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ABSTRACT

White clover is polymorphic for cyanogenesis, with both cyanogenic and acyanogenic plants occurring
in nature. This chemical defense polymorphism is one of the longest-studied and best-documented
examples of an adaptive polymorphism in plants. It is controlled by two independently segregating genes:
Ac/ac controls the presence/absence of cyanogenic glucosides; and Li/li controls the presence/absence of
their hydrolyzing enzyme, linamarase. Whereas Li is well characterized at the molecular level, Ac has
remained unidentified. Here we report evidence that Ac corresponds to a gene encoding a cytochrome
P450 of the CYP79D protein subfamily (CYP79D15), and we describe the apparent molecular basis of the
Ac/ac polymorphism. CYP79D orthologs catalyze the first step in cyanogenic glucoside biosynthesis in
other cyanogenic plant species. In white clover, Southern hybridizations indicate that CYP79D15 occurs as
a single-copy gene in cyanogenic plants but is absent from the genomes of ac plants. Gene-expression
analyses by RT–PCR corroborate this finding. This apparent molecular basis of the Ac/ac polymorphism
parallels our previous findings for the Li/li polymorphism, which also arises through the presence/
absence of a single-copy gene. The nature of these polymorphisms may reflect white clover’s evolutionary
origin as an allotetraploid derived from cyanogenic and acyanogenic diploid progenitors.

CYANOGENESIS (cyanide release following tissue
damage) occurs in .2650 plant species, including

ferns, gymnosperms, monocots, and dicots (Seigler

and Brinker 1993). In its most common form, cya-
nogenesis involves the interaction of two compounds,
cyanogenic glycosides and their hydrolyzing enzymes;
these are separated in intact tissue and brought into
contact with tissue disruption. White clover (Trifolium
repens L., Fabaceae) is polymorphic for cyanogenesis,
with both cyanogenic and acyanogenic plants occurring
in natural populations (Armstrong et al. 1913; Ware

1925). This polymorphism arises through the pres-
ence/absence of both of the underlying cyanogenic
components. Inheritance of cyanogenesis in white
clover follows a simple Mendelian two-locus, two-allele
model (Coop 1940; Melville and Doak 1940; Corkill

1942): the gene Ac/ac controls the presence/absence of
cyanogenic glucosides; and the independently segre-
gating gene Li/li controls the presence/absence of
linamarase, a cyanogenic b-glucosidase (reviewed by
Hughes 1991). Plants that carry at least one dominant
(functional) allele at both genes (Ac and Li) are cya-
nogenic, while the occurrence of two nonfunctional

alleles at either gene confers the acyanogenic pheno-
type.

White clover is a common legume of fields, lawns, and
pastures in mesic temperate climates. It is a native of
Eurasia but has been introduced worldwide as a forage
crop and lawn plant. It is a perennial and an insect-
pollinated, obligate outcrosser; plants also spread veg-
etatively by stolons. Chromosome number and genetic
map data indicate that white clover is an allotetraploid
(e.g., Barrett et al. 2004). While Ac and Li have not
been mapped, both cyanogenesis genes are believed to
be present in only one of the two parental genomes (e.g.,
Williams and Williamson 2001); this suggests that the
species originated through the hybridization of a cyano-
genic and an acyanogenic Trifolium species (Williams

and Williamson 2001; Badr et al. 2002).
The ecological genetics of white clover cyanogenesis

has been studied for .60 years, and this system rep-
resents one of the best-documented examples of an
adaptive polymorphism in plants (reviews by Hughes

1991; Hayden and Parker 2002; Olsen et al. 2007).
Cyanogenic plants are generally found to be strongly
favored in the presence of generalist herbivores, which
avoid eating them (e.g., Ennos 1981; Dirzo and Harper

1982a,b; Pederson and Brink 1998; Saucy et al. 1999;
Viette et al. 2000). The factors favoring acyanogenic
plants appear to be tied to resource allocation trade-offs
and differential fitness in cool environments. Popula-
tions of white clover show strong clinal variation in cyano-
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genesis, with frequencies of cyanogenic plants closely
correlated with minimum winter temperatures in both
the native and the introduced range (e.g., Daday 1954a,b,
1958; De Araujo 1976; Till-Bottraud et al. 1988;
Ganders 1990; Majumdar et al. 2004). Comparisons
of cyanogenic and acyanogenic plants have revealed
trade-offs between cyanogenesis and several fitness-
related traits, including flowering rate (Daday 1965;
Foulds and Grime 1972; Dirzo and Harper 1982b;
Kakes 1989), drought tolerance (Foulds and Grime

1972), and resistance to rust (Dirzo and Harper

1982b). Thus, the predominance of acyanogenic plants
in colder climates may reflect differential competitive
ability under these conditions, possibly as a function of
decreased herbivore abundance (Kakes 1989).

