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Abstract

White clover is polymorphic for cyanogenesis (HCN production after tissue damage), and
this herbivore defence polymorphism has served as a classic model for studying adaptive
variation. The cyanogenic phenotype requires two interacting biochemical components;
the presence/absence of each component is controlled by a simple Mendelian gene
(Ac/ac and Li/li). Climate-associated cyanogenesis clines occur in both native (Eurasian)
and introduced populations worldwide, with cyanogenic plants predominating in
warmer locations. Moreover, previous studies have suggested that epistatic selection may
act within populations to maintain cyanogenic (AcLi) plants and acyanogenic plants that
lack both components (acli plants) at the expense of plants possessing a single
component (Acli and acLi plants). Here, we examine the roles of selection, gene flow and
demography in the evolution of a latitudinal cyanogenesis cline in introduced North
American populations. Using 1145 plants sampled across a 1650 km transect, we
determine the distribution of cyanogenesis variation across the central United States
and investigate whether clinal variation is adaptive or an artefact of population
introduction history. We also test for the evidence of epistatic selection. We detect a clear
latitudinal cline, with cyanogenesis frequencies increasing from 11% to 86% across the
transect. Population structure analysis using nine microsatellite loci indicates that the
cline is adaptive and not a by-product of demographic history. However, we find no
evidence for epistatic selection within populations. Our results provide strong evidence
for rapid adaptive evolution in these introduced populations, and they further suggest
that the mechanisms maintaining adaptive variation may vary among populations of a
species.
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useful model systems because the patchy complexity of

Introduction . . ) . .
landscapes is reduced into a simpler gradient where it

Clinal variation, a shift in phenotypes or allele frequen-
cies over geographic space, has frequently been used as
a model to investigate how species respond to heteroge-
neous selection pressures in the presence of gene flow
(e.g. Hiesey et al. 1942; Antonovics & Bradshaw 1970;
Lenormand et al. 1999; Saccheri et al. 2008). Clines are
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is easier to associate adaptive traits and their underly-
ing genetic variation with environmental variation.
Recent studies have examined the genetic basis of adap-
tive clines in diverse traits, including pigmentation
(Hoekstra et al. 2004; Mullen & Hoekstra 2008; Gross
et al. 2009; Steiner et al. 2009; Rosenblum et al. 2010),
morphology (Huey et al. 2000; McKechnie et al. 2010),
life history (Caicedo et al. 2004) and physiology (Storz
et al. 2007; Zhen & Ungerer 2008). These studies have
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provided new insights into the spatial and temporal
scales over which local adaptation can take place. Spe-
cifically, this research indicates that local adaptation can
occur on short time scales (e.g. Umina et al. 2005; Sacc-
heri et al. 2008), that adaptive clines can evolve in par-
allel in different portions of a species range (e.g.
Oakeshott et al. 1982; Huey et al. 2000; Phifer-Rixey
et al. 2008) and that this process of parallel cline evolu-
tion can occur through multiple, independent molecular
mechanisms (e.g. Steiner et al. 2009; Rosenblum et al.
2010).

For populations occurring along an adaptive cline,
genotype frequencies within a given population are
potentially determined by two types of processes: those
reflecting coarse-grained (regional-scale) factors and
those  reflecting fine-grained  (within-population)
dynamics. Coarse-grained factors operate in all adaptive
clines and are the primary focus of most studies of
clinal variation; these include interpopulation gene flow
and selection associated with regional-scale environ-
mental heterogeneity. Fine-grained factors that can
affect adaptive polymorphism levels within populations
of a cline include disruptive (diversifying) selection and
directional selection corresponding to fine-scale spatial
or temporal environmental heterogeneity (e.g. Weinig
et al. 2003; Caicedo et al. 2004; Kroymann & Mitchell-
Olds 2005; Todesco et al. 2010; reviewed by Charles-
worth 2006; Hedrick 2006; Hudson & Kane 2009). One
particular genetic mechanism by which polymorphism
can be maintained within populations is epistatic selec-
tion, whereby selection favours specific allele combina-
tions at unlinked loci. For example, selection for
alternative flowering time phenotypes in Arabidopsis
has been shown to arise through epistatic selection for
specific allele combinations at two unlinked genes (Cai-
cedo et al. 2004).

In addition to coarse- and fine-grained selective pro-
cesses, clines can also potentially reflect nonadaptive
processes, such as independent population introduc-
tions and/or range expansion (Clegg et al. 2002; Vase-
magi 2006; Keller & Taylor 2008). Comparison of
putatively selected genes with unlinked neutral markers
can be used to assess the degree to which observed
clinal variation is actually adaptive vs. a product of
demographic history and resulting population struc-
ture.

Despite a well-developed theoretical literature on
cline evolution (e.g. Fisher 1937; Haldane 1948; Endler
1977), very few studies have empirically examined the
relative roles of coarse-grained and fine-grained selec-
tive factors in shaping allele or trait frequencies along
adaptive clines. To do so requires a well-characterized
adaptive polymorphism, preferably with a simple
genetic basis, which also shows clinal variation. This

study takes advantage of a well-studied polymorphism
for cyanogenesis (HCN release in response to tissue
damage) in white clover (Trifolium repens L.) to examine
the roles of coarse-grained and fine-grained selective
factors, as well as the potential role of demographic his-
tory, in shaping clinal variation.

