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To understand evolutionary paths connecting diverse biological forms, we defined a three-
dimensional genotypic space separating two flower color morphs of Antirrhinum. A hybrid zone
between morphs showed a steep cline specifically at genes controlling flower color differences,
indicating that these loci are under selection. Antirrhinum species with diverse floral phenotypes
formed a U-shaped cloud within the genotypic space. We propose that this cloud defines an
evolutionary path that allows flower color to evolve while circumventing less-adaptive regions.
Hybridization between morphs located in different arms of the U-shaped path yields low-fitness
genotypes, accounting for the observed steep clines at hybrid zones.

A
prevalent metaphor for describing evo-

lutionary processes is the adaptive land-

scape, commonly visualized in three

dimensions as an undulating surface of fitness

values over a two-dimensional (2D) space rep-

resenting various genotypes (1, 2). Different

species may be considered to be at separate

peaks on the landscape or to lie along ridges of

high fitness. The notion of peaks is favored by

the incompatible adaptive features of species,

whereas ridges are favored as a way of ac-

counting for underlying adaptive continuity.

More recently, it has been argued that the issue

of peaks versus ridges is an artifact of low-

dimensional visualizations of fitness spaces as

landscapes (3). What seem like separate peaks

in 3D landscapes may be connected by paths in

higher dimensions: the higher the dimension-

ality, the more likely such connections exist.

However, it has proved difficult to demonstrate

these paths in nature because of the challenge

of dealing with higher dimensional genotypic

and phenotypic spaces. We address this issue

by combining molecular, genetic, and compu-

tational approaches to analyze flower color

variation in natural populations and species of

Antirrhinum.

Southern Europe contains 17 to 28 Antirrhi-

num species and subspecies, the number de-

pending on taxonomic criteria (4–7). Although

the species display diverse morphologies and

flower colors, they can be crossed with each

other and with the model species A. majus to

give fertile progeny, reflecting their recent

evolutionary origin (8–10). In most cases, the

species occupy nonoverlapping geographical

regions, precluding natural hybridization. Hybrid

zones arise where species or morphs come into

contact, as happens in a region of the Pyrenees for

the yellow-flowered A. m. striatum and the

magenta-flowered A. m. pseudomajus (Fig. 1A).

Previous studies on nine species from the

Antirrhinum group identified several major loci

involved in natural flower color variation (11–13).

These include the linked ROSEA (ROS) and

ELUTA (EL) loci, affecting the intensity and pat-

tern of magenta anthocyanin pigment, and

SULFUREA (SULF), affecting the distribution

of yellow aurone pigment. To test whether

these loci were important for color differences

between A. m. striatum and A. m. pseudomajus,

we crossed the two morphs to A. majus lines of

known genotype (Fig. 2A). The F1s derived

from the magenta morph were all magenta. By

contrast, the yellow morph failed to comple-

ment mutations in ROS and SULF (Fig. 2A).

The yellow morph also gave progeny with

reduced magenta pigmentation when crossed to

wild type, with a pattern similar to that con-

ferred by the dominant EL allele. Like EL, the

dominant allele from the yellow morph was

tightly linked to ROS (14) (two recombinants

were recovered out of 1300 test-cross progeny).

Thus, A. m. pseudomajus is likely ROS el/ROS

el; SULF/SULF, whereas A. m. striatum is ros

EL/ros EL; sulf/sulf.

To assess further the contribution of ROS

EL and SULF alleles to flower color differ-

ences, we intercrossed the two morphs. F2 in-

dividuals had a range of flower colors that were

scored for magenta and yellow on the basis of

overall visual appearance (Fig. 2B). The dis-

tributions for color were consistent, with a

single segregating locus of major effect con-

trolling each component of flower color (Fig.