Understanding the genetic basis of adaptation is a
major focus of modern evolutionary biology, and the
white clover cyanogenesis polymorphism offers an
attractive system for addressing this question. The
simple Mendelian inheritance of the polymorphism
makes it tractable for examining its molecular genetic
basis and molecular evolution. At the same time, unlike
polymorphisms in many model genetic systems (e.g.,
Arabidopsis thaliana, crop species), the ecology of this
polymorphism is very well studied; .50 articles on white
clover cyanogenesis have been published since the
1940s, and the system has become a textbook example
of variation maintained by opposing selective forces
(e.g., Dirzo and Sarukhan 1984; Silvertown and
Charlesworth 2001). This ecological foundation
makes it possible to more fully understand the ecolog-
ical and evolutionary relevance of underlying molecular
genetic variation.

In a previous study (Olsen et al. 2007), we examined
the molecular genetic basis and population genetics of
the Li/li polymorphism, which is responsible for the
presence/absence of linamarase. In the present study,
we extend our molecular evolutionary analysis to the Ac
gene, which heretofore has remained unidentified at
the molecular level. We address (1) the molecular iden-
tity of Ac; (2) the molecular genetic basis of the Ac/ac
polymorphism, underlying the presence/absence of
cyanogenic glucosides in white clover plants; and (3)
the molecular population genetics of Ac, as inferred
through comparisons of DNA sequences at this gene
and three unlinked, neutrally evolving genes.

Our analysis of Ac/ac is based on a well-established
foundation of information on plant cyanogenic gluco-
side biosynthesis. This pathway has been studied exten-
sively in several species, including the model legume
Lotus japonicus (Forslund et al. 2004; reviewed by Bak

et al. 2006), which is in the same subfamily as white
clover. Plant cyanogenic glucosides are synthesized from
amino acids in a highly channeled set of reactions
catalyzed by two membrane-bound cytochrome P450’s
and a soluble glycosyltransferase (Forslund et al. 2004;
Bak et al. 2006). These three proteins are believed to

form a metabolon (multienzyme complex) that acts to
channel the otherwise toxic and highly reactive inter-
mediates through the pathway to the formation of the
end product (Bak et al. 2000, 2006; Kristensen et al.
2005). Cyanogenic white clover plants (as well as L.
japonicus, cassava, lima bean, flax, and rubber tree) syn-
thesize two closely related cyanogenic glucosides: lina-
marin (1-cyano-1-methylethyl b-d-glucopyranoside) and
lotaustralin (R-1-cyano-1-methylpropyl b-d-glucopyrano-
side); these are generated from valine and isoleucine,
respectively (Butler and Butler 1960). A single meta-
bolon is responsible for the synthesis of both forms
of cyanogenic glucoside (Collinge and Hughes 1984;
Forslund et al. 2004). White clover plants that possess
only nonfunctional ac alleles are unable to synthesize
either linamarin or lotaustralin (Corkill 1942; Hughes

and Conn 1976).
The highly reactive nature of intermediates in the

cyanogenic glucoside biosynthesis pathway suggests that
the ac phenotype would be very unlikely to arise through
the disruption of an intermediate step in the pathway, as
this would lead to the accumulation of toxic intermedi-
ates (Bak et al. 1999, 2000; Kristensen et al. 2005). In L.
japonicus and cassava, the first step in the pathway is
catalyzed by a cytochrome P450 belonging to the CYP79D
protein subfamily (Andersen et al. 2000; Forslund

et al. 2004). Therefore, our hypothesis in conducting the
present study was that a gene encoding a white clover
CYP79D protein (or, alternatively, a gene controlling the
expression of this protein) is responsible for the Ac/ac
polymorphism.

MATERIALS AND METHODS

Samples: White clover’s current cosmopolitan distribution
represents a recent and rapid population expansion, both in
the Old World (following the development of agriculture
within the last 10,000 years) and worldwide (following
European colonization within the last 500 years). Seeds from
a geographically diverse sample of wild T. repens populations
were obtained from the white clover germ plasm collection
maintained by the U.S. Department of Agriculture (http://
www.ars-grin.gov). Forty-two white clover samples were in-
cluded in the study, representing 26 Ac plants (synthesizing
cyanogenic glucosides) and 16 ac plants (lacking cyanogenic
glucosides) (Table 1). Seeds were lightly scarified, germinated,
and grown in standard greenhouse conditions at Washington
University. A single plant was grown per U.S. Department of
Agriculture (USDA) accession number. Two related, cyano-
genic Trifolium species were also included for use as out-
groups in DNA sequence analyses (Table 1).

Plants were assayed for the presence/absence of cyanogenic
constituents using a modified Feigl–Anger hydrogen cyanide
(HCN) assay (Feigl and Anger 1966), as described by Olsen

et al. (2007). The presence/absence of functional alleles at Ac
and Li can be inferred independently through the exogenous
addition of either linamarase or linamarin, respectively, to an
acyanogenic leaf sample (see Olsen et al. 2007). Liberated
cyanide is normally detectable in the Feigl–Anger assay within
1 hr of leaf tissue incubation with test reagents. Because we
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observed wide quantitative variation in cyanogenic glucoside
content among Ac plant samples (discussed below), all leaf
samples were incubated with HCN test reagents for $3 hr to
ensure detection of all Ac genotypes.