Cyanogenesis in white clover

The white clover cyanogenesis polymorphism is consid-
ered a textbook example of selectively maintained adap-
tive variation (e.g. Dirzo & Sarukhan 1984; Silvertown
& Charlesworth 2001). Cyanogenic and acyanogenic
plants occur together in many natural populations, and
the relative proportions of the two phenotypes correlate
closely with environmental variation. Specifically, there
is a higher frequency of cyanogenic plants in warmer
climates, creating a pattern of climate-associated clines
in both native (Eurasian) and introduced populations
around the world. Previous studies have documented
latitudinal cyanogenesis clines across Europe (Daday
1954a) and North America (Daday 1958), and altitudinal
clines in the Swiss Alps (Daday 1954b), Wales (de Ara-
ujo 1976), the French Alps (Till-Bottraud et al. 1988), the
Himalayas (Majumdar et al. 2004) and the Pacific Cas-
cades (Ganders 1990). Although white clover occurs in
temperate regions worldwide today, it has been intro-
duced into most of its current range within the last
500 years. Given that this is a potentially long-lived
perennial species, the recurrent and rapid emergence of
cyanogenesis clines suggests intense climate-related
selection associated with the cyanogenesis polymor-
phism. However, the population structure of white clo-
ver in these regions is unknown, and a formal
comparison to neutral genetic variation is necessary
before concluding that cyanogenesis clinal variation is
adaptive.

It is generally hypothesized that white clover cyano-
genesis clines are products of an ecological trade-off
between selection for resistance to herbivores and selec-
tion against the costs of cyanogenesis in colder climates
(reviewed by Hughes 1991). Ecological studies con-
ducted over the last several decades have provided sub-
stantial ~evidence that cyanogenic plants are
differentially protected from small generalist herbivores,
including slugs, snails, insects and voles (e.g. Ennos
1981; Dirzo & Harper 1982a,b; Kakes 1989; Pederson &
Brink 1998; Saucy et al. 1999; Viette et al. 2000). The
predominance of acyanogenic plants in colder climates
has been proposed to reflect the decreased benefits of
energetic investment in chemical defence in areas of
low herbivore pressure (Kakes 1989). Consistent with
this hypothesis, acyanogenic plants in greenhouse and
field experiments have been reported to flower earlier
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and more prolifically than cyanogenic plants in the
absence of herbivores (Daday 1965; Kakes 1989), sug-
gesting a competitive advantage under these conditions.
An alternative ‘autotoxicity’ hypothesis proposes that
cyanogenic plants may be directly selected against in
colder climates, because frost-induced tissue damage
could lead to cyanide poisoning within the plant
(Daday 1965; Brighton & Horne 1977; but see Olsen &
Ungerer 2008).

The cyanogenic phenotype in clover requires two
components that are separated in intact tissue and
brought together with tissue damage that causes cell
rupture: cyanogenic glucosides (stored in the vacuoles
of photosynthetic tissue) and their hydrolysing enzyme
linamarase (stored in the cell wall) (reviewed by
Hughes 1991). Acyanogenic phenotypes can arise
through the absence of either or both of the two
required components. Classical genetics studies (e.g.
Corkill 1942; Atwood & Sullivan 1943) revealed that
two independently segregating Mendelian genes can
account for these biochemical polymorphisms. The gene
Ac describes the presence/absence of cyanogenic gluco-
sides, and Li describes the presence/absence of linamar-
ase. For both genes, a homozygous recessive genotype
corresponds to the absence of the cyanogenic compo-
nent. Thus, plants with at least one dominant (func-
tional) allele at both Ac and Li are cyanogenic (the AcLi
cyanogenesis phenotype, or ‘cyanotype’), while the
other cyanotypes (acLi, Acli and acli) lack one or both
components and correspond to acyanogenic pheno-
types. The molecular bases of both biochemical poly-
morphisms have been recently described: Ac/ac
corresponds to a gene presence/absence polymorphism
at the locus CYP79D15, which encodes the P450 protein
catalysing the first step in the cyanogenic glucoside bio-
synthetic pathway (Olsen et al. 2008); Li/li corresponds
to an unlinked gene presence/absence polymorphism at
Li, which encodes the linamarase glycoprotein precur-
sor (Olsen et al. 2007). These loci are known to occur in
different linkage groups, and genetic mapping is in pro-
gress (K. Olsen, unpublished observations).

The fact that the clover cyanogenesis polymorphism
arises through two independently segregating simple
Mendelian genes provides a unique opportunity to
study the role of epistatic selection in the evolution of
this adaptive polymorphism. Plants that produce one
cyanogenic component without the other may be mal-
adaptive because they bear some of the energetic costs
of cyanogenesis but without the herbivore defence ben-
efits (Kakes 1989). Thus, in polymorphic populations,
there may be epistatic selection favouring plants that
are either cyanogenic (AcLi cyanotype) or lacking in
both cyanogenic components (acli cyanotype) at the
expense of acLi and Acli cyanotypes. Consistent with
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this hypothesis, some polymorphic mid-cline popula-
tions in Europe have been reported to show strong link-
age disequilibrium (LD) between the two unlinked
cyanogenesis genes, with a statistical excess of AcLi
and acli cyanotypes (i.e. positive LD) among adult
plants (Ennos 1982; Kakes 1987); this pattern potentially
suggests pervasive epistatic selection against Acli and
acLi plants. If epistatic selection were a general phe-
nomenon affecting cyanotype frequencies in white clo-
ver populations, this fine-grained selective force would
be predicted to generate positive LD among adult
plants in most polymorphic populations.

In this study, we examine a continent-wide latitudinal
transect of introduced U.S. white clover populations to
investigate the roles of coarse-grained environmental
heterogeneity, fine-grained epistatic selection and demo-
graphic history in shaping cyanogenesis cline evolution.
We address the following questions: (i) Is the U.S. lati-
tudinal cyanogenesis cline adaptive, or is it an artefact
of white clover’s introduction history into North Amer-
ica? and (ii) If the cline is adaptive, can cyanogenesis
frequencies in U.S. populations be attributed solely to
coarse-grained dynamics (interpopulation gene flow
and regional-scale environmental gradients), or does
epistatic selection within populations also play a role?
We find evidence for striking clinal variation in these
introduced populations that is not a by-product of
demographic history. However, unlike populations in
the native European range, we find no evidence for epi-
static selection or other fine-scale selective processes
within these North American populations. These find-
ings suggest that coarse-grained factors alone are suffi-
cient to maintain the Ac/ac and Li/li adaptive
cyanogenesis polymorphisms in North America.