2C). Individuals with a high yellow score were
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Fig. 1. Populations, phenotypes, and allele frequencies. (A) Location of the studied hybrid zone
(orange line), other hybrid zones (orange circles), and sampled A. m. pseudomajus (magenta) and
A. m. striatum (yellow) populations. Genetically studied populations are starred. (B) Clines in magenta
and yellow color scores in subpopulations along a transect through the hybrid zone. (C) Frequencies of
ROS1 (magenta squares) and PAL (blue circles) haplogroups and a 6–base pair polymorphism at DICH
(green triangles) in subpopulations along the hybrid zone transect. For ROS1, all markers were
collapsed to a two-allele system.
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sulf/sulf, whereas those with a low yellow score

were either SULF/SULF or SULF/sulf, indicat-

ing that SULF genotype was the major de-

terminant of variation in yellow. Individuals

with a low magenta score were ros EL/ros EL,

those with an intermediate score were ROS

el/ros EL, and those with a high magenta score

were ROS el/ROS el. Therefore, variation in

magenta was largely accounted for by the ROS

EL loci. These results allowed us to create an

appropriate genotypic space for the F2. Digital

images of representative flowers of four geno-

types were warped to the same average flower

shape. Principal component analysis on varia-

tion in pixel color at each position in the flower

then allowed us to define a 3D genotypic space

controlling flower color (15–17) (Fig. 2D).

The role of flower color variation in natural

populations was assessed by analyzing a hybrid

zone between A. m. pseudomajus and A. m.

striatum. Scoring 493 plants across the hybrid

zone revealed a steep cline for flower color

(Fig. 1B). Allelism tests on 14 plants from the

contact zone with a range of phenotypes con-

firmed that flower color was largely determined

by ROS, EL, and SULF genotypes. For ROS,

more extensive genotyping could be carried out

by using molecular markers. The ROS locus

comprises a tandem duplication of two MYB-

related transcription factors, ROS1 and ROS2,

with ROS1 having a greater role in flower color

variation (13). We sequenced a 1.2-kb region of

ROS1, from the promoter to the start of the

second exon. Sequences from 13 yellow and 15

magenta morphs from locations distant from the

contact zone showed that ROS1 alleles fell into

three major groups (haplogroups) (Fig. 3A).

One haplogroup was specific to yellow morphs

and was identical to the rosdor allele of A.

majus, hypothesized to have been derived from

the wild (13). The other two haplogroups were

found only in magenta morphs. ROS1 sequences

were used to design primers that allowed

haplogroups to be distinguished by polymerase

chain reaction. Genotyping 528 plants from the

hybrid zone showed that the cline in ROS1

haplogroup frequency coincided with magenta

flower color (Fig. 1C).

Assuming that the hybrid zone arose from

contact between previously separate yellow and

magenta populations, the observed clines in

flower color and genotype might have two ex-

planations (18, 19). One is that A. m. striatum

and A. m. pseudomajus came into recent contact

and the clines reflect a neutral mixing of alleles

between the populations. Alternatively, there

has been a longer history of contact, and clines

reflect selection maintaining morph differ-

ences. To evaluate these possibilities, we ana-

lyzed molecular variation at loci not involved in

magenta and yellow morph differences. Accord-

ing to the neutral model, these loci should have a

cline similar to that of ROS1. The PALLIDA

(PAL) and DICHOTOMA (DICH) loci were

chosen because they are linked to ROS E16

centimorgan (cM) and 9 cM from ROS, respec-

tively^, and sequences are available for primer

design (20, 21). Alleles were sequenced from 18

individuals on either side of the hybrid zone.

Most PAL alleles fell into two major hap-

logroups (Fig. 3B). DICH alleles showed little

haplogroup structure, although several DNA

polymorphisms were detected. We genotyped

496 plants across the hybrid zone for the two

PAL haplogroups and a polymorphism at

DICH. No cline was observed for PAL or

DICH, indicating that these genes were subject

Fig. 2. Phenotypes and complementation tests. (A) F1 flowers from crosses between A. m.
pseudomajus and A. m. striatum (top row) and cultivated A. majus genotypes (left column). A. majus
homozygous lines are wild type (ROS el; SULF), roseadorsea (rosdor el; SULF), and sulfurea incolorata
(ROS el; sulf; inc). (B) Numerical scoring system for ranking magenta and yellow flower color. (C)
Frequency of magenta (left) and yellow (right) scores in an F2 population from A. m. striatum �
A. m. pseudomajus. (D) Genotypic space capturing flower color variation with three principal
components (PCs). The four genotypes used for PC analysis were ROS el/ROS el; SULF/–, ros EL/ros
EL; sulf/sulf, ROS el/ros EL; SULF/–, and ros EL/ros EL; SULF/– (dash indicates unknown allele).
Positions for 174 F2 and 110 F3 plants are shown as white points.