PCR amplification and DNA sequencing: DNA was ex-
tracted from fresh leaf tissue using a modified CTAB extrac-
tion protocol (Porebski et al. 1997). In L. japonicus, two
independent cyanogenic glucoside biosynthetic pathways
operate in roots and in aerial parts of the plant; each pathway
uses a different CYP79D enzyme (Forslund et al. 2004). The
genes encoding these two enzymes have been cloned
(CYP79D3, CYP79D4; Forslund et al. 2004), and comparison
of their cDNA sequences reveals that they are 96% identical.
We designed degenerate primers from these L. japonicus
CYP79D genes to PCR amplify any T. repens homologs. Initial
PCR amplification was performed using the following primers:
59-TGGACTTTTTTGCTTGTTGTGATATT-39 and 59-GCAGC
CAATCTTGGTTTTGC-39, located at the 59 and 39 ends, re-
spectively, of the L. japonicus full-length cDNAs (see supple-
mental Tables S1 and S2). We subsequently designed several
additional primers from T. repens sequences for use in PCR and
DNA sequencing (supplemental Table S1).

PCR was performed with 20-ml volumes and standard
reaction conditions, using GoTaq DNA polymerase (Promega,
Madison, WI). Annealing temperatures were adjusted for
primer combinations. PCR products were cloned into plas-
mids using TA cloning (Invitrogen, Carlsbad, CA), purified,
and then sequenced. A minimum of eight clones were
sequenced per PCR product to detect allelic variation and to
allow detection of PCR artifacts. Singletons unique to a single
sequenced clone were considered artifacts of polymerase error
and disregarded. PCR using CYP79D primers consistently
amplified a single product in Ac plants, which DNA sequenc-
ing confirmed to be a T. repens CYP79D ortholog. This T. repens
gene is hereafter referred to as CYP79D15, in accordance with
cytochrome P450 nomenclatural convention (http://drnelson.
utmem.edu/cytochromeP450.html).

CYP79D15 was sequenced in 22 Ac plants. For outgroup com-
parison in DNA sequence analyses, orthologs of CYP79D15 were
also amplified and sequenced in two closely related cyanogenic
clover species: T. nigrescens ssp. petrisavii and T. isthmocarpum
(Table 1). All DNA sequencing was performed using BigDye
terminators (Applied Biosystems, Foster City, CA), with reac-
tions run on an ABI 3130 sequencer in the Biology Department
of Washington University. No more than two sequence haplo-
types (alleles) were detected per individual, an indication that
paralogous or homeologous gene copies were not amplified or
included in sequence analyses.

Determination of gene copy number: We performed
Southern hybridizations to assess CYP79D15 copy number in
Ac and ac plants and to detect any other genes sharing
sequence similarity with CYP79D15. Twenty-two Ac plants and
16 ac plants were sampled for Southern hybridizations (Table
1). Genomic DNA was purified as described above, and �1 mg
DNA was digested with AflIII or AseI and run on a 0.6% Seakem
(Fisher Scientific, Pittsburgh) agarose gel. The DNA was then
transferred to a nitrocellulose membrane using standard
methods. A probe corresponding to the middle portion of
CYP79D15 (892 bp, spanning 52% of the gene) was prepared
using the DIG probe synthesis kit (Roche, Indianapolis);
hybridization washes were performed at high stringency
following the manufacturer’s protocol. Primers used in PCR
amplification of probes are listed in supplemental Table S1.
On the basis of the DNA sequence of CYP79D15, AseI is
predicted to lack restriction sites within the gene; AflIII is
predicted to have two restriction sites within the gene, one of
which occurs within the probed region.

Gene-expression analysis: To assess CYP79D15 expression
in Ac and ac plants, total RNA was extracted from fresh young
leaf tissue of four Ac and four ac plant samples (Table 1), using
RNeasy kits (QIAGEN, Valencia, CA). Reverse transcription
and RT–PCR were performed using a Thermoscript RT–PCR
kit (Invitrogen). The CYP79D15 primers that were used to
amplify a probe for Southern hybridizations were also used in
RT–PCR. These primers are predicted to amplify a 752-bp
portion of cDNA corresponding to the 892-bp genomic DNA
sequence. As a positive control for RT–PCR, primers were
designed to amplify a 151-bp region of 5.8S ribosomal RNA. All
RT–PCR primers are listed in supplemental Table S1. PCR
conditions were similar to those for amplifying genomic DNA
as described above, with annealing temperatures adjusted for
primer combinations. The identities of all RT–PCR products
were confirmed by DNA sequencing.

