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Abstract

Glucosinolates are biologically active secondary metabolites that display both intra- and interspecific variation in the order

Brassicales. Glucosinolate profiles have not been interpreted within a phylogenic framework and little is known regarding the pro-

cesses that influence the evolution of glucosinolate diversity at a macroevolutionary scale. We have analyzed leaf glucosinolate pro-

files from members of the Brassicaceae that have diverged from Arabidopsis thaliana within the last 15 million years and interpreted

our findings relative to the phylogeny of this group. We identified several interspecific polymorphisms in glucosinolate composition.

A majority of these polymorphisms are lineage-specific secondary losses of glucosinolate characters, but a gain-of-character poly-

morphism was also detected. The genetic basis of most observed polymorphisms appears to be regulatory. In the case of A. lyrata,

geographic distribution is also shown to contribute to glucosinolate metabolic diversity. Further, we observed evidence of gene-flow

between sympatric species, parallel evolution, and the existence of genetic constraints on the evolution of glucosinolates within the

Brassicaceae.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Phylogenetics and glucosinolate evolution

Glucosinolates, or mustard oil glycosides, are biolog-

ically active secondary metabolites found in the Brassic-

aceae and related families (Kjaer and Schuster, 1972;

Kjaer, 1976; Doughty et al., 1991; Rodman et al.,

1996, 1998; Raybould and Moyes, 2001; Fahey et al.,

2001; Tokuhisa et al., 2004). These compounds are
genetically variable within plant species, and strongly

influence the feeding choices of insect herbivores (Lam-

brix et al., 2001; Kroymann et al., 2003). In Arabidopsis

thaliana, genetic polymorphisms and loss-of-function

mutations have allowed identification of genes encoding

glucosinolate biosynthetic enzymes (Kliebenstein et al.,

2001a,b; Hemm et al., 2003; Reintanz et al., 2001; Kroy-

mann et al., 2001), and these results have been extended

to Brassica relatives of A. thaliana (Gao et al., 2004; Li

and Quiros, 2003; Quiros et al., 2001).

On a macroevolutionary time-scale, comparative
phylogenetic analyses can elucidate biological patterns

and processes influencing the evolution of secondary

metabolism over millions of years. Although several

compendia have cataloged glucosinolate profiles of tens

or hundreds of species (Fahey et al., 2001; Daxenbichler

et al., 1991), previous studies have not included a
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detailed phylogenetic framework to interpret similarities

and differences in glucosinolate patterns. Here we exam-

ine evolutionary changes in glucosinolate metabolism

among close relatives of A. thaliana, which have di-

verged within the last 15 million years (Koch et al.,

2001), to address evolutionary hypotheses and processes
among species. In the following study, we have gener-

ated glucosinolate profiles for relatives of A. thaliana

and used these data in a comparative framework to

ask the following questions: (1) Are glucosinolate poly-

morphisms within A. thaliana also found in related spe-

cies? (2) Do differences in glucosinolate profiles between

species and within species involve changes to the struc-

tural portion of enzyme-encoding loci, or regulatory
functions which impact gene expression? (3) Is there evi-

dence for genetic constraints which limit the potential

for future adaptation of glucosinolate profiles in entire

lineages?

1.2. Biology of glucosinolates

Glucosinolates are synthesized from a limited reper-
toire of amino acids (Fig. 1) with a core structure

consisting of an (Z)-N-hydroximinosulfate ester, a b-
thio-linked glucose moiety, and a variable amino acid

derived R-group (Fig. 1). In the chemical defense of

plants against insect herbivores, glucosinolates function

with a specific class of b-thioglucosidases, the myrosin-

ases. Glucosinolates and myrosinase coexist temporally

in intact plant tissues, but are separated spatially (Eriks-
son et al., 2001; Husebye et al., 2002; Geshi et al., 1998;

Thangstad et al., 2004). These two elements come into

contact when tissue damage occurs, leading to cleavage

of the glucosinolate thioglucoside linkages, thereby lib-

erating D-glucose and a thiohydroximate-O-sulfate.

Thiohydroximate-O-sulfates are labile and undergo

spontaneous rearrangements to form a variety of toxic

products including nitriles, isothiocyanates, and thiocy-

anates. It is the quantity and spectrum (i.e. quality) of

the end-products of the glucosinolate–myrosinase inter-
action that confer the biological activity associated with

glucosinolates; the end-products defend against general-

ist insect herbivores, or can act as ovipositional cues and

feeding stimulants for specialist insect herbivores (Ray-

bould and Moyes, 2001; Pivnick et al., 1994; Marazzi

and Staedler, 2004). Several intraspecific studies have

documented genetic variation for glucosinolate type

and concentration (Kjaer, 1976; Louda and Rodman,
1983; Kliebenstein et al., 2001a; Fahey et al., 2001;

Kroymann et al., 2003; Castro et al., 2004; Font et al.,

2004; Charron and Sams, 2004) and demonstrated their

functional significance in resistance to generalist insect

herbivores (Raybould and Moyes, 2001; Kroymann

et al., 2003; Kroymann and Mitchell-Olds, 2004). These

results, in plant species separated by tens of millions of

years of independent evolution (Koch et al., 2001),
underscore the ecological importance of these secondary

metabolites.

While structural variation among glucosinolates is

dependent on the precursor amino acids, modifications

of the R-groups also contribute enormous diversity to

this class of compounds. Carbon chain-elongation of

methionine (Fig. 2; Kroymann et al., 2001; Field et al.,

2004; Textor et al., 2004) prior to the core pathway of
glucosinolate biosynthesis is a common and well charac-

terized example of side chain elaboration. After core

biosynthesis, chemical modification of R-groups can

occur through oxidation (Fig. 2), hydroxylation, and
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Fig. 1. The core pathway for biosynthesis of glucosinolates from amino acids. R-groups for each of the eight precursor amino acids are indicated.

Loci from A. thaliana which encode the first three steps are indicated. Recently, the glucosinolate C-S lyase has been identified as the protein product

of the SUPERROOT1 (SUR1) locus in A. thaliana (Mikkelsen et al., 2004).
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