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Abstract

Caterpillars of Pieris rapae L. (Lepidoptera: Pieridae) convert 4-hydroxybenzylglucosinolate (sinalbin) in brassicaceous plants
into 4-hydroxybenzylcyanide sulfate (HBC sulfate), with 4-hydroxybenzylcyanide (HBC) as intermediate. This apparently serves
as a detoxification, because alternative formation of a mustard oil is avoided. We confirmed the capacity of P. rapae to convert the
intermediate HBC into HBC sulfate. Four additional Pieridac — Anthocaris cardamines L., Pieris virginiensis Harris, Pieris napi
oleracea Edwards and Pieris brassicae L., likewise excreted HBC sulfate after ingesting leaves with topically added HBC or leaves
naturally containing sinalbin and myrosinase, but not after ingesting control leaves devoid of HBC and sinalbin. We confirmed the

capacity of the most dm.mlly related pierid species (A. cardamines) for converting ingested (topically added) sinalbin into HBC
sulfate. Larvae of two pierid feeding insects, the oli; sawfly Athalia rosae L. (Hymenoptera: Tenthre-
nidae) and the polyphagous moth §j frugiperda (Smith) (Lepid N lae), did not excrete HBC sulfate after in-
gesting sinalbin-containing leaves or topically added HBC.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The glucosinolate—myrosinase defence system is characteristic for plants of the Brassicaceae and related families
in the order Capparales (Rodman et al., 1998). The system consists of B-thioglucosidases (myrosinases), stored spa-
tially separated from their natural substrates, g| (André and Jorgensen, 2003). Upon tissue damage,
the enzyme and substrate come into contact, and glucosinolates are hydrolysed into isothiocyanates (mustard oils) or
other products. A number of insect species have developed metabolic adaptations that enable them to reduce the
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formation of mustard oils from the glucosinolate—myrosinase system (Miiller et al., 2003; Rossiter et al., 2003; Witt-
stock et al., 2004, and references cited therein).

It was recently reported that Pieris rapae and Pieris brassicae possess a nitrile specifier protein (NSP), that
enables them to avoid the formation of toxic mustard oils while feeding on host plants containing this defence system
(Wittstock et al., 2004). In the presence of NSP, the formation of toxic mustard oils (Agrawal and Kurashige, 2003) is
replaced by the formation of nitriles that are usually less toxic (Wittstock et al., 2003). The NSP appeared to be
a crucial biochemical adaptation, allowing P. rapae and P. brassicae caterpillars to feed on a large number of plants
containing the gl inol myrosinase defence system. All other Pieris sp. also exclusively feed on glucosinolate-
containing plants (reviewed by Chew and Renwick, 1995), suggesting that the remaining species in the genus might
share this adaptation.

A taxonomically more distant pierid butterfly with a similar range of host plants is the orange tip, Anthocaris card-
amines L. At least 37 plant species within the families Brassicaceae and Resedaceae have been recorded as host plants
for A. cardamines in Europe (Courtney and Duggan, 1983). All these host plants are known or suspected to contain the
glucosinolate—myrosinase system (Fahey et al., 2001), suggesting that A. cardamines also possesses a biochemical
adaptation to this defence system.

Recent phylogenies based on two blocks from mitochondrial DNA have been proposed for the lepidopteran family
Pieridae including Coli d its relatives (Pollock et al., 1998) and Pieris napi and its relatives (Chew and Watt, in
press). These phylogenies show four points relevant to the current investigation: (1) within the subfamily Pierinae, the
Anthocharini [(=Euchloini), including A. cardamines] and the Pierini are sister tribes; (2) Pieris, represented in that
study by P. napi, P. brassicae and P. rapae, forms a monophyletic clade within the tribe Pierini; (3) all taxa of ‘P. napi®
relatives in North America form a monophyletic Llude that is sister to P. napi L. from Stockholm, Sweden; and (4)
Pieris virginiensis and Pieris napi oleracea belong to distinct subclades of the “P. napi™ complex in North America;
despite extensive sympatry, they are not each other's closest relatives.

