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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 4. 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
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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 A4. 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 -
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-clongation 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 SUPERROOTI (SURI) locus in A. thaliana (Mikkelsen et al., 2004).
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Fig. 2. Examples of side chain modification in methionine-derived glucosinolates. Where applicable, 4. thaliana loci encoding specific enzymatic
functions are indicated. ‘GSL’ indicates the glucosinolate core structure as presented in Fig. 1. Prior to core glucosinolate formation, methionine
undergoes a series of elongation cycles yielding derivatives with three (homomethionine) to eight (hexahomomethionine) methylene groups in the side
chain. The predominant side chain length is determined by the configuration of the GS-Elong complex locus. Glucosinolate assembly (Fig. 1)
produces methylthioalkyl glucosinolates which, in turn, may be oxidized to methylsulfinylalkyl glucosinolates. Further oxidation produces
methylsulfonylalkyl glucosinolates, but this chemical species has not been observed in A. thaliana. The methylsulfinyl moiety of methylsulfinylalkyl
glucosinolates is cleaved by the products of AOP2 or AOP3 (Kliebenstein et al., 2001b), components of the ALK-OHP complex locus, to yield
hydroxylalkyl or alkenyl glucosinolates, respectively. In A. thaliana, the reactions catalyzed by AOP2 and AOP3 appear to be restricted to 3-MSOP
and 4-MSOB glucosinolates, however, 4-pentenyl glucosinolate has been observed in this species (Kliebenstein et al., 2001a).

esterification (Graser et al., 2001; reviewed in Tokuhisa
et al., 2004). To date, greater than 120 glucosinolates
have been identified within the order Brassicales (Fahey
et al., 2001), with A. thaliana alone possessing more than
30 glucosinolate variants (Kliebenstein et al., 2001a;
Reichelt et al., 2002; Brown et al., 2003).

Gene duplication is an important source of glucosin-
olate metabolic diversity in A. thaliana. The first reac-
tion in the synthesis of glucosinolates, the conversion
of a precursor amino acid to the aldoxime (Fig. 1), is
catalyzed by the CYP79-family of cytochrome P450s.
Seven expressed CYP79 paralogs are present in the gen-
ome of A. thaliana ecotype Columbia (Mikkelsen et al.,
2002). Individual CYP79s display distinct substrate
specificities (Wittstock and Halkier, 2000; Hull et al.,
2000; Mikkelsen et al., 2000; Chen et al., 2003; Reintanz
et al., 2001) and differential expression in response to
developmental cues and defense signaling pathways
(Chen et al., 2003; Mikkelsen et al., 2003). Similarly,
the CYP83-family P450s, which catalyze the second step
in glucosinolate core biosynthesis (Fig. 1), are divergent
with respect to substrate specificities and catalytic effi-
ciencies (Bak and Feyereisen, 2001; Naur et al., 2003).

The allelic state of the GS-Elong locus determines the
distribution of carbon-chain lengths observed among
methionine-derived glucosinolates (Met-glucosinolates,
Fig. 2; Kroymann et al., 2001; Field et al., 2004). In
A. thaliana, the locus is complex, containing two or
three directly repeated paralogous sequences (MAMI,

MAM?2, and MAM-L) which encode methylthioalkylm-
alate synthases (Kroymann et al., 2003). Individuals in
whom the predominant Met-glucosinolates have side
chains composed of three methylene groups (3C; one
round of chain-elongation, Fig. 2) have a functional
MAM?2 component, but probably lack MAMI activity.
Individuals with primarily four methylene groups in
their glucosinolate side chains (4C; two rounds of
chain-clongation, Fig. 2) express MAMI, which is epi-
static to MAM?2 (Kroymann et al., 2001, 2003).
MAM-L activity results in low levels of longer chain
glucosinolates in both 3C and 4C individuals (Field
et al., 2004). GS-Elong is highly polymorphic within A.
thaliana, where insertion/deletion events and gene con-
version contributing substantially to the evolution of
the locus and, hence, the diversity of glucosinolate
metabolism (Kroymann et al., 2003).