DNA sequence analyses: DNA sequences from CYP79D15
were edited and aligned visually using Biolign software (Hall

2001). The position of a single intron within the gene was
inferred by comparison to published L. japonicus CYP79D
cDNA sequences (see supplemental Table S2). Molecular
population genetic analyses were conducted using DnaSP
4.10 (Rozas et al. 2003). Levels of nucleotide diversity per silent
site were estimated as p (Nei 1987) and uW (Watterson 1975).
Tests of selection were performed using Tajima’s (1989) D and
Fay and Wu’s (2000) H-tests, with statistical significance as-
sessed by coalescent simulations (1000 replicates, using uW and
levels of recombination estimated empirically from the data)
and by the McDonald–Kreitman (McDonald and Kreitman

1991) test.
Diversity measures and tests of selection for CYP79D15 were

compared to previously published data sets for three other T.
repens loci (ACO1, ALDP, ZIP; Olsen et al. 2007). These three
genes have been sequenced in 18–20 white clover samples
from across the species range; approximately half of the plant
samples sequenced at each of the genes were also included in
the present study (see Olsen et al. 2007). Sequences from all
three previously published genes conform to neutral equilib-
rium expectations in tests of selection and are considered here
to be representative of neutrally evolving white clover genes.
Analyses of population structure using these three neutral loci
have revealed no evidence of geographical structuring of
genetic variation across the present species range (Olsen et al.
2007), a pattern consistent with the recent and rapid dispersal
of this cosmopolitan, human-associated plant.

RESULTS

CYP79D15 gene structure and copy number: De-
generate PCR primers designed from the ends of L.
japonicus CYP79D full-length cDNAs amplified a single
1.7-kb product in white clover plants that possess cyano-
genic glucosides (Ac plants). The structure of the ampli-
fied gene is shown in Figure 1. Exon regions are 92–93%
identical to two previously identified L. japonicus CYP79
genes (CYP79D3, CYP79D4; Forslund et al. 2004), and
the inferred amino acid sequence is 89–90% identical.
Following the conventions of the cytochrome P450 no-
menclature committee (http://drnelson.utmem.edu/
cytochromeP450.html), the white clover gene has been
designated CYP79D15. Whereas L. japonicus expresses
two tissue-specific isoforms of CYP79D, with one
(CYP79D3) expressed exclusively in aerial parts and
the other (CYP79D4) expressed in roots (Forslund
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et al. 2004), only a single gene encoding a CYP79D
protein was detected in white clover by PCR; this result is
also supported by Southern hybridizations (discussed
below). White clover synthesizes cyanogenic glucosides
exclusively in shoot growth (Collinge and Hughes

1982b); therefore, the apparent absence of multiple
tissue-specific CYP79D isoforms is not unexpected.

Whereas CYP79D15 was consistently amplified in Ac
plants (possessing cyanogenic glucosides), we were
unable to amplify any portion of the gene in ac plants,
despite repeated attempts using multiple primer com-
binations (see supplemental Table S1) in 16 different ac
genotypes. We therefore performed Southern hybrid-
izations to assess CYP79D15 copy number and to detect
any related genes, using a sample of 22 Ac and 16 ac
plants (Table 1). Figure 2 shows hybridizations for a
representative sample of Ac and ac plants digested with
AseI, which has no predicted restriction sites within
CYP79D15. A single strong band is observed in AseI
digests of Ac plants, consistent with the occurrence of
CYP79D15 as a single-copy gene in Ac plants. In contrast,
no bands are detectable for the ac samples, indicating
the absence of sequences with close sequence similarity
to the CYP79D15 probe. Similarly, AflIII digests, which
are predicted to generate two bands for a single-copy
gene, reveal two bands in Ac plants and no bands in ac
plants (supplemental Figure S1). These same banding
patterns were observed consistently in all Ac and ac
plants examined (data not shown). Thus, for this
worldwide sample of white clover plants, the Ac pheno-
type is consistently associated with the occurrence of
CYP79D15 as a single-copy gene, and the ac phenotype is
associated with the absence of much or all of the gene
from the white clover genome. In addition, the lack of
hybridization to more than one gene copy (Figure 2)

indicates that there is no evidence for any additional T.
repens genes with close sequence similarity to CYP79D15.

CYP79D15 expression in Ac and ac plants: RT–PCR
primers were designed to amplify a 752-bp portion of
CYP79D15 cDNA, corresponding to a genomic DNA
region of 892 bp in the center of the gene (see Figure 1).
CYP79D15 transcripts were detected in all four of the Ac
plants examined and not in any of the four ac plants
(Figure 3); DNA sequencing of the Ac RT–PCR products
confirmed that they correspond to targeted exon por-
tions of CYP79D15. The absence of CYP79D15 expres-
sion in ac plants is consistent with the apparent absence
of much or all of the gene from the genomes of ac plants
(see above; Figure 2).

DNA sequence variation: CYP79D15 was sequenced
in 22 Ac plants representing a geographically wide-
spread sample of the species range (Table 1). Previous
analyses of neutral genetic variation have indicated no
evidence of population substructure in white clover
(Olsen et al. 2007; see above). Fourteen substitution
polymorphisms were observed at CYP79D15 (5 synony-
mous; 8 nonsynonymous, encoding seven amino acid
replacements; 1 noncoding); in addition, indels were
observed both in the intron (seven regions of indels,
ranging in size from 1 to 28 bp) and in exon 1, where an
in-frame indel codes for insertions of four- or five-
amino-acid residues downstream of Asp164 (Table 2).
Observed polymorphisms characterize a total of 15
CYP79D15 sequence haplotypes (Tables 1 and 2). No
frameshift mutations, premature stop codons, or other
polymorphisms were observed that would be predicted
to lead to a loss of gene function. Tests of selection do
not reveal any statistically significant deviations from
neutral equilibrium (Tajima’s D¼�0.8514, P . 0.1; Fay
and Wu’s H ¼ 1.59, P . 0.1; McDonald–Kreitman test,
P . 0.1 by Fisher’s exact test). This result is observed
regardless of whether all Ac plants are treated as AcAc
homozygotes (i.e., possessing two CYP79D15 sequences;
test results reported here) or whether the accessions
that possess only one CYP79D15 haplotype (six acces-
sions; see Table 1) are treated as hemizygotes (i.e., con-
tributing only one CYP79D15 sequence; test results not
shown).