The nitriles resulting from the detoxification of the glucosinolate—myrosinase system by NSP are in at least two
cases excreted without further metabolism (Wittstock et al., 2004). But the nitrile 4-hydroxybenzylcyanide (HBC) that
is formed from detoxification of 4-hydroxybenzylglucosinolate (sinalbin) is apparently sulfated before excretion of
the conjugate, HBC sulfate (Fig. 1: Miiller et al., 2003; Wittstock et al., 2004). We confirmed the ability of P. rapae
caterpillars to metabolise HBC into HBC sulfate, using HBC ingested with a leaf substrate or with an artificial diet.

To investigate the occurrence of this two-step metabolism of sinalbin among other Pieris and insects that feed on
Brassicaceae, we examined three other Pieris species in the tribe Pierini, A. cardamines in the tribe Anthocharini,
and two phylogenetically distant species, a moth (Lepidoptera: Noctuidae) and a sawfly (Hymenoptera:
Tenthrenidae).

2. Materials and methods
2.1. Plants, insects and chemicals

All plants used belonged to the Brassicaceae. Seeds of white mustard (Sinapis alba L.) cv. Salvo were from
Advanta Seeds B.V.; The Netherlands. Seeds of wintercress [Barbarea vulgaris var. arcuata (Opiz.) Fries (G-type,

accession B44, Agerbirk et al., 2003)] were a gift from J.K. Nielsen, Dept. of Nat. Sci., Royal Vet. and Agric.
Univ., Denmark. Chinese cabbage (Brassica pekinensis (Lour.) Rupr.) was obtained from local food stores. Siliques
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Fig. 1. Sinalbin and detoxification products. Reaction arrows indicate the proposed metabolic pathway (unbalanced) in the pierid caterpillars in-
vestigated. HBC, 4-hydroxybenzyleyanide.
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of charlock (Sinapis arvensis L.) were collected from a natural population at Lake Utterslev Mose, Denmark. Foliage
and siliques of garlic mustard (Alliaria petiolata (Bieb.) Cavara and Grande) were collected from natural populations
at Lake Utterslev Mose, Denmark and at the river Main, Germany. Cabbage, Brassica oleracea L. cv. Primax was
grown from seed (www.johnnyseeds.com, Albion, Maine 04910, USA) and hare’s ear mustard Conringia orientalis
(L.) Dumortier was collected in Wisconsin, USA from an apparently sterile vegetatively reproducing clone. For lo-
gistic reasons, plants were grown at three different localities, in all cases at long day conditions (16—18 h day length)
at 18—24 °C, and used after 5—8 weeks. As the resuiting leaves might differ in chemical composition, the locality of
S. alba growth is indicated (with the initials of the relevant co-author) in Table 1.

P. rapae were reared from lab-collected eggs of wild females caught near Texas Falls (Hancock Co.), Vermont,
USA, or from a laboratory colony kept for several generations in a 1 m® cage at the same temperature and light
conditions as used for plant cultivation. feeding the adults a 10% sucrose solution and using wintercress as
oviposition substrate and larval food plant. The founding P. rapae individuals were obtained from eggs kindly
supplied by Joop J. A. van Loon, Wageningen University, The Netherlands. Eggs of P. brassicae were collected
on Tropaeolum majus in Copenhagen, Denmark, hatched caterpillars were reared on either S. alba or (for HBC-spike
exp.) on T. majus. Wild females of P. napi oleracea Harris and P. virginiensis Edwards were collected from Lee
(Berkshire Co.), Massachusetts, USA. Eggs oviposited in the lab were reared at ambient room temperature (19—
23 °C), at 15:9 h l:d. Caterpillars of A. cardamines were collected in mid-June 2004 on siliques of solitary individuals
of garlic mustard growing along the shore of Lake Utterslev Mose, Denmark, as well as along the river Main, Ger-
many. Only one caterpillar was observed per plant. The identity of the caterpillars was confirmed by Peter Esbjerg,
Dept. of Ecology, Royal Vet. and Agric. Univ., Denmark, based on comparison of caterpillar and pupal
morphology with published illustrations (Spuler, 1910; Porter, 1997; Jacobi, 2004). Younger caterpillars appeared
as illustrated by Spuler (1910), older appeared as illustrated by Porter (1997) and Jacobi (2004). Sawfly larvae
were taken from a stock of Athalia rosae L. (Hymenoptera: Tenthredinidae) that was established from a field collec-
tion in Germany and kept in culture at 20 °C, a relative humidity of 70% and 16:8 h l:d. Spodoptera frugiperda (Smith)
(Lepidoptera: Noctuidae) were received as eggs from Bayer (Monheim, Germany) and kept in quarantine in the lab.
Hatching larvae were kept on artificial diet. After 5 days, they were transferred to brassicaceous plants.