ALK-OHP is another complex locus that affects
glucosinolate metabolic diversity by encoding the activ-
ities necessary for the conversion of methylsulfinylalkyl
glucosinolates to either hydroxyalkyl or alkenyl gluco-
sinolates (Fig. 2; Kliebenstein et al., 2001b; Li and
Quiros, 2003). In A. thaliana, the locus is comprised
of four tandemly duplicated sequences encoding 2-oxo-
glutarate-dependent dioxygenases (4O0PI, AOP-Y,
AOP2, and AOP3). AOPI is expressed ubiquitously
among A. thaliana accessions; AOP2 and AOP3 activ-
ities are restricted to accessions producing alkenyl or
hydroxyalkyl glucosinolates, respectively. The various
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ALK-OHP alleles have not been studied as extensively
as those of GS-Elong. However, the structural similar-
ities between the two loci suggest similar potential to
influence the evolution of glucosinolate metabolic
diversity.

2. Results and discussion
2.1. Glucosinolate variation: The core pathway

Presence or absence is the most fundamental type of
phenotypic polymorphism for any metabolic character.
Within the phylogeny presented in Fig. 3(a), every clade
produces glucosinolates of some form or another in the
leaves (Tables 1 and 2), except the clade formed by Ara-
bis pendula, Camelina microcarpa, and Neslia paniculata
(the ‘Neslia group’, Fig. 3(a)) which produces no gluco-
sinolates in leaves. The Neslia group is nested within
glucosinolate producing clades (Table 1 and Fig. 3(a))
implying that the absence of glucosinolates represents
a single secondary loss of the character in this lineage.
It may be that the observed change results from an alter-
ation in a major regulatory element or blockage in the
core biosynthetic pathway after the reaction catalyzed
by the CYP83-family of enzymes (Fig. 1), as all gluco-
sinolates, and not a subset of structures, are missing.
Further, the mutation is likely to be regulatory in nat-
ure, and not structural, as methylsulfinylalkyl glucosin-
olates have been identified in the seeds of Neslia
paniculata (Kjaer and Schuster, 1972; Daxenbichler
et al., 1991) and Camelina microcarpa (Daxenbichler
et al., 1991), demonstrating that the core biosynthetic
pathway is intact in these species.

2.1.1. Variation in Met-glucosinolates
Met-glucosinolates are the most common and abun-
dant glucosinolates in the leaves of A. thaliana (Klieben-
stein et al., 2001a; Brown et al., 2003) and they are
present in the leaves of the majority of taxa presented
in Fig. 3(a). Met-glucosinolates are, however, conspicu-
ously absent from Barbarea intermedia, B. verna, and
Cardamine amara (Table 1). These species form a clade,
the ‘Cardamine alliance’ (Mitchell-Olds et al., 2004), to-
gether with the Met-glucosinolate containing species
(Table 1) Rorippa islandica (Fig. 3(a)). Met-glucosino-
late loss in Barbarea and Cardamine appears to be an-
other example of secondary loss, as the clade is nested
within lineages that produce Met-glucosinolates (Table
1 and Fig. 3(a)). Two equally parsimonious explanations
exist for the pattern of Met-glucosinolate presence/ab-
sence observed in the Cardamine alliance. First, the
capacity to synthesize Met-glucosinolates may have
been lost a single time in the lineage leading to the most
recent common ancestor (MRCA) of Barbarea, Rorippa,
and Cardamine (Fig. 3(a)) and with Rorippa later revert-

ing to production of Met-glucosinolates in leaves after
divergence from the MRCA with Barbarea. Alterna-
tively, the capacity to synthesize Met-glucosinolates
may have been lost twice; once after the divergence of
Cardamine from the MRCA with Barbarea and Rorippa
and a second time after the divergence of Barbarea from
the MRCA shared with Rorippa. We are inclined to-
wards the first hypothesis — while Rorippa islandica pro-
duces a Met-glucosinolate, the observed profile is
drastically different from that observed in other species
in terms of both quantity and quality (Table 1). This
is suggestive of an incomplete reversion to a full, Met-
glucosinolate phenotype.

The members of the Cardamine alliance produce
other, non-Met-derived glucosinolates (Table 2), rais-
ing the possibility that the clade is deficient in a
Met-specific element of the biosynthetic pathway. This
argues that, as observed in A. thaliana, components of
the core glucosinolate biosynthetic pathway are partly
modular, i.e. components are non-redundant and cata-
lyze equivalent reactions while displaying varying sub-
strate specificities. In A. thaliana, the conversion of
Met-derivative amino acids to aldoximes (Fig. 1) is
catalyzed by CYP79F1 and CYP79F2 (Reintanz et
al., 2001; Hansen et al., 2001; Chen et al., 2003) with
the resultant Met-aldoximes being metabolized most
efficiently by the product of CYP83A41 (Fig. 1; Naur
et al., 2003). Even the final reaction in glucosinolate
biosynthesis, the conversion of desulfo-glucosinolates
to the core glucosinolate structure is catalyzed by a
family of sulfotransferases that display some level of
substrate specificity (Fig. 1; Piotrowski et al., 2004).
Thus, lesions involving CYP79Fx, CYP83Al, or
AtST5x homologs could be expected to cause the
Met-glucosinolate phenotypes observed within the
Cardamine alliance.