CYP79D15 nucleotide diversity estimates are compa-
rable between nonsynonymous sites (p ¼ 0.0013, uW ¼
0.0016) and silent sites (p ¼ 0.0013, uW ¼ 0.0029).
Comparison of these values with those of three pre-
viously examined neutral genes (ACO1, ALDP, ZIP;
Olsen et al. 2007) suggests at face value that CYP79D15
has much lower levels of genetic diversity; mean silent-
site nucleotide diversity for the three previously pub-
lished loci is p ¼ 0.0142 6 0.0061 and uW ¼ 0.0113 6

0.0056. The lower nucleotide diversity at CYP79D15 is
partly a reflection of overlapping indel and substitution
polymorphisms within the intron, which creates an
underestimate of nucleotide variation; recoding indels
as single-character substitutions increases the estimates

Figure 1.—Structure of the CYP79D15 gene. Dotted rectan-
gles at 59 and 39 ends of the gene indicate the boundaries of the
full-length cDNA (start codon to stop codon) as inferred by
alignment with Lotus japonicus CYP79D cDNAs (see supplemen-
tal Table S2); unshaded regions at the 59 and 39 ends were not
included in sequence analyses. Solid rectangles represent se-
quenced exon regions, and the intervening line corresponds
to the single intron. Sizes of exons and the intron are approx-
imately to scale; numbers indicate aligned nucleotide lengths
of each sequenced gene region. Solid dots indicate approxi-
mate positions of nonsynonymous substitutions; the triangle
indicates the approximate location of a four- to five-codon in-
del (see Table 2). Asterisks indicate predicted AflIII restriction
sites. The shaded bar indicates the gene region targeted for
Southern hybridizations and RT–PCR.
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of nucleotide diversity (p ¼ 0.0053, uW ¼ 0.0081). In
addition, because CYP79D15 is absent in ac alleles (see
above), the smaller effective population size of this gene
must also be taken into account in comparisons with
other autosomal nuclear loci. If one assumes that Ac and
ac alleles occur at roughly equal frequencies within the
species (see, e.g., Daday 1958), such that the effective

population size of CYP79D15 is roughly half that of the
other nuclear genes, then the recalibrated estimate of
silent-site nucleotide diversity (p ¼ 0.01) is comparable
to that of the three previously examined neutral genes.
Together with the nonsignificant tests of selection, this
pattern suggests that CYP79D15 is evolving in a manner
consistent with neutral equilibrium expectations.

TABLE 1

Trifolium samples used in analyses

Trifolium species USDA accession Country of origin Ac/ac phenotype Li/li phenotype CYP79D15 haplotype

T. repens PI 100247a,b New Zealand Ac li 2/14
T. repens PI 200372a,b,c Israel Ac Li 2/4
T. repens PI 204930a,b,c Turkey Ac Li 9/10
T. repens PI 205062a,b Turkey Ac li 11/12
T. repens PI 214207a,b Israel Ac Li 1/12
T. repens PI 217444a,b Italy Ac Li 1/12
T. repens PI 221961a,b Afghanistan Ac li 13/13
T. repens PI 226996a,b Uruguay Ac Li 1/3
T. repens PI 230183b Argentina Ac Li 14/15
T. repens PI 234678b France Ac Li 1/5
T. repens PI 239977a,b,c Portugal Ac Li 1/4
T. repens PI 246751a,b Spain Ac Li 1/1
T. repens PI 260646a,b Greece Ac Li 1/4
T. repens PI 291828a Chile Ac Li —
T. repens PI 294546a,b France Ac Li 2/2
T. repens PI 298485a,b,c Israel Ac Li 1/1
T. repens PI 302441a,b Australia Ac li 1/12
T. repens PI 311490a Spain Ac Li —
T. repens PI 311494a,b Spain Ac Li 1/12
T. repens PI 315542b Russia Ac li 5/5
T. repens PI 345529a,b Australia Ac Li 7/8
T. repens PI 440745a,b Russia Ac li 13/13
T. repens PI 440746a Russia Ac li —
T. repens PI 499685a China Ac li —
T. repens PI 499688a,b China Ac li 13/13
T. repens PI 597530b Lithuania Ac li 1/6
T. repens PI 195534a Italy ac li —
T. repens PI 208730a Italy ac li —
T. repens PI 232109a,c Germany ac li —
T. repens PI 251053a Macedonia ac li —
T. repens PI 251190a Serbia ac li —
T. repens PI 251191a Yugoslavia ac li —
T. repens PI 251197a,c Bosnia ac li —
T. repens PI 253323a Slovenia ac Li —
T. repens PI 282378a,c Italy ac li —
T. repens PI 419314a Greece ac li —
T. repens PI 494747a Romania ac li —
T. repens PI 516411a Romania ac li —
T. repens PI 542904a Croatia ac li —
T. repens PI 542905a Croatia ac Li —
T. repens PI 542915a Bosnia ac li —
T. repens PI 556991a,c United States ac li —
T. nigrescens ssp. petrisavii PI 120103b Turkey Ac Li —
T. nigrescens ssp. petrisavii PI 298478b Israel Ac Li —
T. isthmocarpum PI 422595b Morocco Ac Li —