Sinalbin was from www.glucosinolates.com, Frederiksberg, Denmark. Sinigrin was from Karl Root, Karlsruhe,
Germany. HBC was from Sigma—Aldrich, Steinheim, Germany. HBC sulfate was isolated as previously described
(Wittstock et al., 2004).

2.2. Feeding experiments with artificial diet

“High wheat germ diet” (Bell et al., 1981) with or without HBC (5 pmol/g) was prepared as the previously
described bioassay diet (Agerbirk et al., 2003), except that the wheat germ was from Naturdrogeriet, Hgrning,
Denmark. HBC was dissolved in boiling H,O before addition of agar and other ingredients. In order to obtain naive
caterpillars able to accept a diet without glucosinolates (Renwick and Lopez, 1999), eggs were collected with a setup
consisting of a 300-ml beaker covered by a cabbage leaf, with the leaf edges wrapped around the opening of the beaker
with parafilm. Butterfly females oviposited sitting on the edge of the horizontal leaf surface and extending their
abdomen downwards. Parafilm with eggs was transferred to artificial diet for rearing of naive caterpillars.

A 0.7-1.2 g lump of HBC-spiked or control diet was weighed and placed in a cage (25 ml transparent plastic con-
tainer). To each cage with either HBC-spiked diet or control diet, one naive late instar caterpillar was introduced and
allowed to feed on the diet for two 24-h periods. On day 3, remaining diet was removed, weighed, and replaced with
a lump of control diet to all caterpillars, and frass was collected for one additional 24-h period. The mass of diet
ingested by each caterpillar offered HBC-spiked diet was calculated as the measured diet wt. loss (typically 0.1—
0.2 g) corrected for the mean wt. loss in cages without caterpillars (0.018 g). The amount of HBC ingested was cal-
culated from the mass of diet ingested multiplied with the known concentration. For the determination of excreted
HBC sulfate and estimation of excreted HBC, collected frass was freeze dried and extracted as described below.
Samples of control- and HBC-spiked diet were also incubated, weighed, frozen, freeze dried and extracted as
described for frass samples, followed by determination of any HBC sulfate. Extracts of frass and diet from this
experiment contained considerable amounts of a gel like material, which was avoided on columns by prolonged
centrifugation and use of the resulting transparent supernatant.
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2.3. Feeding experiments with leaves

Caterpillars were reared on the relevant host plants for at least 24 h, frass produced during this initial rearing was
discarded. During continued rearing, frass was collected daily, frozen, and freeze dried. Dried frass was stored frozen
until extraction (except brief periods at ambient temperature when mailed between laboratories). Spiking with HBC
was carried out by distributing 200 pl of HBC (25 mM in ELOH:H,0 (1:1)) on the upper surface of a leaf (either win-
tercress, Chinese cabbage, or garlic mustard, as indicated). After evaporation of the solvent, the spiked leaf was of-
fered to a caterpillar (or a sawily larva) or incubated in parallel without caterpillar. After complete or almost complete
ingestion of the spiked leaf, the caterpillar was offered an unspiked leaf for an additional 24 h. Frass was collected and
treated as above. Control experiments with leaves treated with solvent only and spiked leaves incubated without cat-
erpillars were carried out in parallel. Siliques of garlic mustard were spiked with sinalbin or HBC by painting solutions
(HBC as above, or 5 mM agq. sinalbin) on the siliques attached to short sections of the plant. After evaporation of the
solvent, plant sections (in total seven siliques per caterpillar) were offered to A. cardamines caterpillars in 500 ml ca-
ges. Frass was collected as described above, and control experiments with solvent only or without caterpillars were
conducted.