2.1.2. Variation in Met-glucosinolates: Chain elongation

Within A. thaliana, accessions can be divided into
two phenotypic classes with regard to carbon-chain
elongation: 3C and 4C (Kliebenstein et al., 2001a; Kroy-
mann et al., 2003). While the major Met-glucosinolate
component(s) of each phenotypic class have undergone
one or two rounds of chain elongation, respectively, this
species also produces longer chain length Met-glucosin-
olates (Kliebenstein et al., 2001a; Kroymann et al.,
2001). The other members of the genus Arabidopsis ex-
hibit similar, but distinct trends (Table 1). For example,
all A. lyrata accessions assayed in this experiment pro-
duce mainly 3C Met-glucosinolates and lower levels of
longer chain glucosinolates. 4. halleri and A. arenosa,
however, produce primarily long-chain glucosinolates
(5C and greater) with extremely low or undetectable lev-
els of 3C and 4C glucosinolates, possibly suggesting im-
proved efficiency of the MAM-L-like activity in these
species.
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Fig. 3. Geographic and evolutionary diversification of glucosinolate metabolism in the Brassicaceae. (a) Phylogeny of the genus Arabidopsis and near
relatives. The cladogram is based on Koch et al. (2001) and Al-Shehbaz et al. (2002), and supplemented with additional, unpublished data. With the
exceptions of Arabidopsis and Boechera, a single exemplar species is provided for each genus. (b) Cluster analysis of glucosinolate metabolism for the
genus Arabidopsis. For A. lyrata, the geographic distribution of contemporary phenotypes is indicated and color-coded. (c) Locations of Pleistocene
refugia as suggested by the cluster analysis depicted in panel ‘B’; color-coding is consistent with panel ‘B’.

tected in this genus (Table 1) and the phylogenetic posi-
tion of Erysimum (Fig. 3(a)) is suggestive of a single,
secondary loss of MAM-L activity-like.

Outside of the genus Arabidopsis, the phenotypic pat-
terns of Met-elongation are preserved with the exception
of Erysimum. No long chain Met-glucosinolates are de-
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Taken together, the Met chain elongation data pre-
sented here indicate that MAMI1, MAM?2, and MAM-

L activities are not restricted to A. thaliana and that they

are separable and distinct in other species and genera.

Further, MAM-L activity is generally observed in con-
junction with one of the other two Met-elongation activ-
ities. Thus, the complex nature of GS-Elong is likely to
be a feature found throughout the Brassicaceae.

Table 1

Distribution of methionine-derived glucosinolates in the genus Arabidopsis and other Brassicaceae