Materials and methods

Sampling

Trifolium repens has been widely introduced from its
native Eurasian range into mesic temperate regions
worldwide (Kjeergaard 2003). It is cultivated as a forage
crop and also occurs commonly in lawns, roadsides
and other mowed or grazed areas. The species is a self-
incompatible perennial, which spreads vegetatively
through stolons. For this study, introduced white clover
populations were sampled along a latitudinal transect
spanning the central United States (Fig. 1). Seven
regions were sampled: New Orleans, LA; Jackson, MS;
Grenada, MS; Memphis, TN; Cape Girardeau, MO;
St. Louis, MO; and Wausau, WI. Collections in each
region were made within a geographical area of
approximately 20 x 20 km (except in the New Orleans
region where sampled sites broadly surround Lake
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Fig. 1 Locations of sampled clover populations. Each dot cor-
responds to a sampled subpopulation within one of seven pop-
ulations (south to north): New Orleans, LA (LA); Jackson, MS
(MS)); Grenada, MS (MSG); Memphis, TN (MTN); Cape Girar-
deau, MO (CG); St. Louis, MO (STL); Wausau, WI (WI). The
blue to red gradient indicates minimum winter temperature as
determined from the BIOCLIM data set (Hijmans et al. 2005).

Pontchartrain). In each region, plants were initially col-
lected in 15 separate sampling sites (‘subpopulations’),
each site encompassing an area of approximately
50 x 50 m; ten stolon cuttings were collected per sub-
population, yielding 150 individuals per region and
1050 individuals (Table S1, Supporting information).
An additional 15 subpopulations were later sampled in
the St. Louis region, yielding a total of 120 subpopula-
tions (1200 individuals in total, 1145 of which survived
transplantation and were used in analyses). Most sam-
pling sites were in public parks, schools and athletic
fields; within each sampling site, sampled individuals
were separated by at least 3 m to prevent the collection
of multiple ramets from a single genet (Gliddon & Sa-
leem 1985). Plants from New Orleans, St. Louis and
Wausau were collected in early summer 2008, and
remaining regions were collected in early summer 2009.
Collected stolon cuttings were planted in MetroMix360
soil medium in 4” pots and maintained on a mist bench
in the greenhouse of Washington University for 3-
5 days, after which plants were grown under standard
greenhouse conditions. Because we observed no genetic
differentiation among subpopulations within regions
(see Results), we refer to groups of subpopulations
within regions as ‘populations’ hereafter.

Geographical distances among subpopulations were
calculated from GPS coordinates for each sampling site
using a modified Haversine Formula as implemented in
GenAlEx 6 (Peakall & Smouse 2006). Distances among

populations were calculated by the same method but
using the geographical mean centre of subpopulations
for each population, as determined with the MeanCen-
ter function in ArcMap 9.3.1 (ESRI, Redlands, CA).
Because cyanogenesis allele frequencies may be more
closely correlated with local climate than latitude (Da-
day 1965; Hughes 1991), we also estimated minimum
winter temperature for each subpopulation using GIS
data (extracted from bio6 in the BIOCLIM dataset; Hij-
mans et al. 2005). Minimum winter temperature for
each population was calculated by averaging values
across subpopulations.

Cyanogenesis gene analyses

Cyanotypes were determined for collected plants using
Feigl-Anger HCN detection assays (Feigl & Anger
1966), following the protocol described by Olsen et al.
(2007, 2008). Briefly, fresh leaves were collected from
each plant to provide six approximately identical leaf
tissue samples (typically three leaves used per sample).
Pairs of duplicate samples were then tested for HCN
production under one of three treatments: leaf tissue
tested alone (to identify AcLi cyanotypes); leaf tissue
plus exogenous cyanogenic glucoside solution (to iden-
tify acLi cyanotypes); or leaf tissue plus exogenous lina-
marase solution (to identify Acli cyanotypes). Leaves
were frozen, thawed and mashed with a pipet tip to
ensure cell rupture. Samples were incubated with test
paper for four hours at 37 °C, as longer incubations can
potentially generate false positives for acLi cyanotypes
(resulting from the gradual hydrolysis of exogenously
added cyanogenic glucosides; data not shown). We
tested for experimental error by rephenotyping 40
plants and confirmed complete reproducibility. Any
plants showing discrepancies in results between the
two duplicate samples for each test treatment were
retested until we were confident of the cyanotype. We
also tested whether Feigl-Anger results were appropri-
ate proxies for the presence/absence of the CYP79D15
and Li loci using PCR assays for the presence/absence
of each gene (see Olsen et al. 2007, 2008 for PCR proto-
cols); a sample of 54 plants representing all cyanotypes
was tested. We found a false-negative error rate (i.e.
failure to detect a cyanogenic component despite the
presence of the corresponding gene) of <5% (data not
shown). Thus, for the rest of this study, we use the clas-
sical gene terminology (Ac/ac and Li/li) with the
assumption that the dominant and recessive alleles cor-
respond at the molecular level to the presence and
absence of each cyanogenesis gene.

Cyanotype frequencies (AcLi, Acli, acLi and acli) and
inferred Ac and Li genotype and allele frequencies were
calculated for individual subpopulations and for popu-
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lations. Frequencies of homozygous recessive genotypes
(acac or lili) can be calculated directly from cyanotype
data, as they correspond to the absence of individual
cyanogenic components. Allele and genotype frequen-
cies for Ac/ac and Li/li were inferred using homozy-
gous recessive genotype frequencies under the
assumption of Hardy-Weinberg equilibrium (p* + 2pq +
7> = 1, where ¢° is the frequency of homozygous reces-
sive genotypes). Calculations were performed both by
hand and using GenAIEx 6.