2.4. Chemical analysis

Determination of glucosinolates and HBC sulfate by the desulfoglucosinolate method was essentially carried out as
previously described (Miiller et al., 2003; Wittstock et al., 2004). However, sinigrin (allylglucosinolate) was used as
internal standard, because the previously used benzylglucosinolate was present as an endogenous glucosinolate in §.
alba leaves. The relative response factor of HBC sulfate relative to the interal standard sinigrin (the factor to be mul-
tiplied with the desulfo HBC sulfate area before comparison with the desulfo sinigrin area) was experimentally de-
termined: solutions in DO of pure potassium sinigrin and pure potassium HBC sulfate were mixed, and subjected
to 'H NMR (at 400 MHz, instrumentation as in Agerbirk et al., 2003). The molar ratio of HBC sulfate to sinigrin
was found to be 1.034 from peak areas of selected protons [1/4 of the combined area of the aromatic HBC sulfate
protons (7.32 ppm, 2H and 7.43 ppm, “d”, 2H) divided by the area of the sinigrin H2 signal (6 ppm, m,
IH)]. Aliquots (approximately 300 nmol, 300 nmol, 600 nmol and 900 nmol of each compound) of the mixture
were subj 1o the desulfoglucosinolate analysis method, and the HPLC area (229 nm) of the desulfo HBC sulfate
peak relative to the desulfo sinigrin peak was found to be 0.8101 (N =4, s.d. = 0.0129). The response factor of HBC
sulfate was calculated as 1.032/0.8101 = 1.28. This response factor was independent of using methanol or acetonitrile
as HPLC eluent, and of using crude sulfatase (Miiller et al., 2003) or sulfatase further purified according to Bjerg and
Serensen (1987) (results not shown). Reported quantitative levels of HBC sulfate were obtained with the desulfoglu-
cosinolate method. As explained by Miiller et al. (2003), detection of HBC after sulfatase-treatment of extracted me-
tabolites bound to an anion exchanger is not conclusive evidence of the presence of HBC sulfate in the extract, because
the sulfatase enzyme p ion may hypothetically contain | enzyme activities, such as phosphatases or
glucuronidases. The fact that the HBC conjugate extracted from P. rapae frass was indeed HBC sulfate had previously
been demonstrated (Wittstock et al., 2004). We confirmed the presence of HBC sulfate in representative frass extracts
of A. cardamines and P. rapae by LC—MS, as will be indicated in the text (Sections 3.1, 3.2,3.3 and 3.4). The stability
of sinalbin incubated on A. petiolata siliques was likewise confirmed by LC—MS (Section 3.4). This direct determi-
nation of HBC sulfate or sinalbin was carried out as follows: freeze dried frass or plant material was extracted in boil-
ing MeOH:water (7:3). Crude extract (typically equivalent to 6 mg frass or plant material) was passed through a 0.5 g
Supelclean LC-18 SPE column (from Supelco, PA, activated with 2 ml MeOH, equilibrated with 2 ml MeOH:water
(1:1)), which was further eluted with 2 x 1 ml MeOH:water (1:1). The eluate was taken to dryness under an air stream,
and the residue dissolved in 0.02 ml MeOH and 0.98 ml 0.02 M sodium acetate pH 5. Of the resulting solution, 4 pul
was injected for LC—MS analysis. Analytical LC—MS was carried out using an Agilent 1100 Series LC (Agilent
Technologies, Germany) coupled to a Bruker Esquire 3000+ ion trap mass spectrometer (Bruker Daltonics, Bremen,
Germany). An XTerra MS C18 column (Waters, Milford, MA; 3.5 pm, 2.1 x 100 mm) was used at a flow rate of
0.2 ml/min. The mobile phases were A, H,O:HCO,H (99.9:0.1) (v/v) and B, MeCN:H,0:HCO,H (80:19.9:0.1) (v/
V). The gradient program was 0—4 min, isocratic 2% B; 4—10 min, linear gradient 2—8% B; 10—30 min, linear gra-
dient 8—50% B; 30—35 min, linear gradient 50—100% B; 35—40 min, isocratic 100% B. The mass spectrometer was
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run in negative ion mode. Total ion current and ion traces for specific [M —H| ™ ions were used for locating
compounds.