Species AA"  GS-Elong* 30HP 3MSOP 3MSOOP 3MTP  Allyl 4MSOB 3-But
Arabidopsis thaliana® Met 3C/4C + + - + + + +
Arabidopsis lyrata ssp. lyrata 1 Met 3C - 2 - 3 - - -
Arabidopsis lyrata ssp. lyrata 2 Met 3C - 3 - - - - -
Arabidopsis lyrata ssp. lyrata 3 Met 3C - - - - 3 - -
Arabidopsis lyrata ssp. lyrata 4 Met 3C - 1 - - 4 - -
Arabidopsis lyrata ssp. lyrata 5 Met 3C - - - - 4 - -
Arabidopsis lyrata ssp. lyrata 6 Met 3C - 4 - -
Arabidopsis lyrata ssp. lyrata 7 Met 3C - - - - 4 - -
Arabidopsis lyrata ssp. lyrata 8 Met 3C 1 2 - 1 4 - -
Arabidopsis lyrata ssp. petraea 1 Met 3C - - 2 - - - -
Arabidopsis lyrata ssp. petraea 2 Met 3C - 1 - - - -
Arabidopsis lyrata ssp. petraea 3 Met 3C - - 4 - - - -
Arabidopsis lyrata ssp. petraea 4 Met 3C - 2 - 1 - - -
Arabidopsis lyrata ssp. petraea 5 Met 3C 3 1 - 1 - - -
Arabidopsis lyrata ssp. petraea 6 Met 3C 1 2 - 1 1 - -
Arabidopsis lyrata ssp. petraea 7 Met 3C 4 - - - - -
Arabidopsis lyrata ssp. petraea 8 Met 3C 3 - - - - - -
Arabidopsis lyrata ssp. petraea 9 Met 3C 3 - - - - - -
Arabidopsis lyrata ssp. petraea 10~ Met 3C 4 - - -
Arabidopsis lyrata ssp. petraea 11 Met 3C 4 - - - - - -
Arabidopsis lyrata ssp. petraea 12 Met 3C 4 1 - 1 1 - -
Arabidopsis lyrata ssp. petraea 13 Met 3C 4 - - - - - -
Arabidopsis lyrata ssp. petraeca 14~ Met 3C 3 - - - - - -
Arabidopsis lyrata ssp. petraea 15 Met 3C 4 - - - - - -
Arabidopsis lyrata ssp. petraea 16 Met 3C 4 - - - - - -
Arabidopsis lyrata ssp. petraea 17 Met 3C 4 - - - - - -
Arabidopsis lyrata ssp. petraea 19  Met 3C - - 3 - - - -
Arabidopsis lyrata ssp. petraea 18 Met 3C 4 - - - - -
Arabidopsis halleri 1 Met 5C+ - - - - - -
Arabidopsis halleri 2 Met 5C+ - - - - - - -
Arabidopsis halleri 3 Met 5C+ - - - - - - -
Arabidopsis halleri 4 Met 5C+ - - - - - - -
Arabidopsis halleri 5 Met 5C+ - - - - - - -
Arabidopsis arenosa 1 Met 5C+ - - - - - - -
Arabidopsis arenosa 2 Met 5C+ - - - - - -

Arabidopsis arenosa 3 Met 5C+ - - 1 - - -
Arabidopsis cebennensis Met 4C - - - - 4
Arabidopsis croatica Met 3C - - - - 4 - -
Boechera drummondii Met 4C - - 1 - 2 -
Boechera holboellii Val 3C - - 1 - - -
Cheesemania Met 3C - 3 - - - - -
Crucihimalaya wallichii Met 3C - 3 - - 3 - -
Halimolobos perplexa Met 3C - 3 - - 3 - -
Halimolobos whitedii Met 3C - 3 - 3 - -
Olimarabidopsis pumila 1 Met 3C 4 - - - - -
Olimarabidopsis pumila 2 Met 3C - 1 4 1 - - -
Polyctenium fremontii 1 Met 3C - 4 1 - - 1 -
Polyctenium fremontii 2 Met 3C - 4 - - 1 - -
Turritis glabra Met 5C+ - - - - - - -
Arabis pendula n/a n/a - - - - - - -
Camelina microcarpa n/a n/a - - - - - - -
Neslia paniculata n/a n/a - - - - - - -
Barbarea intermedia Phe n/a - - - - - - -
Barbarea verna Phe n/a - - - - - - -
Barbarea vulgaris Phe n/a - - - - - - -
Cardamine amara Leu n/a - - - - - - -
Rorippa islandica Trp 5C+ - - -
Lepidium campestre Tyr®  4C - - - - — 1 -
Lepidium perfoliatum Met 3C - 3 - 1 3 2 -
Erysimum cheiri 1 Met 3C - - 3 - - - -
Erysimum cheiri 2 Met 3C - - 3 - - 1 -
Erysimum perovskianum 1 Met 3C - 2 3 - - -
Erysimum perovskianum 2 Met 3C - - 2 - - - -
Erysimum repandum Met 3C - 3 - 1 - - -

(continued on next page)
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Species

SMSOP

SMSOOP

4-Pent

6MSOH

6MSOOH

6MTH

TMSOH

7MSOOH

TMTH

8§MSOO

8MTO

Arabidopsis thaliana®

Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis Iyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.