CYP79D15 haplotype labels correspond to those in Table 2.
a Analyzed by Southerns.
b Analyzed by CYP79D15 DNA sequencing.
c Analyzed by RT–PCR.
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DISCUSSION

CYP79D15 and the Ac/ac polymorphism: The white
clover cyanogenesis polymorphism was first identified
.90 years ago (Armstrong et al. 1913; Ware 1925), and
for the last half century this system has served as a model
for understanding the ecological genetics of adaptive
polymorphism in natural populations (reviewed by
Hughes 1991; Hayden and Parker 2002). Although
Li and its product have been well characterized at the
nucleotide and protein levels (Oxtoby et al. 1991;
Barrett et al. 1995; Olsen et al. 2007), the molecular
identity of Ac has remained undetermined. Below we
discuss evidence that Ac is very likely to be the cyto-
chrome P450 gene CYP79D15.

1. Ac/ac is predicted to occur at the first step in
cyanogenic glucoside biosynthesis. The biosynthesis

of cyanogenic glucosides occurs in a highly chan-
neled set of reactions catalyzed by three proteins, and
interruption of the pathway at points other than the
first dedicated step leads to the accumulation of
reactive, toxic intermediates (reviewed by Bak et al.
2006). This has been demonstrated elegantly in
metabolic engineering experiments, in which acya-
nogenic species (A. thaliana, Nicotiana tabacum) have
been transformed to express components of the
cyanogenic glucoside biosynthesis pathway from
Sorghum bicolor (Bak et al. 1999, 2000; Kristensen

et al. 2005). When A. thaliana is transformed to
express the entire S. bicolor cyanogenic glucoside
pathway, it is morphologically normal, while accu-
mulating 4% dry-weight cyanogenic glucosides; in
contrast, plants expressing only the first two steps in
the pathway show severe stunting and metabolic
evidence of detoxification reactions (Kristensen

et al. 2005). Similarly, transgenic N. tabacum plants
expressing only the first step of the S. bicolor pathway
show evidence of intoxication from reactive inter-
mediates (Bak et al. 2000). These transgenic studies
strongly suggest that for white clover, the first
dedicated step in the pathway would be most likely
to account for the Ac/ac polymorphism.

Additional support for this hypothesis comes from
in vivo and in vitro labeling experiments conducted in
white clover prior to the development of the current
metabolon model (Hughes and Conn 1976; Collinge

and Hughes 1982a). These studies indicate that ac
plants entirely lack the first step in the pathway while
showing weak but measurable activity in subsequent
steps (e.g., Collinge and Hughes 1982a).

Figure 3.—Expression of CYP79D15 in Ac and ac white clo-
ver plants. The targeted gene region is indicated in Figure 1.
Lane 1 (ladder), first five bands from bottom: 200 bp, 400 bp,
600 bp, 800 bp, 1000 bp. Lane 2 (genomic DNA control):
CYP79D15 PCR from genomic DNA of Ac accession PI
239977; the predicted product size is 892 bp. Lanes 3–10:
CYP79D15 and 5.8S rDNA PCR products from cDNA of Ac ac-
cessions (lanes 3–6, accessions 239977, 202372, 298485,
204930) and ac accessions (lanes 7–10, accessions 556991,
232109, 251197, 282378); the predicted product sizes are
752 bp for CYP79D15 (corresponding to 892 bp minus the
140-bp intron) and 151 bp for the 5.8S rDNA.

Figure 2.—Southern hybridizations of Ac and ac white clo-
ver samples digested with AseI and hybridized with a
CYP79D15-specific probe. Ac plants (possessing cyanogenic
glucosides) and ac plants (lacking cyanogenic glucosides)
are labeled 1 and �, respectively. The CYP79D15 probe cor-
responds to an 892-bp portion of genomic DNA sequence
spanning approximately half of the gene (see Figure 1). AseI
has no predicted restriction sites within CYP79D15. The two
hybridizations shown (A and B) include partial replication of
samples, as follows: (A) Ac accessions (left to right) 260646,
291828, 302441, 311494 and ac accessions 251053, 251190,
542915, 556991; (B) Ac accessions 246751, 260646, 291828,
302441 and ac accessions 195534, 232019, 516411, 556991.
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2. CYP79D15 catalyzes the first step in white clover
cyanogenic glucoside biosynthesis. Our data strongly
suggest that this first step in white clover cyanogenic
glucoside biosynthesis is catalyzed by the gene
product of CYP79D15. CYP79D proteins catalyze the
first step in this pathway in both of the linamarin/
lotaustralin-producing species that have been exam-
ined previously (cassava and L. japonicus) (Andersen

