manhattan plot of the Burmese head deformity GWAS and SNPs genotypes within chromosome B4 haplotype. (a) The plot represents the Praw (top) and Pgenome

(bottom) values of each SNP included in the case-control association study. The association study compared the affected Burmese and Bombay cats. A significant association
with chromosome B4 was detected. (b) The area from SNP B4.121572441 (position 106,142,990) to SNP B4.114551707 (position 114,551,707) spans !8.4 Mb. The two red
vertical dashed lines represent the region of the single haplotype containing ALX1, from SNP B4.126353636 (position 110,094,604) to SNP B4.126530474 (position
110,255,914) spanning 161 Kb. Each SNP is represented by two squares where markers are on the x-axis and individuals on the y-axis. Gray boxes represent the major allele
in the cases and black squares represent the minor.

Table 2
Genome-wide significantly associated SNPS after 100,000 permutation testing.

SNP ID Chromosome Position P value Pgenome value

B4.128525117 B4 111895171 6.38e"7 0.014
B4.128576912 B4 111938566 1.33e"6 0.031
B4.128654054 B4 112016581 2.23e"6 0.045
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Did Darwin answer where variation come from? 
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Gregor Johann Mendel and the development of modern
evolutionary biology
Nils Chr. Stensetha,1 , Leif Anderssonb,c , and Hopi E. Hoekstrad,e,f,g

This year we celebrate the 200th anniversary of the birth of
Gregor Johann Mendel, who discovered the missing compo-
nent of Darwin’s evolutionary theory, the genetic mecha-
nism of trait inheritance. The eight articles in this Special
Feature collection cover various aspects of Mendel’s life, his
work, and his contribution to science, with a special focus
on his impact in evolutionary biology. In this introductory
paper, we provide the context for the eight papers, as well
as summarize how Mendel’s work has contributed to the
development of modern evolutionary biology.

In On the Origin of Species, Charles Darwin (1) proposed
what he called “descent with modification”: what we now
refer to as evolution through natural selection. Today, we
can describe Darwin’s idea as a theory that requires a popu-
lation with individuals having the following three properties:

(a) Differential reproductive success: each individual pro-
duces, on average, more offspring than is needed to
replace itself upon its death, thus typically resulting in
competition among individuals such that not all individ-
uals contribute equally to the next generation (the eco-
logical component of Darwin’s theory).

(b) Inheritance: traits that affect an individual’s ability to
survive to reproduce (fitness) are transmitted from
parents to offspring (the genetic component).

(c) Variation: there is within-population variation in heritable,
fitness-related traits (the population-genetic component).

When individuals compete for resources and vary in
their competitive ability, heritable traits that affect fitness
will in general change in frequency in the population when
environmental conditions change. Prior to the publication
of On the Origin of Species, Darwin dedicated years to thor-
ough observation and careful experimentation to amass
data from natural and domesticated populations, both on
competition among individuals (the first property) and on
phenotypic variation within populations (the third prop-
erty). However, Darwin glossed over the second property
of the theory’s underpinnings: how heritable traits (and
thus genetic variation) are passed on from one generation
to the next. This was a significant omission given that
the heart of the theory is the differential probability of
between-generation transmission of variants according to
their impact on fitness. Darwin struggled long and hard to
understand what today we call transmission genetics (2),
but ultimately in On the Origin of Species had to fall
back on an ill-defined claim, derived from his experience
as an experimental naturalist and as an animal and plant
breeder, that like begets like. Genetics (3)*, then, was for
Darwin a black box.

Darwin, his defenders, and his critics were all aware that
no theory can be considered complete when a mystery,
that black box, lurks at its heart. Some scientists proposed
models of inheritance that in fact were incompatible with
natural selection. Jenkin (4) pointed out, for example, that
an intuitive understanding of inheritance, that offspring are
a blend of their parents’ characteristics, is inimical to natural
selection. Blending inheritance, over generations, results in
convergence on the population mean, eliminating in the
process the distribution’s extremes, and yet those extremes—
the fastest running antelopes, say—are often what are
being promoted by natural selection (5). In 1868, Darwin
published his own thoroughly flawed attempt to model the
interior workings of the black box, his “provisional hypothe-
sis of pangenesis” (6).