Arabidopsis halleri 1
Arabidopsis halleri 2
Arabidopsis halleri 3
Arabidopsis halleri 4
Arabidopsis halleri 5
Arabidopsis arenosa 1
Arabidopsis arenosa 2
Arabidopsis arenosa 3

Iyrata 1
Iyrata 2
Iyrata 3
Iyrata 4
Iyrata 5
Iyrata 6
lyrata 7
Iyrata 8
petraea 1
petraea 2
petraea 3
petraea 4
petraea 5
petraea 6
petraea 7
petraea 8
petraea 9
petraea 10
petraea 11
petraea 12
petraea 13
petraea 14
petraea 15
petraea 16
petraea 17
petraea 19
petraea 18

Arabidopsis cebennensis

Arabidopsis croatica
Boechera drummondii
Boechera holboellii
Cheesemania

Crucihimalaya wallichii

Halimolobos perplexa
Halimolobos whitedii

Olimarabidopsis pumila 1
Olimarabidopsis pumila 2
Polyctenium fremontii 1
Polyctenium fremontii 2
Turritis glabra

Arabis pendula

Camelina microcarpa
Neslia paniculata
Barbarea intermedia
Barbarea verna

Barbarea vulgaris
Cardamine amara
Rorippa islandica
Lepidium campestre
Lepidium perfoliatum
Erysimum cheiri 1
Erysimum cheiri 2
Erysimum perovskianum 1
Erysimum perovskianum 2
Erysimum repandum

— N
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Glucosinolate quantities are ranked qualitatively within a given sample from -’ (absent) to ‘4’ (highly abundant). Abbreviations correspond to systematic glucosinolate naming as follows: 30HP, 3-
hydroxypropyl; 3SMSOP, 3-methylsulfinylpropyl; 3SMSOOP, 3-methylsulfonylpropyl; 3MTP, 3-methylthiopropyl; Allyl, 2-propenyl; 4MSOB, 4-methylsulfinylbutyl; 4MSOOB, 4-methylsulfonylbutyl;
3-But, 3-butenyl; SMSOP, 5-methylsulfinylpentyl; SMSOOP, S5-methylsulfonylpentyl; 4-Pent, 4-pentenyl; 6MSOH, 6-methylsulfinylhexyl; 6MSOOH, 6-methylsulfonylhexyl; 6MTH, 6-meth-
ylthiohexyl; 7MSOH, 7-methylsulfinylheptyl; 7MSOOH, 7-methylsulfonylheptyl; 7MTH, 7-methylthioheptyl; 8MSOO, 8-methylsulfinyloctyl; 8MTO, 8-methylthiooctyl.

# Functional configuration of the GS-Elong locus within a given accession; based on the Met-glucosinolate profile. ‘3C” indicates that a single round of methionine chain-elongation predominates
(MAM2-like activity); ‘4C” indicates two rounds of methionine chain-elongation predominate (MAM1-like activity); in accessions labeled ‘5C+’, chain lengths longer than 3C and 4C predominate.
‘n/a’ indicates the complete absence of Met-glucosinolates.

® Glucosinolate profile for A. thaliana vegetative tissue. “+ indicates presence of the glucosinolate in 1 or more A. thaliana accessions; ‘- the absence of the glucosinolate in all assayed accessions
(Kliebenstein et al., 2001a; Brown et al., 2003).

¢ The tyrosine-derived glucosinolate, p-hydroxybenzyl (Petersen et al., 2001) is the dominant glucosinolate in this species.

" The amino acid precursor of the predominant class of glucosinolate within a given accession; ‘n/a’ indicates the complete absence of glucosinolates in leaf tissue.
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Distribution of non-methionine-derived glucosinolates in the genus Arabidopsis and other Brassicaceae

Species

"
Leu

2MP

Arabidopsis thaliana®

Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.
Arabidopsis lyrata ssp.

Arabidopsis halleri 1
Arabidopsis halleri 2
Arabidopsis halleri 3
Arabidopsis halleri 4
Arabidopsis halleri 5
Arabidopsis arenosa 1
Arabidopsis arenosa 2
Arabidopsis arenosa 3

lyrata 1
lyrata 2
lyrata 3
lyrata 4
lyrata 5
lyrata 6
lyrata 7
lyrata 8
petraea 1
petraea 2
petraea 3
petraea 4
petraea 5
petraea 6
petraea 7
petraea 8
petraea 9
petraea 10
petraea 11
petraea 12
petraea 13
petraea 14
petraea 15
petraea 16
petraea 17
petraea 19
petraea 18

Arabidopsis cebennensis

Arabidopsis croatica
Boechera drummondii
Boechera holboellii
Cheesemania

Crucihimalaya wallichii

Halimolobos perplexa
Halimolobos whitedii

Olimarabidopsis pumila 1
Olimarabidopsis pumila 2
Polyctenium fremontii 1
Polyctenium fremontii 2
Turritis glabra