3. Results
3.1. Metabolism of HBC into HBC sulfate by P. rapae

To test the hypothesis of HBC as an intermediate in the metabolism of sinalbin by P. rapae caterpillars, we offered
the caterpillars an artificial diet with and without added HBC. The presence and stability of HBC in the spiked diet was
confirmed analytically (results not shown). Only “naive™ caterpillars that had never been exposed to glucosinolates
accepted the wheat germ diet. Such caterpillars were reared to their fourth or fifth instar on the diet, and offered the
HBC-spiked diet. HBC sulfate in the resulting frass accounted for 36 mol% of ingested HBC (N = 5, s.d. = 15 mol%).
Considerable amounts of free HBC were also detected in the frass extracts by HPLC of the initial run-through from the
anion exchange columns (results not shown). HBC sulfate was not excreted after ingestion of the artificial diet without
added HBC (N = 3). The presence of HBC sulfate in frass from caterpillars offered the HBC-spiked diet was con-
firmed by LC—MS analysis of the extract: a peak with the correct retention time and m/z ratio (212) was detected.
confirming the identity of the excreted metabolite. Taken together with the results reported by Wittstock et al.
(2004), this result confirmed the capacity of P. rapae caterpillars to metabolise sinalbin in two steps: formation of
the nitrile HBC, followed by sulfation of the phenol group and excretion of the resulting HBC sulfate.

3.2, Effects of food plants with or without sinalbin

Caterpillars of all five pierid species (Pieris spp., as well as A. cardamines), excreted appreciable amounts of HBC
sulfate when reared on sinalbin-containing bra; ceous plant tissue (Table 1). But when reared on various brassica-
ceous plants (found to be devoid of sinalbin, results not shown), HBC sulfate was not detected in the frass. This sug-
gested that the five pierid species share the pathway for sinalbin bolism previously di lin P. rapae. In
the case of A. cardamines reared on white mustard, the presence of the intact sulfate ester HBC sulfate was directly
confirmed by LC—MS of the native extract: a peak with the correct retention time and m/z ratio for HBC sulfate was
detected (results not shown). Caterpillars of the non-pierid generalist herbivorous moth S. frugiperda also accepted

Table 1
Concentrations (pmol/g dw, mean (s.d.)) of HBC sulfate in frass from caterpillars reared on white mustard leaves or charlock siliques, which both
contained sinalbin, or on Chinese cabbage, which was devoid of sinalbin

Species Origin N HBC sulfate Plant source
A: reared on while mustard leaves
P. rapae Vermont 2 33 21) FC
Laboratory culture 4 35.(18) NA
P. napi oleracea Massachusetts 5 17 32) FC
P virginiensis Massachusetts 3 26 (14) FC
P. brassicae Denmark 4 41347 NA
A cardamines Denmark 1 25 NA
Germany 3 8.0 27) oM
S. frugiperda Laboratory culture 5 <0.1 (ir. or n.d.) oM
B: reared on Chinese cabbage leaves
S. frugiperda Laboratory culture 5 <02 (1r. or n.d) Store
C: reared on charlock siliques
P. rapac Laboratory culture 1 35 Field
A. cardamines Denmark 3 23 (13) Field