Two years before Darwin’s pangenesis theory appeared,
Mendel (Fig. 1A) had published his now famous (but at the
time ignored) results, but Darwin almost certainly never
encountered them (2). Darwin, a recluse in his study at
Down House, had other concerns [in 1871, for example, he
published The Descent of Man (7)] and Mendel’s promotion
to abbot in 1868 severely curtailed his opportunities to do
science and publicize his work. The two ideas—natural
selection and Mendelian genetics—never had the opportu-
nity to intertwine during their originators’ lifetimes.

Mendelian inheritance is generally presented in the
form of three laws (8):

(a) Dominance: inherited factors can be dominant or reces-
sive, an individual carrying both a dominant and reces-
sive factor will only show the dominant trait.

(b) Segregation: in a diploid organism, maternal and pater-
nal inherited factors, referred to as alleles, are transmit-
ted randomly to its offspring.

(c) Independent assortment: inherited variants affecting
different traits are inherited to the next generation
independently of one another.

Collectively, these three laws (which are expounded
below) replace and explain Darwin’s black box.
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skin, hair, and eye color) within and between families across
generations. Based on the observation that like begets like,
our ancestors were able to successfully develop crops and
domestic animals and thus make the transition from hunter/
gathering to agriculture.

Sutton (48, 49) and Boveri (50) established chromo-
somes as the carriers of genetic information. Avery et al.
(51) then established DNA as the critical carrier of genetic
information. Modern genetics starts with the description
of the structure of the DNA helix (44), which led to the
understanding of DNA replication and the genetic code.
This in turn led to the development of methods to survey
genetic variation: from protein electrophoresis, to DNA-
based polymorphisms, to DNA sequencing methods. Gel-
based sequencing methods have now largely been
replaced by “next-generation” methods for highly parallel-
ized sequencing. Our knowledge of the genetic underpin-
nings of biological diversity has undergone a revolution.

Molecular approaches to measure genetic variation
were first applied to populations in the 1960s (38), demon-
strating extensive genetic variation in natural populations
(see above). To explain this variation, the neutral theory of
molecular evolution argued that a considerable portion of
the molecular variation present in genomes has no effect
on fitness and are therefore selectively neutral (52). This
theory provided a null hypothesis for studies of molecular
evolution, which has been critical for the detection of the
sequence variants that are subject to selection.

In addition to exploring intraspecific variation, geno-
mic data also provide opportunities to compare sequences
among species. In a landmark study prior to the genome
era, comparisons between humans and chimpanzees
showed that their proteins were remarkably similar, raising

the hypothesis that much of the phenotypic differences
between these species are due to changes in the regulation
of genes (53). More recent comparisons of whole genomes
between humans and other mammals identified genomic
regions that are ultraconserved in humans (54), deleted in
humans (55), or show accelerated sequence evolution in
humans (56). These few examples serve to highlight the
power of comparative-genomic approaches in making
connections between genes (both coding and noncoding
regions) and phenotypes.

Another important innovation has been the develop-
ment of methods to alter genomes, which allowed for
experimental tests of the effects of particular mutations on
phenotype. First approaches focused on transgenic animals
and plants generated by random integration of gene con-
structs (57). This was followed by more precise methods to
inactivate or make specific changes in genes, in particular
using embryonic stem cells and homologous recombination
in mice (58, 59). Most recently, the development of the
CRISPR/Cas9 technology provides a very precise gene scissor
for gene editing in essentially any organism (60). These
methods are of paramount importance for basic research
and for future practical applications, such as gene therapy in
humans and development of improved crops in agriculture.

The Ecology Strand. A key feature of the New Synthesis is
population-ecological thinking that emerged from both
empirical (61) and theoretical (62) studies during the 1920s
(1, 2; see also, refs. 5 and 63). A fundamental insight in
ecology (and evolutionary biology) extending back to Dar-
win is that the major part of any organism’s environment
is other coexisting organisms and implies that rate of evo-
lutionary change will depend in their competition for

Fig. 4. Bringing genetics, ecology and the process of natural selection together into the field of evolutionary biology. The development of the field of genet-
ics (the genetic strand) starting with Mendel (8), the field of ecology (the ecology strand) starting with Elton (61), and the combination of genetics and ecology
in the field of evolutionary biology (the evolution strand) starting with Fisher’s (9) and others’ pioneering work.
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resources on the biotic component of the environment
(1, 9, 64–67), albeit in combination with the prevailing abi-
otic conditions (such as climate; see below and Fig. 5).
Both ecologists and evolutionary biologists emphasize the
importance of competition for resources. Thus, the con-
cept of the niche, as presented by Hutchinson (68), was a
very important development within the fields of both ecol-
ogy and evolution, and emphasizing how ecology links to
evolutionary biology through the selective pressure.