Arabis pendula

Camelina microcarpa
Neslia paniculata
Barbarea intermedia
Barbarea verna
Barbarea vulgaris
Cardamine amara
Rorippa islandica
Lepidium campestre
Lepidium perfoliatum
Erysimum cheiri 1
Erysimum cheiri 2

Val Ile”
IME 1MP
2 _

4 2

Trp"
I3M 4MO-I3M IMO-I3M 2PE (S)20H-2PE
+ + + - -
1 1 - - -
1 1 - - -
1 _ _ _ _
1 _ _ _ _
2 1 - - -
2 1 - -
2 1 - - -
3 1 2 - -
2 1 - - -
2 1 - - -
2 1 - - -
1 1 - -
1 1 - - -
3 2 1 - -
1 1 1 - -
1 1 - - -
1 _ _ _ _
1 1 - -
1 1 - - -
3 2 1 - -
1 1 - - -
2 1 - - -
1 1 - - -
1 1 - - -
1 1 - - -
1 _ _ _ _
1 _ _ _ _
1 1 - - -
_ 1 _ _ _
_ 1 _ _ _
_ 1 _ _ _
_ 1 _ _ _
2 1 - - -
2 1 - - -
2 1 - - -
1 1 - - -
2 1 - -
1 _ _ _
_ 2 1 _ _
1 2 - - -
1 1 - - -
1 1 - - -
1 1 - - -
_ 1 _ _ _
_ 1 _ _ _
_ 1 _ _ _
_ 2 _ _ _
2 - - - 3
1 - - 4 -
1 - - 4
_ 1 _ _
4 _ _ _ _
_ 1 _ _ _

(continued on next page)
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Table 2 (continued)

*

Species Val® Ile" Leu" Trp

*

Phe

IME IMP 2MP I3M

4MO-I3M

IMO-I3M Benz® 2PE (S)20H-2PE

Erysimum perovskianum 1 - - - -
Erysimum perovskianum 2~ — - - -
Erysimum repandum - - - -

Glucosinolate quantities are ranked qualitatively within a given sample from - (absent) to ‘4’ (highly abundant). Abbreviations correspond to
systematic glucosinolate naming as follows: IME, 1-methylethyl; IMP, 1-methylpropyl; 2MP, 2-methylpropyl; I3M, indol-3-yl-methyl; 4MO-13M, 4-
methoxy-indol-3-yl-methyl; 1IMO-13M, 1-methoxy-indol-3-yl-methyl; Benz, benzyl; 2PE, 2-phenylethyl; (S)20H-2PE, (S)-2-hydroxy-2-phenylethyl.

& Glucosinolate profile for A. thaliana vegetative tissue. ‘+’ indicates presence of the glucosinolate in 1 or more A. thaliana accessions; ‘-’ the absence
of the glucosinolate in all assayed accessions (Kliebenstein et al., 2001a; Brown et al., 2003).

® Benzyl glucosinolate is present at extremely low levels in the leaves of A. thaliana (Kliebenstein et al., 2001a; Reichelt et al., 2002); a score of - in
related species may indicate that the compound is present at a level below our detection limit.

* The amino acid precursor of the indicated glucosinolate species; ‘n/a’ indicates the complete absence of glucosinolates in leaf tissue.

2.1.3. Variation in Met-glucosinolates. Side-chain
modification

In A. thaliana, methylthioalkyl glucosinolates are
oxidized to produce methylsulfinylalkyl glucosinolates
(Fig. 2). This feature of glucosinolate metabolism is
ubiquitous throughout the genus and in all analyzed
taxa that express Met-glucosinolates in their vegetative
tissues (Table 1). Further oxidation to methylsulfonyl
glucosinolates (Fig. 2) has not been observed in A.
thaliana but is detected in other members of the genus
(A. lyrata and A. arenosa, Table 1) as well as in a sub-
set of the closely related genera (Table 1). Nothing is
known regarding the biochemistry or the genetics be-
hind this oxidation step and the lack of phylogenic
pattern supports suggestions that these reactions re-
flect lineage-specific physiological constraints.