et al. 2000; Forslund et al. 2004). In white clover, PCR
using degenerate primers from L. japonicus amplifies
a single gene belonging to the CYP79D protein
subfamily (Figures 1 and 3). This gene, CYP79D15,
shows very high sequence similarity to L. japonicus
CYP79D orthologs, not only at the inferred amino
acid level ($89% identical), but also at the nucleo-
tide level ($92% identical) (see supplemental Table
S2); thus, there is little question as to its placement
within the CYP79D protein subfamily (see criteria
described by Nelson 2006). Moreover, PCR amplifi-
cations and Southern hybridizations both indicate
that there are no other genes present in the white
clover genome with close sequence similarity to
CYP79D15 (Figures 1 and 2). Taken together, these
observations suggest that CYP79D15 is the only
obvious candidate to catalyze the first step in white
clover cyanogenic glucoside biosynthesis and as such
would be the most likely candidate to underlie the
Ac/ac cyanogenic glucoside polymorphism.

3. CYP79D15 molecular variation corresponds to the
Ac/ac phenotype. Additional evidence that CYP79D15
corresponds to Ac comes from our analysis of
CYP79D15 molecular variation. In Southern hybrid-

izations using a worldwide sample of white clover
plants (26 Ac plants, 16 ac plants), we find a perfect
correlation between the presence of CYP79D15 in the
white clover genome and the synthesis of cyanogenic
glucosides (Figure 2; Table 1). Consistent with this
finding, we also find a perfect correlation between
the presence of cyanogenic glucosides and CYP79D15
gene expression in leaf tissue (Figure 3). Given that
CYP79D15 is the obvious candidate to catalyze the first
step in cyanogenic glucoside biosynthesis, these find-
ings strongly suggest that the Ac/ac polymorphism
arises through the presence/absence of CYP79D15 in
the white clover genome.

As a further examination of CYP79D15 and the Ac/ac
polymorphism, we assessed phenotypic and genetic
variation in an independent sample of 48 white clover
plants collected in the vicinity of Washington University
(St. Louis). Plants were scored for the presence/absence
of cyanogenic glucosides, the presence/absence of
CYP79D15 (as assayed by PCR), and SNP variation at
two other loci (ACO1, ZIP; see Olsen et al. 2007).
Whereas the CYP79D15 presence/absence polymor-
phism again showed a perfect correlation with the Ac/
ac phenotype, these polymorphisms were uncorrelated
with genetic variation at either ACO1 (x2¼ 0.77, P . 0.1)
or ZIP (x2¼ 0.16, P . 0.1), suggesting that the CYP79D15
correlation with Ac/ac is not an artifact of genomewide
linkage disequilibrium. Definitive proof that CYP79D15
accounts for the Ac/ac polymorphism would be provided
by genetic transformations of ac plants with CYP79D15
to generate the Ac phenotype.

TABLE 2

Nucleotide substitution polymorphisms and coding-region indels at CYP79D15

Exon 1 Intron: Exon 2

Haplotype No. 29a 59a 280 319 384a 497b 746a 860a 903a 933 1385 1400 1517 1638a 1639a

1 (13) T C T T G — G A T A A C T C C
2 (4) . . . . . — . . A . . . . . .
3 (1) . . . A . — . . . . . . . . .
4 (3) . . . A . — . . A . . . . . .
5 (3) . . . A . — . . A . . T . A T
6 (1) . . . A . — . . A . . T . . .
7 (1) . . . A A 5 A . A . G . . . .
8 (1) A T . A A 5 . . A . G . . . .
9 (1) . . . A A 4 . . A . . . . A T
10 (1) . . . A A 4 . . A T . . . A T
11 (1) . . . A A 4 . . A T . . C A T
12 (5) . . . A . 4 . . A . . . . . .
13 (6) . . . A . 4 . . A T . . . A T
14 (2) . . . A . 4 . . . . . . . . .
15 (1) . . C A . 4 . G . . . . . . .

Numbers in parentheses indicate the number of sequences observed per haplotype. Dots indicate that a nucleotide is identical
to that of haplotype 1. Nucleotide positions 1638 and 1639 correspond to a single codon.

a Nonsynonymous polymorphisms.
b 4, four-codon insertion after Asp164 (Val-Asn-Asp-Asp); 5, five-codon insertion after Asp164 (Val-Asn-Asp-Asp-Asp).
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White clover cyanogenesis and gene presence/
absence polymorphisms: The apparent molecular ge-
netic basis of the Ac/ac polymorphism mirrors our
findings for the Li/li polymorphism, which also arises
through the presence/absence of the underlying gene
(Olsen et al. 2007). Adaptive presence/absence poly-
morphisms have been documented for several other
genes that function in plant defense (Stahl et al. 1999;
Tian et al. 2002; Shen et al. 2006; reviewed by Tiffin and
Moeller 2006). To our knowledge, all such previously
documented cases have occurred in the model plant
A. thaliana, and all have involved R genes, which function
in pathogen recognition and initiation of the defense
response.