Fig. 3. Molecular varia-
tion at ROS1 and PAL.
Sequences for A. m. stri-
atum (yellow) and A. m.
pseudomajus (magenta)
from individuals collected
outside the contact zone.
Phylogenies and boot-
strap values were gener-
ated by using maximum
parsimony analysis, with
A. latifolium (blue) as the
outgroup. (A) ROS1 mo-
lecular phylogeny. Yellow
morphs contained one
haplogroup (ROS1-Y),
whereas magenta morphs contained a mixture of two haplogroups (ROS1-Ma and ROS1-Mb). (B) PAL
molecular phylogeny. Most sequences belong to one of two haplogroups (PAL-A and PAL-B), but there is no
clear association between haplogroup and flower color.
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to different evolutionary factors than ROS1

(Fig. 1C). Thiswas also supported by genotyping

16 A. m. striatum and A. m. pseudomajus

populations distant from the hybrid zone (Fig.

1A and table S1). In all cases, the ROS1

haplogroup correlated with flower color, where-

as PAL and DICH loci showed no such asso-

ciation.

The simplest interpretation of these results is

that spatial variation in PAL and DICH allele

frequencies reflects historical gene flow be-

tween populations, whereas the ROS1 cline has

been maintained by selection on flower color.

The cline could be maintained, for example, if

intermediate genotypes have lower fitness than

the parental morphs (22). Thus, magenta and

yellow morphs might represent distinct peaks

on an adaptive landscape, whereas intermediate

forms represent an intervening low fitness val-

ley. However, this raises the problem of how

the low fitness valley was traversed when the

two morphs diverged from a common ancestor.

To address this issue, we mapped the range

of phenotypes exhibited by Antirrhinum species

within the defined genotypic space (Fig. 2D).

This was achieved by photographing several

flowers from each species (Fig. 4A) and warp-

ing the images to the same flower shape (Fig. 4B).

We then determined the position in the geno-

typic space that best approximated the color for

each flower (Fig. 4C). The approximation was

evaluated by warping the resulting image back

to the initial flower shape and comparing it to

the original image (Fig. 4D). Much of the var-

iation in flower color was captured within the

3D genotypic space, consistent with previous

studies showing that the ROS, EL, and SULF

loci play important roles in color variation in

the species group as a whole (11–13) (Fig. 4E).

When flowers from 19 species were mapped

into the genotypic space, they collectively formed

a broad U-shaped cloud of points (Fig. 4, F to H).

Flowers from each species formed smaller

clusters within this broader cloud. Magenta

A. m. pseudomajus flowers localized near one

end of the cloud, whereas yellow A. m. striatum

flowers were near the other end. Intermediate

positions within the cloud corresponded to vari-

ous other patterns and intensities of color. How-

ever, certain color combinations were excluded

from the cloud, even though they were observed

in F2 and hybrid zone populations. For example,

orange flowers, having a broad spread of both

yellow and magenta (ROS el/ROS el; sulf/sulf ),

were not within the cloud (Fig. 4F). The absence

of this genotype in wild species could be ex-

plained if individuals with orange flowers have

lower fitness, perhaps because they are less at-

tractive to pollinators (23–25). The role of pol-

linators in propagating A. m. pseudomajus and

A. m. striatum is likely to be of central impor-

tance because the species are self-incompatible,

seed dispersal is limited (involving gravity or

water runoff), and individuals typically survive

for only 1 to 3 years.

Taken together, our results suggest that ma-

genta and yellow morphs did not evolve through

intermediate genotypes giving orange flowers,

but that instead evolution followed the route

defined by the U-shaped cloud. According to

this view, the cloud represents a region of high

fitness, allowing flower color to evolve without

incurring major fitness costs. However, when

genotypes, such as magenta and yellow morphs,

from distant parts of the cloud meet, they can

generate progeny that lie outside the high fitness

cloud, creating a barrier to exchange of flower

color alleles. This would account for the ob-

served steep cline at loci controlling color dif-

ferences in the hybrid zone. A 2D slice through

the U-shaped cloud, passing perpendicularly

through its two arms, would yield an adaptive

landscape with two separate peaks. The cloud

therefore represents a high fitness path between

what might otherwise seem like distinct peaks,

showing how higher dimensional representations

allow adaptive continuity and incompatibility to

be more easily reconciled (2).
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Plant Genotypic Diversity Predicts
Community Structure and Governs
an Ecosystem Process
Gregory M. Crutsinger,1* Michael D. Collins,1 James A. Fordyce,1