Neutral marker analyses

To assess population structure across the sampled tran-
sect, we genotyped a subset of individuals from each
population using primer pairs for nine microsatellite
loci that have been found to be polymorphic in white
clover (C. Brummer, pers. comm.; Noble Foundation,
Ardmore, OK) (Table S2, Supporting information). We
selected 4-7 subpopulations for each population at ran-
dom and genotyped all sampled individuals that sur-
vived  transplantation = within = them, yielding
approximately 50 individuals genotyped per population
(349 individuals in total, representing 38 subpopula-
tions; Table S3, Supporting information). DNA was
extracted with DNeasy Plant Mini kits (Qiagen, Valen-
cia, CA) following the manufacturer’s protocols using
50 mg young leaf tissue from each plant. PCR condi-
tions followed the protocol developed by Brummer and
colleagues (Noble Foundation), including use of a PIG-
tail (Brownstein et al. 1996) and an M13 fluorescently
labelled tag (Schuelke 2000). Amplified products were
multiplexed and diluted to 1:300 before being geno-
typed on an ABI 3100 sequencer at Washington Univer-
sity in St. Louis. All microsatellite alleles were scored
using a ROX 400HD ladder, and the resulting fragment
lengths were analysed using GeneMapper version 3.7
(Applied Biosystems, Foster City, CA). We hand-
checked every allele call and coded any sample with
more than two strong peaks as missing data. Microsat-
ellite reactions that did not amplify were repeated up to
three times before being coded as missing data. All loci
had <5% missing data.

Genotypes were exported from GeneMapper and con-
verted to GenePop format using GMCONVERT 0.32
(Faircloth 2006). Population tags were added to the
GenePop file, and CONVERT 1.31 (Glaubitz 2004) was
used to produce Arlequin and revised GenePop files.
CONVERT 1.31 was also used to tabulate the number
of private alleles in each subpopulation. We used
MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004) to
check for the evidence of null alleles within each popu-
lation via 1000 Monte Carlo simulations of the alleles in
each population. Further, we checked for deviations
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from Hardy-Weinberg equilibrium using exact tests
implemented in Arlequin 3.5.1.2 (Excoffier et al. 2005).
We used 95% confidence intervals followed by Bonfer-
roni corrections as criteria for significant evidence of
null alleles.

To assess the distribution of neutral variation among
subpopulations and populations, we used both Fst-like
and Rst-like amova settings in Arlequin 3.5.1.2 (Excoffier
et al. 2005) and tested for population differentiation
based on a frequency distribution created from 1000
permutations of the data. For all subpopulations and
populations, we also calculated pairwise Fst (Reynolds
et al. 1983) and Rst (Slatkin 1995) in Arlequin 3.5.1.2
and pairwise @pt using GenAlEx 6. These measures all
provided quantitatively similar estimates of population
differentiation (see Results). Unlike Fst and Rst, ¢pt can
be calculated for both codominant markers (such as mi-
crosatellites) and dominant markers (such as the cyano-
genesis genes), and so we focused on this measure of
differentiation in the comparisons described elsewhere.

Comparison of population differentiation at neutral
markers and cyanogenesis genes

To test for signatures of isolation by distance in micro-
satellite data and the cyanogenesis genes, we performed
Mantel tests and partial Mantel tests using the program
zt (Bonnet & Van de Peer 2002). Statistical significance
of correlations between matrices was determined
through Fisher’s exact tests following 100 000 permuta-
tions of the matrices (see Bonnet & Van de Peer 2002
for exact methods and formulas). We tested for isolation
by distance in neutral markers by comparing the geo-
graphical distance matrix between subpopulations with
a linearized pairwise @pt matrix computed from micro-
satellite genotype frequencies. We investigated clinal
variation in the cyanogenesis genes by comparing the
geographical distance matrix with linearized pairwise
¢@pt matrices constructed from cyanotype frequencies
and from the individual Ac/ac and Li/li genes. Because
we did not have microsatellite genotypes for every indi-
vidual for which we had cyanotype data, we used only
those populations where we had both microsatellite
genotypes and cyanotypes (38 subpopulations in total).
To explicitly test for greater isolation by distance at the
cyanogenesis genes compared to neutral markers, we
used partial Mantel tests to test for correlations between
geographical distance and differentiation at cyanogene-
sis loci while controlling for neutral marker genetic dis-
tances. We also used a matrix of pairwise differences in
minimum winter temperature in place of the geographi-
cal distance matrix for comparison to the microsatellite
and cyanogenesis gene matrices. Further, to test for any
evidence of adaptive divergence at Ac/ac and Li/li with-
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out regard to geography, we compared pairwise ¢pt
values between the cyanogenesis genes and the micro-
satellite loci. Under neutral expectations, microsatellite
pairwise ¢pt values should be equal to pairwise @pt
values at each cyanogenesis gene; however, if the two
cyanogenesis genes are under selection for adaptive
divergence, we expect greater values for the cyanogene-
sis genes.

Testing for epistatic selection

To investigate the potential role of epistatic selection in
shaping cyanotype frequencies, we tested for linkage
disequilibrium (LD) between the Ac/ac and the Li/li
genes. A statistically significant excess of AcLi and acli
cyanotypes and a corresponding deficit of Acli and acLi
cyanotypes (i.e. positive LD) would be consistent with
the patterns of epistatic selection previously reported
for some white clover populations (Ennos 1982; Kakes
1987). Because LD between unlinked genes can also
arise as an artefact of pooling subpopulations that are
genetically differentiated, we tested for LD both at the
population level (pooling across subpopulations) and
within individual subpopulations. LD between Ac and
Li was calculated from cyanotype frequencies using
Hill's (1974) maximum likelihood estimator (D), follow-
ing the method employed previously in white clover
(Ennos 1982; Kakes 1987). This method for calculating
LD does not depend on our inferred allele or genotype
frequencies, only on the empirically observed cyanotype
frequencies.