The column “Origin” indicates the origin of the tested caterpillars. In the column “*Plant source”, initials (FC, NA or CM) indicate the exact con-
ditions of §. alba cultivation, “Field” indicates field collected material, whereas “Store™ indicates material from a food store (see “Section
HBC sulfate was not detected after rearing P. rapae on cabbage (N =2), P. brassicae on wintercress (N =2), P. napi on cabbage, wintercress or
hare's ear mustard (N = 4), or A. cardamines on garlic mustard (N = 6), and the mentioned food plants were likewise found to be devoid of sinalbin
(s.d. = standard deviation; ir. = trace; n.d. = not detected)
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white mustard leaves. but only a trace of a peak possibly corresponding to HBC sulfate was observed, and the trace
peak had apparently no relation to sinalbin detoxification, because a similar peak was formed when the species was
reared on Chinese cabbage, which was devoid of sinalbin (Table 1). Sinalbin was not sequestered intact in body tissue
or haemolymph in S. frugiperda (results not shown). However, only traces of sinalbin were detected in frass from
S. frugiperda reared on white mustard, suggesting that sinalbin was indeed metabolised (by plant myrosinase or cat-
erpillar enzymes). Sinalbin was likewise absent or nearly absent in frass from the pierid species.

For logistic reasons, sinalbin-containing plants reared at different conditions were used in the experiments (Table
1). Appreciable levels of sinalbin (usually between 5 and 100 pmol/g dry wt.) were observed in white mustard leaves
grown at all three conditions, but as sinalbin levels vary significantly between individual plants and leaves, we did not
attempt to correlate excreted HBC sulfate to sinalbin contents in ingested tissue. Levels of excreted HBC sulfate were
similar for all the pierid caterpillars reared on white mustard grown at the conditions “FC” and “NA”. Similar levels
of HBC sulfate were also seen for P. rapae and A. cardamines reared on charlock siliques. There was a tendency for
lower levels of HBC sulfate excreted from A. cardamines reared on white mustard grown at a third set of conditions
(CM), but this could be due to lower levels of sinalbin at these conditions of growth. All in all, the data suggest quan-
titatively similar metabolism of sinalbin in all pierid species.

Later instars of A. cardamines often feed on siliques (Courtney and Duggan, 1983). As all our experiments with A.
cardamines had to be initiated during the brief period where caterpillars were available, we decided to offer leaves to
some individuals (for comparison with the other tested species), and siliques to other individuals. The caterpillars
readily accepted both food items.

3.3. Effects of ingestion of HBC added to leaves

In the three plant species devoid of sinalbin, wintercress, garlic mustard, or Chinese cabbage, there was apparently
a slight conversion of HBC to HBC sulfate when HBC-spiked leaves were incubated without caterpillars at the
bioassay conditions (Table 2). However, levels of HBC sulfate in caterpillar [rass were much higher than could be
explained by plant-catalysed sulfation. The two tested species of Pieris metabolised a high proportion of ingested
HBC into HBC sulfate, as previously found for P. rapae using artificial diet as substrate (Section 3.1). A. cardamines
seemed to convert a lower proportion of ingested HBC into the sulfate ester, but this was still significantly higher than
the plant-catalysed proportion, which was negligible with garlic mustard leaves (Table 2). When a solution of HBC
was painted on siliques of garlic mustard, conversion to HBC sulfate was not detected in the absence of A. cardamines
caterpillars, but after ingestion by the caterpillars, HBC sulfate was readily detected in the frass by both direct LC—
MS and by the desulfoglucosinolate method (results not shown). In contrast, larvae of two non-pierid insects, A. rosae
and . frugiperda, did not excrete HBC sulfate after ingestion of HBC painted on leaves.

3.4. Confirmation of a causal relationship between sinalbin and HBC sulfate for A. cardamines

We considered it likely that excretion of HBC sulfate after ingestion of white mustard was due to metabolism of
sinalbin. In the case of P. rapae, this had previously been shown using radiolabelled sinalbin (Wittstock et al., 2004).