The methylsulfinylalkyl glucosinolates of A4. thaliana
are modified by the activity of the ALK-OHP complex
locus (Fig. 2), which encodes a series of directly repeated
2-oxoglutarate-dependent dioxygenases. In this species,
different accessions display one of three phenotypic
states: they lack ALK-OHP activity and produce meth-
ylsulfinylalkyl glucosinolates; display AOP2 activity,
thus producing alkenyl glucosinolates; or display
AOP3 activity and produce hydroxyalkyl glucosinolates
(Fig. 2; Kliebenstein et al., 2001a,b). Similar patterns are
observed throughout the genus Arabidopsis. Differences
in the activity of ALK-OHP parallel the geographic sep-
aration of the two A. Iyrata subspecies (ssp.) presented
in Table 1. When ALK-OHP activity is present, the
European subspecies, A. lyrata ssp. petraea, produces
predominantly hydroxyalkyl glucosinolates (Table 1).
In contrast, North American A. lyrata ssp. lyrata pro-
duces mainly alkenyl glucosinolates (Table 1). Among
the other Arabidopsis species, A. cebennensis and A. cro-
atica both produce alkenyl glucosinolates, while the low
levels of short chain glucosinolates in A. halleri and A.
arenosa prevent an assessment of ALK-OHP activity.
cDNAs corresponding to AOPI and AOP2 have been
obtained from A. [yrata and an AOPI cDNA has been

recovered from A. halleri (unpublished Genbank se-
quences- AF427857; AF418239; AF418252). The identi-
fication of 40Px cDNAs in A. lyrata and A. halleri and
the placement of these species relative to A. thaliana in
the phylogeny of Arabidopsis (Fig. 3(a)) suggest that
ALK-OHP 1is present as a complex throughout the
genus, and that some components of this multigene fam-
ily have lost function in daughter lineages.

Outside the genus Arabidopsis, only five out of the 16
genera in Table 1 display ALK-OHP activity in vegeta-
tive tissue. Of these, only one species, Olimarabidopsis
pumila produces a hydroxyalkyl glucosinolate (AOP3
activity) in vegetative tissues, while the remaining genera
produce alkenyl glucosinolates (AOP2 activity). Given
that in a majority of instances only one or two acces-
sions have been assayed for glucosinolates in each genus
outside of Arabidopsis, we cannot exclude the possibility
that a more extensive survey might detect greater intra-/
interspecific variation in ALK-OHP activity.

In the phylogeny of the Brassicaceae, the genus Bras-
sica, which last shared a common ancestor with A. tha-
liana approximately 23 million years ago (Yang et al.,
1999; Koch et al., 2001), is basal to the genera presented
here. Brassica contains ALK-OHP as a complex locus
(BoALK-OHP, Gao et al., 2004) showing that diversifi-
cation of the ALK-OHP gene family predates the diver-
gence of Brassica and Arabidopsis. However, analysis of
the Brassica oleracea ALK-OHP locus demonstrates
that variation in ALK-OHP activity need not be the re-
sult of polymorphisms affecting transcriptional regula-
tion as is observed in A. thaliana (Kliebenstein et al.,
2001b); BoALK-OHP lacks AOP3 entirely, and poly-
morphisms affecting AOP2 activity are structural (i.e.
deletions of coding sequence) rather than regulatory
(Li and Quiros, 2003; Gao et al., 2004).

2.2. Divergence of non-Met-glucosinolate profiles

Non-Met-glucosinolates, derived from Trp and Phe,
are detectable in the vegetative tissues of A. thaliana
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(Kliebenstein et al., 2001a; Brown et al., 2003) and the
profiles of these compounds in closely related species
do not differ substantially from the pattern observed
in A. thaliana (Table 2). However, the leaves of A.
thaliana completely lack glucosinolates derived from
the branched-chain amino acids Val, Ile, and Leu
(Kliebenstein et al., 2001a; Table 2). This phenotype
is maintained in the majority of related species with
four exceptions: A. arenosa, Boechera drummondii, B.
holboellii, and Cardamine amara (Table 2). As A. tha-
liana produces branched-chain aliphatic glucosinolates
in seeds (Kliebenstein et al., 2001a), the character
change identified in these species likely represents a
regulatory change resulting in a novel expression pat-
tern for branched-chain amino acid specific compo-
nents of the core glucosinolate biosynthetic pathway,
possibly affecting a CYP79 or a CYP83. While the
polymorphism associated with B. drummondii and B.
holboellii appears to be a single, shared change result-
ing in the gain of branched-chain glucosinolates in
leaves (Fig. 3(a)), the observed changes in A. arenosa
and C. amara represent parallel evolution of leaf
expression patterns, relative to the ancestral lack of
leaf expression among most Arabidopsis relatives.