Results
Cyanogenesis genes show latitudinal clinal variation
across the United States

Both the Ac/ac and Li/li genes were polymorphic in
most subpopulations sampled in the seven surveyed

populations (Table 1; see also Table S1, Supporting
information). Across the sampled transect, a strong lati-
tudinal cline is apparent in the frequency of cyanogenic
plants; AcLi cyanotype frequencies were 85.8% in the
New Orleans, LA population and steadily declined to
11.0% in the Wausau, WI population (Table 1; Fig. 2).
Among the three acyanogenic cyanotypes, weak clinal
variation is apparent for the Acli and acli cyanotypes,
with both showing an increase in frequency towards
higher latitudes. In contrast, the frequency of acLi cya-
notypes is highest near the centre of the transect and
declines to the north and south (Fig. 2).

We used linear regressions to investigate spatial dis-
tributions of the Ac/ac and Li/li allele frequencies and
the cyanogenic phenotype (AcLi cyanotype) as a func-
tion of sampling site across the transect. Correlations
are highly statistically significant (P < 0.001 in all cases),
both for regressions against geographical distance along
the transect and against minimum winter temperature
(Figs 3 and S1, Supporting information). As a further
assessment of clinal variation at the cyanogenesis genes,
we performed Mantel tests to compare matrices of pair-
wise differences between sampling sites (using either
geographical location or minimum winter temperature)
with matrices of pairwise differentiation at the cyano-
genesis genes (using ¢pt values for Ac/ac, Li/li, or cya-
notype). All comparisons yielded statistically significant
associations (P < 0.05 in all tests; Table 2).

Microsatellite variation and population structure

All microsatellite loci were polymorphic in every sub-
population sampled (Table S3, Supporting information).
The number of alleles per locus ranged from 3 to 16,
with 90 alleles detected in total. Additional summary
statistics are presented in Table S3 (Supporting infor-
mation). Not all loci were in Hardy-Weinberg equilib-
rium within every population. After implementing
Bonferroni corrections for multiple tests, four of nine

Table 1 Summary of cyanogenesis polymorphism data by population

Latitude = Average minimum AcLi Ac allele Li allele
Region N (°N) winter temp. (°C) cyanotype frequency  frequency  frequency D
New Orleans, LA (LA) 141 30.22 4.59 0.86 0.72 0.73 —0.01 (ns)
Jackson, MS (MS]) 146 32.36 1.22 0.47 0.46 0.41 —0.02 (ns)
Grenada, MS (MSG) 142 33.83 -0.8 0.42 0.33 0.44 —0.05 (ns)
Memphis, TN (MTN) 147 35.02 -1.26 0.33 0.29 0.43 0.00 (ns)
Cape Girardeau, MO (CG) 135 37.31 -5.36 0.24 0.34 0.27 0.03 (ns)
St. Louis, MO (STL) 298 38.65 -6.76 0.15 0.24 0.16 —0.01 (ns)
Wausau, WI (WI) 136 4493 16.77 0.11 0.30 0.13 0.01 (ns)

Allele frequencies for Ac and Li were calculated with the assumption of Hardy—Weinberg equilibrium within populations. Linkage
disequilibrium values were calculated directly from observed cyanotype frequencies. No linkage disequilibrium values are

statistically significantly different from zero.
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Fig. 2 Cyanotype frequencies in each population along the
sampled U.S. latitudinal transect. Population abbreviations cor-

respond to Fig. 1.

loci displayed an excess of homozygotes in at least 15%
of the subpopulations surveyed. Analysis with MICRO-
CHECKER (Van Oosterhout et al. 2004) indicated that

this excess was consistent with the presence of null
alleles at these loci (Tables S3 and S4, Supporting infor-
mation). We therefore ran all subsequent analysis with
two data sets, the first including all microsatellites and
the second excluding the four loci with greatest evi-
dence of null alleles (TRSSRB03C06, TRSSRAO5E05,
TRSSRA04G02, TRSSRA02B11; see Table S2, Supporting
information). There were no qualitative differences in
any analysis, and the quantitative differences did not
affect any of the conclusions of this study. Further,
when we used the null allele correction method of Cha-
puis & Estoup (2007), we observed no differences in
downstream analysis. Results reported below are for all
nine microsatellite loci.

AMOvAs using both Rst-based genetic distances (which
incorporate information on repeat number differences
among alleles) and Fst-based measures (based on allele
identity only) reveal that there is little overall geograph-
ical structure in neutral marker variation across the
sampled North American transect. Almost all of the
variation is distributed within individual subpopula-
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Fig. 3 Regression of population frequencies of the Li allele (A), Ac allele (B) or the AcLi cyanotype (C) against average minimum
winter temperature for the region where samples were collected. Statistical significance of linear regressions is indicated as follows:
*0.01 < P < 0.05, **0.01 < P < 0.001 and ***P < 0.001.