Zachariah Gompert,2 Chris C. Nice,2 Nathan J. Sanders1

Theory predicts, and recent empirical studies have shown, that the diversity of plant species determines
the diversity of associated herbivores and mediates ecosystem processes, such as aboveground net
primary productivity (ANPP). However, an often-overlooked component of plant diversity, namely
population genotypic diversity, may also have wide-ranging effects on community structure and
ecosystem processes. We showed experimentally that increasing population genotypic diversity in a
dominant old-field plant species, Solidago altissima, determined arthropod diversity and community
structure and increased ANPP. The effects of genotypic diversity on arthropod diversity and ANPP were
comparable to the effects of plant species diversity measured in other studies.

E
cological theory (1, 2) and field experi-

ments (3, 4) have revealed a positive

relationship between the diversity of plant

species and the diversity of associated consum-

ers. At least two mechanisms might explain this

pattern. First, because approximately 90% of

herbivorous insects exhibit some degree of host

specialization (5), as plant species richness in-

creases, so should the number of associated

herbivore species. This resource specialization

hypothesis has some theoretical support (1, 2, 6).

Second, if aboveground net primary productiv-

ity (ANPP) increases as plant species richness

increases (7), then more herbivore individuals,

and therefore more species, will be supported

by increases in available energy (this has been

called the more individuals hypothesis) (8). An

increase in the number of herbivore species by

either of these mechanisms should support

more predator species (9). Recent studies have

shown that population genotypic diversity, like

plant species diversity, can have extended

consequences for communities and ecosystems

(10–14). However, no studies to date have ex-

plicitly linked intraspecific genotypic diversity,

the structure of associated communities, and

the potential mechanisms driving these pat-

terns, such as energy availability. This paucity

of studies exists despite numerous calls for

such research within the literature regarding

biodiversity-ecosystem function (7, 15). We tested

whether host-plant genotypic diversity deter-

mines the structure of associated arthropod com-

munities and governs an ecosystem process,

ANPP, that influences arthropod species richness.

We manipulated the plot-level genotypic

diversity (the number of genotypes per plot) of

Solidago altissima, tall goldenrod, a common

perennial plant throughout eastern North Amer-

ica. Twenty-one S. altissima ramets were col-

lected from local S. altissima patches growing

in fields near the study site, and each ramet was

identified as a unique genotype by means of

amplified fragment length polymorphism. From

these 21 genotypes, we established 63 1-m2

experimental plots, each containing 12 individ-

uals and 1, 3, 6, or 12 randomly selected geno-

types, mimicking the densities and levels of

genotypic diversity found in natural patches of

similar size. We censused arthropods on every

ramet in each plot five times over the course of

the growing season. In total, we counted 36,997

individuals of È136 species. We estimated

ANPP at the peak of the growing season using

nondestructive allometric techniques (16).

Total cumulative arthropod species richness

increased with plant genotypic diversity. The

number of arthropod species was, on average,

27% greater in 12-genotype plots than in single-

genotype plots (Fig. 1), indicating that plant

genotypic diversity was an important determi-

nant of arthropod diversity. When we examined

the effects of genotypic diversity on community

structure, we found that herbivore species rich-

ness (Fig. 2B) and predator richness (Fig. 2A)

also increased with increasing genotypic diver-

sity. The effects of genotypic diversity on arthro-

pod communities were nonadditive (Fig. 1). That

is, total arthropod richness and herbivore and

predator richness were all greater in the 6- and

12-genotype plots than would be predicted by

summing the number of arthropod species

associated with the corresponding genotypes

grown in monoculture (P G 0.01).

ANPP also increased with plant genotypic

diversity and was 36% greater in 12-genotype

plots than in single-genotype plots (Fig. 2C).

The effect of genotypic diversity on ANPP

could be due to increased niche complementar-

ity (mixed genotypes used available resources

more completely or mixed genotypes facilitated

one another, thereby increasing ANPP in mix-

tures) (7, 15) or to sampling or selection effects

(increased ANPP caused by randomly assem-

bled mixtures having a higher probability of

containing highly productive genotypes) (17).

Using standard techniques (18) we found that

selection effects were highly variable and were

not significantly different from zero (P 9 0.60

for all treatments), indicating that highly pro-

ductive genotypes do not dominate in mixtures

and drive observed increases in ANPP. Selection
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