2.3. Geographic and historical distribution of
glucosinolate metabolism in A. lyrata

Together with accessions from four additional Ara-
bidopsis species, A. lyrata ssp. lyrata and A. lyrata ssp.
petraea accessions were subjected to a cluster analysis
using the glucosinolate phenotypic components pre-
sented in Tables 1 and 2 as characters. The resulting
tree (Fig. 3(b)), which graphically depicts the biochem-
ical similarity among the accessions, indicates that
North American and European A. [yrata accessions
can be divided into five contemporary phenotypes.
Further, these phenotypes, with some notable excep-
tions, recapitulate the geographic origins of the plants
(Fig. 3(b) and (c)). Two A. petraea accessions from
Central Europe (Fig. 3(b) and (c); orange labels),
however, are distinct from other Central European
A. petraea; their glucosinolate metabolism is more
similar to that of A. arenosa (Fig. 3(b)). As A. lyrata
ssp. petraea and A. arenosa are sympatric, this obser-
vation may suggest gene-flow between the species, but
few data exist to directly address this issue. Surpris-
ingly, two North American accessions, A. lyrata ssp.
lyrata 1 and 2, and one Eastern European accession,
A. lyrata ssp. petraea 6, form a minor clade (Fig.
3(b), green labels). The meaning of this observation
is unclear; the gross similarity in glucosinolate bio-
chemistry may be indicative of parallel evolution
resulting from comparable environmental and/or eco-
logical pressures. Alternatively, these three accessions
may represent an ancestral phenotype that existed

prior to the radiation of A. lyrata throughout Europe
and North America.

2.4. Genetic constraints and glucosinolate evolution

Comparisons within and among species provide infor-
mation regarding evolutionary constraints on physiolog-
ical and developmental change. Such constraints may
involve trade-offs among phenotypic traits controlled by
a single gene (Kroymann et al., 2003; Baucom and Mau-
ricio, 2004; Tian et al., 2003), parallel evolution driven by
orthologous loci in different species (Yoon and Baum,
2004; Schluter et al., 2004), or losses of function in bio-
chemical pathways that preclude future evolutionary
change (Zufall and Rausher, 2004; Rutter and Zufall,
2004). In the first case, while glucosinolates reliably pro-
vide defense against generalist insect herbivores, the
defensive capacity of the glucosinolates is constrained
by the tendency of the same compounds to attract special-
ist herbivores that detoxify these metabolites (Raybould
and Moyes, 2001; Moyes and Raybould, 2001; Kroy-
mann and Mitchell-Olds, 2004; Ratzka et al., 2002). Par-
allel evolution at orthologous loci is also found in
glucosinolate biosynthesis: AOP genes encode polymor-
phic glucosinolate modification enzymes that co-segre-
gate with glucosinolate differences in both A. thaliana
(Kliebenstein et al., 2001b) and B. oleracea (Li and Qui-
ros, 2003). Finally, the third constraint mechanism, where
loss of function precludes future evolutionary change, has
been clearly documented within A. thaliana. Naturally
occurring loss-of-function mutations at GS-Elong,
ALK-OHP, and Epithiospecifier Protein segregate among
A. thaliana ecotypes and influence natural variation for
insect resistance (Kroymann et al., 2001, 2003; Klieben-
stein et al., 2001b; Lambrix et al., 2001). Although similar
loss-of-function mutations have not yet been shown to
constrain glucosinolate evolution for an entire species,
the results of our current work suggests potential
examples, such as members of the Neslia group and the
Cardamine alliance, where this mechanism may be
operating.

3. Experimental
3.1. Plant material
All plants were grown under standard laboratory

conditions for A. thaliana as described previously (Klie-
benstein et al., 2001a).

3.2. Glucosinolate extraction and purification

Glucosinolate extraction and purification was carried
out according to Kroymann et al. (2001).
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3.3. HPLC and glucosinolate identification

High-pressure liquid chromatography (HPLC) with a
diode-array detector was performed as described in
Kliebenstein et al. (2001a) and Reichelt et al. (2002).
Preliminary identification of desulfo-glucosinolates was
carried out by comparison of retention times and UV
absorption spectra with those of known standards. Final
identification of all peaks was based on an electrospray
mass spectrometry (LC/MS) or LC/MS/MS as described
by van Dam et al. (2004).

3.4. Statistics

Multivariate clustering of data on glucosinolate type
and relative concentration was performed using UP-
GMA in the SYSTAT statistical package (Systat Soft-
ware GmbH, Erkrath, Germany). This graphical
portrayal is a summary of the patterns of biochemical
similarity, and does not necessarily imply phylogenetic
relationships or cladogenesis.
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