Table 2 Results of Mantel and partial Mantel tests comparing differentiation at the cyanogenesis genes or microsatellite loci with
geographical and climatic data for sampled populations

Matrix 1 Matrix 2 Control Matrix r P

Geography Ac/ac — 0.239 0.0017
Geography Li/li — 0.345 0.0003
Geography AcLi cyanotype — 0.303 0.0020
Geography Microsatellites — 0.483 0.0001
Minimum Winter Temperature Ac/ac — 0.203 0.0051
Minimum Winter Temperature Li/li — 0.335 0.0004
Minimum Winter Temperature AcLi cyanotype — 0.280 0.0008
Minimum Winter Temperature Microsatellites — 0.476 0.0001
Geography Ac/ac Microsatellites 0.153 0.0152
Geography Li/li Microsatellites 0.185 0.0047
Geography AcLi cyanotype Microsatellites 0.164 0.0151
Minimum Winter Temperature Ac/ac Microsatellites 0.112 0.0570
Minimum Winter Temperature Li/li Microsatellites 0.176 0.0083
Minimum Winter Temperature AcLi cyanotype Microsatellites 0.139 0.0363

© 2012 Blackwell Publishing Ltd



2462 N. J. KOOYERS and K. M. OLSEN

Table 3 Hierarchical analysis of molecular variance (amova) based on nine microsatellite markers

Source of variation d.f. Sum of squares Variance components Percentage of variation
Among populations 6 932.05 1.23 5.19%**

Among subpopulations within populations 31 1023.80 0.6 2.54

Within subpopulations 660 14478.88 21.93 92.27%**

Total 697 16434.72 23.78

Variances were calculated using the ‘Rst-like” AMova option in Arlequin 3.5.1.2 (Excoffier et al. 2005). Asterisks denote statistical
significance of variation components as follows: *0.01 < P < 0.05, **0.01 < P < 0.001 and ***P < 0.001.

tions rather than among subpopulations within popula-
tions or among populations (92.27% for Rst-based Awm-
ova; Table 3). Within populations, there is no more
variation partitioned among subpopulations than would
be expected by chance, indicating an absence of any
detectable population structure at this geographical
scale (Table 3). Lack of population structure within
populations is also evident from very low pairwise
genetic distances between subpopulations within popu-
lations (mean @pt = 0.030). Pairwise genetic distances
among all subpopulations across the entire transect also
reveal very low differentiation, even between sites
located more than 1600 km apart (mean Rst = 0.066,
mean ¢pt = 0.050; see Table S4, Supporting informa-
tion). Nonetheless, the amovas reveal significantly more
variation distributed among populations than would be
expected by chance (5.19%, P < 0.0001 for Rst-based Awm-
ova; Table 3), a pattern consistent with some degree of
population differentiation on a continent-wide scale. In
addition, we find a statistically significant correlation
between pairwise genetic distances (ppt) among sub-
populations and geographical distances (Mantel’s
r=0.473, P =0.01), indicating some isolation by dis-
tance across the transect.

To test whether the isolation by distance detected at
the microsatellite markers is sufficient to account for the
cyanogenesis gene clinal variation, we used partial
Mantel tests, where a pairwise geographical distance
matrix (or a pairwise minimum winter temperature dif-
ference matrix) was compared with pairwise linear ¢pt
matrices from Ac/ac, Li/li and AcLi cyanotype while
controlling for a pairwise linear @pt matrix from micro-
satellite data. We find that after controlling for popula-
tion structure, there is still statistically significant clinal
variation in Ac Mantel’s r = 0.15, P = 0.015), Li (Man-
tel's r = 0.19, P = 0.005) and the AcLi cyanotype (Man-
tel's r = 0.16, P = 0.015) (Table 2, Fig. 4). Similarly, we
find that pairwise ¢pt values among subpopulations
are statistically significantly greater for the cyanogenesis
genes than for microsatellite loci (Ac: t = 16.0, d.f. = 702,
P <0.0001; Li: t=17.6, d.f. =702, P <0.0001; Fig. S2,
Supporting information), consistent with selection
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Fig. 4 Regressions of linear pairwise ¢pt values between sam-
pling sites for microsatellite data, Ac/ac, Li/li and AcLi cyano-
type against pairwise minimum winter temperature data.
Statistical significance of regressions is indicated as follows:
*0.01 < P < 0.05, **0.01 < P < 0.001 and ***P < 0.001.

favouring adaptive divergence at the cyanogenesis
genes. These findings indicate that the strong clinal var-
iation observed at the cyanogenesis genes is not an arte-
fact of demographic history.

No evidence for epistatic selection within populations

To assess the potential role of epistatic selection in
maintaining the cyanogenesis polymorphism, we mea-
sured the degree of linkage disequilibrium (LD)
between the Ac/ac and Li/li genes (calculated as D; Hill
1974) for each sampled population and for individual
subpopulations within populations. In contrast to native
European populations, where a positive association
between the dominant Ac and Li alleles has been
reported for some populations (Ennos 1982; Kakes
1987), none of the North American populations have D
values that are statistically significant from zero
(Table 1). At the level of individual subpopulations, 11
of 120 sampled sites show statistically significant values
of D; however, all of these have an excess of Acli and
acLi cyanotypes (i.e. negative linkage disequilibrium
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(LD) between Ac and Li; Table S1, Supporting informa-
tion), which is the opposite of the pattern expected
under the epistatic selection hypothesis proposed for
white clover.

Discussion

The white clover cyanogenesis polymorphism has long
served as a model system for understanding how adap-
tive variation is maintained within and between popula-
tions. Here, we have investigated the evolutionary
processes underlying the establishment and maintenance
of cyanogenesis clinal variation in introduced North
American populations. In the native Eurasian species
range, both adaptation in response to coarse-grained spa-
tial environmental heterogeneity and fine-grained epi-
static selection have been proposed to maintain the Ac/ac
and Li/li cyanogenesis polymorphisms (Daday 1954a,
1958, 1965; Ennos 1982; Kakes 1987). We find that while
the North American latitudinal cline is consistent with
adaptation and is not an artefact of introduction history
(Figs 2 and 4; Table 3), there is no evidence for within-
population epistatic selection as a factor in the mainte-
nance of cyanogenesis variation (Tables 1 and S3, Sup-
porting information). Thus, our findings suggest that
coarse-grained spatial environmental heterogeneity alone
is sufficient to explain the origin and persistence of the
cyanogenesis polymorphism in the United States. Below,
we discuss the implications of our findings for studies of
adaptive cline evolution and specifically for the clover
cyanogenesis polymorphism.