For white clover, the finding that both the Ac/ac and
the Li/li polymorphisms apparently arise through gene
presence/absence polymorphisms suggests that the
cyanogenesis polymorphism may derive from the allo-
tetraploid origin of the species. White clover is thought
to have originated through the hybridization of a cyano-
genic species (contributing Ac and Li) and an acyano-
genic species (possessing neither gene) (Williams and
Williamson 2001; Badr et al. 2002). One of the hall-
marks of allopolyploidization is the rapid and widespread
elimination of genomic sequences in the immediate
aftermath of the hybridization event (e.g., Feldman et al.
1997; Ozkan et al. 2001; reviewed by Ma and Gustafson

2005). Thus, if the cyanogenesis loci were deleted from
the genomes of some plants and maintained in others
following the hybridization event, and if selection acted
to maintain these gene presence/absence polymorphisms
as the genome became diploidized, then the Ac/ac and
Li/li polymorphisms could date to the origin of the species.

An alternative hypothesis is that the Ac/ac and Li/li
polymorphisms were already present in the cyanogenic
diploid progenitor of white clover and that allotetra-
ploidization occurred multiple times such that these
polymorphisms were carried into white clover. The dip-
loid species T. nigrescens has been reported to be poly-
morphic for the presence/absence of both cyanogenic
glucosides and linamarase (Williams and Williamson

2001). T. nigrescens has also traditionally been consid-
ered a strong candidate to be a diploid progenitor of
white clover, as it is one of few closely related cyanogenic
species (Williams and Williamson 2001). Thus, the
white clover cyanogenesis polymorphisms might repre-
sent ancient polymorphisms that predate the origin of
the species.

Under both of these scenarios, the gene presence/
absence polymorphisms are expected to represent
longstanding balanced polymorphisms in white clover.
This leads to the prediction that the genomic regions
immediately flanking the cyanogenesis loci should bear
molecular signatures of balancing selection. Such sig-
natures have been detected for genomic regions flank-
ing R gene presence/absence polymorphisms in A.
thaliana (e.g., Stahl et al. 1999; Tian et al. 2002). Testing

this hypothesis in white clover must await the identifi-
cation of the flanking genomic sequences, as the
genomic locations of Ac and Li are not yet known.

Molecular evolution of CYP79D15 sequences: Our
analyses of nucleotide variation at CYP79D15 do not
reveal deviations from neutral equilibrium expecta-
tions. Because CYP79D15 sequences correspond to only
one-half of the Ac/ac balanced polymorphism, analysis
of these sequences would not necessarily be expected to
reveal a signature of balancing selection. Analyses of Li
sequences have similarly revealed no signature of bal-
ancing selection on the functional allele class (Olsen

et al. 2007). Li sequences differ from CYP79D15, however,
in that they show evidence of a selective sweep following
an episode of positive directional selection (Olsen et al.
2007).

While CYP79D15 sequences do not show statistically
significant deviations from neutrality, they do show a
high level of protein-coding variation, with nearly
double the number of nonsynonymous substitutions
compared to synonymous substitutions, and a four- to
five-codon indel polymorphism (Table 2). Some of this
variation may have functional significance. Quantitative
variation in cyanogenic glucosides among Ac plants has
been commonly reported in white clover (e.g., Hughes

1991; see also materials and methods), and segrega-
tion analyses have indicated that a portion of this
variation is attributable to differences among functional
Ac alleles (Corkill 1942; Hughes et al. 1984). This
suggests that molecular variation at CYP79D15 (or
closely linked to it) may affect quantitative variation in
cyanogenic glucosides. In this study we did not observe
any obvious correlation between CYP79D15 haplotypes
and cyanogenic glucoside levels (K. Olsen, unpub-
lished observation). However, association studies fol-
lowing the identification of the CYP79D15 promoter
may shed further light on the role of this gene in
quantitative variation in cyanogenic glucosides.

Conclusions: A major goal of modern evolutionary
biology is to understand the molecular underpinnings
of adaptation. While genetic model organisms such as A.
thaliana and crop species are well suited to molecular
evolutionary analysis, they are not necessarily ideal for
understanding the ecological relevance of natural
genetic variation. As an alternative approach, in this
study we have examined an ecological model system: the
ecology of white clover cyanogenesis has been studied
for nearly a century (e.g., Armstrong et al. 1913). Here
we have identified the gene that is likely to underlie the
Ac/ac cyanogenic glucoside polymorphism; we have
found that, like Li/li, this component of the cyanogen-
esis polymorphism apparently arises through a gene
presence/absence polymorphism. With recent advan-
ces in the development of genetic and genomic tools for
white clover (e.g., Barrett et al. 2004; Cogan et al.
2007), this species may prove a useful resource for
further studies on the molecular genetics of adaptation.
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