The development of mathematical modeling within the
field of ecology, during the latter part of the 1960s and
1970s, was critical in making ecology a more predictive
branch of biology as well as linking it more closely to the
field of evolutionary biology. The Theory of Island Biogeogra-
phy by MacArthur and Wilson (69) is, in this respect, a,
milestone within the field of ecology, a development in
which May (70, 71) together with several other theorists
(72–76) played instrumental roles by further bringing
mathematics into ecology. These contributions focused on
understanding ecological dynamics in time and space,
including both within-biotic forces (such as competition)
and external abiotic forces, which together determine
selective pressure.

The Evolutionary Biology Strand. The main determinant of
evolutionary change within a population is its demography,
specifically, the relative rates of birth and death (Fig. 5A). These
rates are determined by the individuals’ phenotypes, which in
turn are determined by their genetic composition and their
environment: in short, by the genotype–phenotype relation-
ship (see ref. 77). Populations that split may eventually
diverge genetically enough to develop reproductive isola-
tion (and thus undergo speciation). Several populations of

different species in one location constitute a biological
community, and including the abiotic environmental setting,
an ecosystem (78–80). As summarized in Fig. 5B, the selective
pressures potentially leading to evolutionary changes gener-
ally lead to changed ecological interactions within the ecosys-
tem, which again changes the selective pressure. There is
thus a tight feedback between ecological and evolution-
ary processes.

With his 1930 book (9), Fisher played a key role, not the
least with what is now called Fisher’s Fundamental Theo-
rem (see also ref. 81). This states that the rate of increase
in the mean fitness of any organism, at any time, due to
changes in gene frequencies caused by natural selection,
is exactly equal to its additive genetic variance in fitness at
that time (for an exposition of this theorem, see ref. 82).
Since absolute fitness must remain close to constant, this
increase due to selection must be offset by deleterious
mutations, and more importantly, by changes in the physi-
cal and biological environment, including adaptation by
competing species. Fisher’s theorem is thus fundamental
in evolutionary biology (Fig. 5), emphasizing that the rate
of evolution is the product of the (additive) genetic vari-
ance and the strength of selection, and thereby highlight-
ing the coupling of genetics with ecology.

A major advance within evolutionary biology following
the New Synthesis was the introduction of the concept of
inclusive fitness (83, 84; see also ref. 85). This asserts that
an individual might promote the representation of its own
gene variants in future generations through increasing
reproductive success of relatives. Another conceptually
important contribution to evolutionary biology was the
concept of the extended phenotype (86), whereby an indi-
vidual can increase its own fitness by manipulating other

Fig. 5. Modern evolutionary biology. (A) The interaction between ecology (green) and evolution (blue arrows); the red box represents the genotype–phenotype
mapping (corresponding to the genetic strand in Fig. 4). Evolution, typically inferred from phenotypic changes, represents the changes of allele frequencies in
population across generations. The selective pressure is determined by the internal biotic interactions between individuals within and among species (green box
and arrows) in combinations with external abiotic forces (yellow arrows) within the ecosystem (including both biotic [all living individuals within an area] and abi-
otic [including air, soil, water and climate] components). This ecologically determined selective pressure acts through the demographic rates of the genetically
determined demographic rates (survival and reproduction). The ecological interactions refer to within population interaction, within community (the assembly of
all coexisting species) interactions and the ecosystem level interactions (the combined biotic and abiotic interactions). [For similar, although more detailed fig-
ures, see Coulson et al. (96, 97)]. (B) The interaction between biotic and abiotic ecological interactions defining the evolutionary selective pressure (arrow #1)
leading to evolutionary changes (arrow #2) in populations, which in turn feeds back to the ecological interactions (arrow #3).
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Disclaimer

 Figures, photos, and graphs in my lectures are 
collected using google searches.  I do not claim to have 

personally produced the material (except for some). I 
do cite only articles or books used. I thank all owners of 

the visual aid that I use and apologize for not citing 
each individual item.  If anybody finds the inclusion of 
their material in my lectures a violation of their copy 

rights, please contact me via email. 

hhalhaddad@gmail.com

mailto:hhalhaddad@gmail.com