Rapid adaptive cline evolution

White clover was introduced into the United States with
European colonization within the last 500 years. Thus,
the continent-wide cyanogenesis cline documented in
this study has evolved in this perennial species in a rela-
tively few generations. Trifolium repens is an obligately
outcrossing, self-incompatible species, and, as a common
human commensal, it has an exceedingly large effective
population size in North America (Kjergaard 2003).
These characteristics would all be expected to facilitate
the rapid evolution of adaptive clinal variation in this
species. A number of other studies have also documented
the establishment of adaptive clines in relatively short
periods of time (Antonovics & Bradshaw 1970; Huey
et al. 2000; Umina et al. 2005; Dlugosch & Parker 2008;
Montague et al. 2008; Saccheri et al. 2008). Like white clo-
ver, these species generally have large effective popula-
tion sizes, little population structure and outcrossing
mating systems (e.g. Drosophila melanogaster). All of these
characteristics are expected to lead to efficient responses
to selection within populations (Charlesworth 2009), as
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long as interpopulation gene flow is not so great as to
overwhelm local adaptation (Endler 1977).

Our study is not the first to document the North
American white clover cyanogenesis cline. Daday (1958)
surveyed 3203 plants from 38 populations between
southern Louisiana and Alaska, 36 of which were poly-
morphic at both Ac and Li. That study revealed similar
clinal variation to the patterns we observe, although
Daday observed universally higher Ac and Li allele fre-
quencies at a given minimum winter temperature, as
well as greater variation in cyanogenesis frequencies
among the northern populations that he sampled.

It is important to note that observations of clinal varia-
tion in putatively adaptive traits do not by themselves
demonstrate adaptive cline evolution. For recently estab-
lished populations in particular, the history of population
introduction can easily create clines that are reflections of
demographic history rather than local adaptation (Caval-
li-Sforza et al. 1993; Clegg et al. 2002; Vasemagi 2006;
Keller & Taylor 2008; Keller et al. 2009). In the case of
white clover, the close correlation between climate and
cyanogenesis in the native Eurasian range could have led
to the differential introduction of acyanogenic, cold-
adapted clover from northern Europe into the northern
United States and warm-adapted, cyanogenic clover
from the Mediterranean into the southern United States.
If this introduction pattern did in fact occur, a near-
panmictic level of subsequent gene flow has all but elimi-
nated any initial population structure (see Tables 3 and
54, Supporting information). Thus, the cyanogenesis cline
observed across our sampled latitudinal transect (Fig. 2)
can be most easily attributed to local adaptation along
the latitudinal gradient.

Historically, the presence of similar phenotypic clines,
either in different geographical portions of a species
range or in several different species over the same range,
has been taken as evidence of adaptation (e.g. Endler
1986, Huey et al. 2000). While several other climate-
associated cyanogenesis clines have been described in
white clover populations around the world (Daday
1954a,b, 1958; de Araujo 1976; Till-Bottraud et al. 1988;
Ganders 1990; Majumdar et al. 2004), most of this docu-
mentation occurred before the advent of molecular tech-
niques that could be used for assessing population
structure with neutral markers. We suggest that under-
standing population structure is one of the necessary pre-
requisites for drawing any definitive conclusions about
adaptive divergence in these populations.

No evidence for epistatic selection or other fine-grained
processes within North American populations

If epistatic selection were acting to maintain cyanogene-
sis variation within North American white clover
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populations, as has previously been proposed for other
populations (Ennos 1982; Kakes 1987), one would
expect a statistically significant excess of AcLi and acli
cyanotypes relative to Hardy-Weinberg expectations
(i.e. positive LD between Ac and Li). We reject epistatic
selection as a mechanism for maintaining polymor-
phism within our sampled populations: we find no evi-
dence for significant LD in any population (Table 1).
Similarly, LD is not significantly different from zero in
most subpopulations sampled, and those showing sig-
nificant D values indicate negative rather than positive
LD (Table S1, Supporting information); this pattern is
inconsistent with the epistatic selection hypothesis pro-
posed for white clover.

We also find no evidence of a role for other fine-scale
factors in the maintenance of the cyanogenesis polymor-
phism. For example, if fine-scale spatial environmental
heterogeneity were favouring adaptive divergence
among subpopulations within populations, subpopula-
tions within a given population would be expected to
show some degree of adaptive divergence at the cyano-
genesis genes. However, no differentiation is detected
on this spatial scale (Table S1, Supporting information).
Moreover, when subpopulations within populations are
pooled, we find no evidence of LD between the cyano-
genesis genes, which would be predicted with the pool-
ing of subpopulations that are adaptively diverged
(Nordborg & Tavare 2002). Thus, if there are any fine-

scale spatial differences in selection among the clover
subpopulations, the selection is either too weak or the
gene flow too great to allow for local adaptation.

In order to compare our LD observations to previous
studies, we compiled data from the literature docu-
menting cyanogenesis polymorphisms in white clover
populations from around the world, and we calculated
D for these populations. Across nine studies, which col-
lectively examined cyanogenesis variation in 14 world
regions, 12 of the surveyed regions contain one or more
populations  showing statistically  significant LD
(Table 4). Among these 12 regions, 11 show a bias
towards positive LD, consistent with epistatic selection
for AcLi and acli cyanotypes. However, fewer than one-
third of polymorphic populations show statistically sig-
nificant positive LD (29.4% of populations on average
across the 11 regions), and only two regions show a
majority of populations with positive LD (Table 4). To
test whether our LD estimates for these other studies
might be biased downwards by the inclusion of popula-
tions with low polymorphism levels, we also calculated
D using only those populations where all Ac/ac and
Li/li alleles were all present at a frequency of at least
0.15. This recalculation does not result in a statistically
significant increase in the percentage of populations
showing positive LD (t-test; P > 0.05). Comparisons of
native vs. introduced populations also do not reveal
any obvious patterns with respect to LD; proportions of