Table 2
HBC sulfate (mol% of added HBC, mean (s.d.)) excreted by caterpillars (or produced by leaves in control experiments) after addition of 625 nmol
HBC to leaves fed (o caterpillars

Caterpillar Leaf v Sample HBC sulfate (mol%)
None Wintercress 4 Leaf 27(18)

P. rapae Wintercress 4 Firass 45.(8)

P. brassicae Wintercress 3 Frass 28 (10)

None Garlic mustard 3 Leaf tr. (mean = 0.1)

A cardamines Garlic mustard 3 Frass 5127

None Chinese cabbage 3 Leaf ir. (mean =0.3)

S. frugiperda Chinese cabbage 2 Frass . (mean = 0.2)

A. rosae Chinese cabbage 4 Frass nd

Tn the absence of a caterpillar (“None” in column 1), HBC sulfate was determined in an extract of the substrate leaf after incubation for the same
{ime and at the same conditions as used for experiments with caterpillars. For this table, . rapae were from the laboratory culture in Denmark, and
A. cardamines were collected in Germany (s.d. — standard deviation; tr. = trace: n.d. = not detected)
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However, in the case of the remaining species it might also be an effect of another difference between white mustard
and the plant species without sinalbin used as controls. For this reason, we tested whether application of pure sinalbin
to garlic mustard would likewise result in excretion of HBC sulfate. The experiment was carried out with the more
distantly related of the pierid species; A. cardamines. Indeed, sinalbin was absent in the produced frass, while
HBC sulfate was present (Fig. 2E—H). Control experiments showed that sinalbin painted on the siliques could be re-
covered after incubation for several days (Fig. 2B and D), that HBC sulfate was not formed in the absence of cater-
pillars (Fig. 2C), and that HBC sulfate was not excreted in control experiments where the caterpillars were offered
siliques painted with solvent (water). The experiments based on painted siliques were only semiquantitative, as we
could not control how much of the solution was painted onto the siliques, but we attempted (o apply quantitatively
similar volumes of painting solution to experiments with and without caterpillar feeding. We concluded that the ex-
cretion of HBC sulfate was due to ingestion of sinalbin, presumably metabolised by nitrile formation followed by
sulfation.

The domina ds s glucosinolate in garlic mustard was sinigrin (dominant peak at 3 min in Fig. 2A, with
mlz =258). This glucosinolate was present in about 25-fold molar excess of topically added sinalbin, and was essen-
tially absent from frass (Fig. 2E).

Intensity Intensity
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Fig. 2. Demonsiration by LC—MS of conversion of sinalbin to HBC sulfate in Anthocaris cardamines. A=D: analysis of an extract of garlic mus-
tard siliques puinted with sinalbin, incubated for two days in the absence of caterpillar in order 1o test the stability of sinalbin. E—H: analysis of an
extract of A. cardamines frass after ingestion (during two days) of garlic mustard siliques painted with sinalbin. A and E: total ion LC—MS chro-
matogram. B and F: as A/E, but monitoring only m/z =424 (sinalbin). C and G: as A/E, but monitoring only m/z = 212 (HBC sulfate). D: mass
spectrum at time 5.0 min (sinalbin) from the chromatogram in A. G: mass spectrum at time 18.6 min (HBC sulfate) from the chromatogram in F.
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4. Discussion

At the subfamily level, butterflies are associated with plant orders (Ehrlich and Raven, 1964). The subfamily Pier-
inae (including the tribes Pierini and Anthocharini) is mainly associated with Brassicaceae and related families in the
Capparales containing glucosinolates (Ehrlich and Raven, 1964; Rodman et al., 1998; Fahey et al., 2001). Our finding,
that exemplars of both tribes excrete a nitrile as metabolic product of a glucosinolate, suggests that detoxification by
nitrile formation is (so far) coincident with the Capparales specialist habit in the Pierinae. This suggests that the nitrile
formation trait evolved in a common ancestor of the subfamily Pierinae.

Other Lepidoptera do not share the nitrile formation trait. Although some other lepidopterous larvae do accept plants
with the glucosinolate—myrosinase system, NSP was not detected in gut extracts of the generalist Spodoptera littoralis
(Wittstock et al., 2004) reared on plants with this defence system. The diamondback moth Plutella xylostella
(Lepidoptera: Plutellidae) overcomes the defence system by a bi ically different mechanism, a sulfatase (Ratzka
etal.,2002). Still other Lepidoptera are devoid of any biochemical adaptations to this defence system: when Papilio poly-
xenes F. (Lepidoptera: Papilionidae) larvae were fed sinigrin-infused leaves of their normal host celery, Apium graveolens
L., feeding rates were not significantly affected but growth and d p rates were ially reduced; larval
mortality was 100% at concentrations of 0.01% (of fresh weight) or higher (Erickson and Feeny, 1974; Blau etal., 1978).