Table 4 Summary of linkage disequilibrium detected between Ac/ac and Li/li within polymorphic populations in 10 studies. Posi-
tive LD corresponds to an excess of AcLi and acli cyanotypes over Hardy—Weinberg expectations

Populations
with significant

Populations

Average N per with significant

No. polymorphic polymorphic nonzero LD positive LD

Study Area* populations population N, (%) N, (%)
Daday (1954a) Eurasia 33 133.5 7 (21.2) 7 (21.2)
Daday (1954b) Swiss Alps 5 115.6 0 (0) 0 (0)
de Araujo (1976) Wales 17 40.8 1 (5.9 1(5.9)
Daday (1958) Asia 8 143.5 2 (25.0) 2 (25.0)
Daday (1958) Africa* 7 84.9 0 (0) 0 (0
Daday (1958) S. America* 5 119.8 1 (20.0) 1 (20.0)
Daday (1958) N. America* 36 85.5 4 (11.1) 3(8.3)
Daday (1958) Australia* 27 103.7 8 (29.6) 8 (29.6)
Daday (1958) New Zealand* 3 72.3 2 (66.6) 2 (66.6)
Ennos (1982) England 10 94.2 2 (20.0) 2 (20.0)
Frasier (1986) Canada* 7 58.7 1(14.3) 0 (0)
Kakes (1987) Netherlands 16 49.8 7 (43.8) 7 (43.8)
Till-Bottraud et al. (1988) French Alps 13 104.8 3(23.1) 3 (23.1)
Majumdar et al. (2004) Himalayas 5 1258.2 5 (100) 3 (60.0)
Present study N. America* 7 163.6 0 (0) 0 (0

*Indicates non-native (introduced) populations.

*Sampled populations that were polymorphic at both cyanogenesis genes.
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populations showing positive LD range from 0% to
260% for both categories of populations. Taken
together, these findings suggest that while epistatic
selection may be a factor in the evolution of the cyano-
genesis polymorphism in some populations, it does not
appear to be a universal phenomenon in white clover.

For the specific case of North American populations,
the absence of any detectable LD in the present study
differs somewhat from the observations of Daday
(1958), who surveyed 36 polymorphic North American
populations, three of which (8.3%) show evidence of
significantly positive LD (Table 4). Whereas Daday’s
North American sampling focused largely on popula-
tions occurring west of the Rocky Mountains, the pres-
ent study sampled populations exclusively within the
Mississippi basin. This difference in sampling could
potentially account for some of the differences in LD
observed between the two studies. Another possibility
is that the earlier North American study may have
unintentionally pooled some populations that were
adaptively differentiated at the cyanogenesis genes,
thereby creating positive LD as an artefact of admixture
(Nordborg & Tavare 2002). We judge this latter expla-
nation as unlikely because the population sampling
scheme employed by Daday in his classic studies is
very similar to our own (e.g. Daday 1954a, 1958).

More generally, the apparent presence of positive LD
in some, but not all, polymorphic white clover popula-
tions (Table 4) suggests that the importance of epistatic
selection in the cyanogenesis polymorphism may vary
from one population to another. We propose two non-
mutually exclusive explanations that could account for
this pattern. First, differences in herbivore communities
and abundances may affect which components of the
cyanogenic response are under selection in a given loca-
tion. For example, Ennos (1982) notes that some mol-
lusks possess B-glucosidase enzymes in their guts that
could function in the same way as linamarase in hydro-
lysing cyanogenic glucosides and inducing a deterrent
effect. Thus, clover populations in a community rich in
mollusks may be equally well protected whether they
are Acli or AcLi cyanotypes. Under such conditions, no
epistatic selection would be expected.

A second possibility is that the cyanogenic compo-
nents may have functions other than in herbivore deter-
rence, and that there may be variation among
populations in selective pressure on these functions.
Both linamarase and cyanogenic glucosides have been
proposed to serve as nitrogen storage and transport
compounds (Gleadow & Woodrow 2002; Piotrowski
2008; Meller 2010), functions whose importance could
vary tremendously depending on factors such as the
length of the growing season or other climatic variables.
Regional differences in selective pressure for these other
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functions would thus be expected to affect how the cya-
nogenesis polymorphisms are maintained. Consistent
with this explanation, our review of published white
clover cyanogenesis data indicates that very few popu-
lations are entirely fixed for the acyanogenic phenotype,
even in extremely cold locations such as Northern Can-
ada and Alaska (e.g. Fraser 1986). This observation sug-
gests that there may be undiscovered functions of the
cyanogenesis components that could be affecting cyano-
type frequencies.

Conclusions

Understanding how polymorphism is maintained in
heterogeneous environments has been widely studied
both theoretically and empirically (Levene 1953; Hed-
rick 2006). A major conclusion of these studies is that
generalizations are rare because the complexity of nat-
ural systems, including animal-plant interactions, will
often produce multidimensional selection pressures
that vary across geographic mosaics (Linhart 1991;
Thompson 2005). This study identifies rapid evolution
of an adaptive cyanogenesis cline across the central
United States and finds that the mechanism of main-
taining polymorphism may differ from that in the
native region. Specifically, epistatic selection, previ-
ously proposed as a force that maintains this chemical
defence polymorphism, does not appear to be operat-
ing in these North American white clover popula-
tions. Our study raises interesting new questions
about the maintenance of adaptive polymorphism in
this classic ecological genetic system. Ultimately,
we suggest that alternative mechanisms of maintain-
ing the Ac/ac and Li/li polymorphisms may be at
play in different populations within this species, and
that understanding the ecological differences between
these populations (including both biotic and abiotic
factors) would provide much-needed insight into this
system.
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