A biochemically different adaptation to the glucosinolate—myrosinase system, namely sequestration, is known for
several non-lepidopteran insect species: the cabbage aphid Brevicoryne brassicae L. (Homoptera: Aphididae)
(Bridges et al., 2001), the turnip sawfly A. rosae (Miiller et al., 2001; Miiller and Wittstock, 2005) that was included
in this investigation as a control, and the harlequin bug Murgantia histrionica (Hahn) (Heteroptera: Pentatomidae)
(Aliabadi et al., 2002), but has so far not been shown for any Lepidoptera (Miiller et al., 2003).

The second step in the metabolism of sinalbin, sulfation of HBC into HBC sulfate, was observed for all the inves-
tigated Pierinae. In contrast to the NSP controlled first detoxification step, the second step might not be vital, as HBC is
a fairly stable compound compared to an isothiocyanate, and might be expected to be less toxic. HBC is structurally
similar to benzylcyanide, which is an anti-aphrodisiac that is transferred from P. brassicae males to females during
mating (Andersson et al., 2003), and which is attractive to the parasitic wasp Trichogramma brassicae (Fatouros et al..
2005). However, HBC is non-volatile, and is therefore unlikely to show any of those activities. Sinalbin is a relatively
rare glucosinolate in nature, and a specific detoxification reaction for this glucosinolate might be expected to have
evolved in only some species. For these reasons, we a priori considered it likely that one or more species with ability
for nitrile formation would have been deficient in sulfation of HBC, but so far we have not encountered such a species
within the Pierinae we sampled.

Sulfation is a common phase 2-detoxification reaction (Brattsten, 1992), and sulfation of phenols of comparable
structure to HBC (e.g. 3-aminophenol and 4-nitrophenol) has been reported for several non-pierid Lepidoptera as
well as other insect species (Smith, 1955; Yang and Wilkinson, 1973). The demonstration of sulfation of ingested
HBC by the examined pierid species is therefore not nec ily an indication of an adaptation to sinalbin- or
HBC detoxification, it could also be a side reaction of one (or more) sulfotransferase(s) with another physiological
function in the investigated Pierinae. However, sinalbin-containing white mustard and charlock are known host plants
for P. rapae (Courtney and Chew, 1987; Garzia, 1988; Porter, 1997) and charlock for A. cardamines (Courtney and
Duggan, 1983), so the two-step metabolism of sinalbin in both Pieris and Anthocaris reported here can be expected to
take place under natural conditions. The two Sinapis spp. are encountered by P. brassicae, but are not to our knowl-
edge common host plants (Courtney and Chew, 1987). The two Sinapis spp. are not commonly encountered by P
virginiensis or P. napi oleracea (FC, unpublished observations).

It is well known that Pieris spp. are [requently parasitised in nature, in contrast to a laboratory situation. However,
when a number of P. rapae caterpillars were collected in nature and tested individually, all were found to excrete HBC
sulfate after ingesting white mustard. Subsequently, it was found that some of the caterpillars were parasitised (at the
time of the collection) by Cotesia (=Ay les) glomerata (L.) [H. ptera: Br idae] and by an unidentifi
species [Diptera: Tachinidae] (results not shown). So parasitised P. rapae likewise metabolise sinalbin into HBC
sulfate.

In conclusion, a common two-step metabolism of sinalbin, by nitrile formation and sulfation, was demonstrated for
both Pieris (tribe Pierini) and Anthocaris (tribe Anthocharini) in laboratory experiments, and is likely to occur in na-
ture as well for both tribes. While the advantage of the first step, nitrile formation as an alternative to isothiocyanate
formation is obvious, any physiological advantage of the second step is not yet fully understood.
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