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Summary 

Sex pheromone communication in the nine 
European species of small ermine moths (Yponomeuta) is re- 
viewed in regard to the potential role of pheromones in the 
speciation process. Six of the nine species studied (viz., Y. 
evonymellus, Y. cagnagellus, Y. padellus, Y. irrorellus, Y. 
plumbellus, and Y. vigintipunetatus) use a mixture of (E)-I 1- 
and (Z)-I 1-tetradecenyl acetate in different ratios as primary 
pheromone components, with combinations of tetradecyl 
acetate, (Z)-9-tetradecenyl acetate, (Z)-ll-hexadecenyl ace- 
tate and the corresponding alcohols of the acetates as addi- 
tional pheromone components. Analysis of (Z)- to (E)- l l -  
tetradecenyl acetate ratios produced by individual females of 
these species demonstrated significant variation among fe- 
males of all species. However, the ranges of ratios produced 
by Y. cagnagellus, Y. irrorellus, and Y. plumbellus, sharing 
the same host-plant species, spindle tree, did not overlap. 
Niche separation of all six species mentioned required con- 
sideration of at least one additional pheromone component 
or of temporal aspects. The remaining three species, i .e.Y. 
malinellus, Y. mahalebellus and Y. rorellus, have phero- 
mones that differ qualitatively. 

Biosynthetic routes to the pheromone compo- 
nents identified are proposed on the basis of fatty acid phe- 
romone precursors found in the pheromone glands. A phylo- 
genetic tree for the genus is constructed based on allozyme 
frequency data and changes in pheromone compo- 

sition are superimposed on this tree. We suggest that the an- 
cestral ermine moth pheromone is a mixture of (Z)- l l -  and 
(E)-ll-tetradecenyl acetate and the corresponding alcohols, 
and a scenario of how present-day patterns evolved is out- 
lined. The pheromone differences among the three species 
using spindle tree as their host-plant might have evolved 
through reproductive character displacement upon second- 
ary contact between populations that had already diverged 
genetically in allopatry. Pheromone differences within the 
so-called padellus-complex (including Y. cagnagellus, Y. ma- 
halebellus, IT. malinellus, Y. padellus, and Y. rorellus) in 
which species might have originated sympatrically, may have 
evolved by reinforcing selection as these species still hybrid- 
ise and produce viable offspring when confined in cages. 
The role of pheromones in reproductive isolation among 
Yponomeuta species is emphasised by (1) the function of 
pheromone components of some of the species as behaviou- 
ral antagonists to other species, (2) the cross-attraction un- 
der experimental conditions between allochronic species with 
similar pheromones, and (3) the formation of hybrids in the 
laboratory between species that are isolated in nature by 
pheromone differences. 
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Introduction 

In order to coexist, biological species need to 
be reproductively isolated. Consequently, the evolution of re- 
productive isolation is generally regarded as a key step in spe- 
ciation. The generally accepted mode of speciation in sexually 
reproducing animals requires that populations initially are 
geographically isolated from each other for many generations 
(Mayr 1963). During this period of time different selection 
pressures together with random changes will result in signifi- 
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cant genetic differences between the populations with repro- 
ductive isolation as a possible by-product. If the potential hy- 
brids formed upon secondary contact are inferior, then effec- 
tive premating reproductive isolation may evolve provided 
that the populations are ecologically differentiated (Littlejohn 
1981). This is the model ofspeciation by reinforcement. How- 
ever, recent theoretical studies suggest that the efficacy of 
reinforcing selection is low and furthermore there is a lack of 
well-substantiated empirical examples (Butlin 1987, 1989). 

In moths the primary means of premating re- 
productive isolation are species-specific sex pheromones, em- 
itted by females to attract males for mating. Paterson (1978, 
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Tab. 1 European small ermine moths of the genus Yponomeuta and their host plant affiliations 

Yponomeuta species Host-plant Plant family 

Y. evonyme//us (L.) 

Y. cagnagellus (HObner) 

Y. mahalebeflus @uen6e 

Y. malinellus Zel]er 

Y, padellus (L.) 

Y. rorellus (H(Jbner) 

Y. irrore/lus (H(Jbner) 

K plumbellus (Denis & SchNermOIler) 

Y. vigintipunctatus (Retzius) 

Prunus padus L. 

Euonymus europaeus L. 

Prunus mahaleb L. 

Malus sp. 

Crataegus sp. 
Prunus spinosa L. 
Prunus domestica L. 
Sorbus aucuparia L. 

Salix sp. 

Euonymus europaeus L. 

Euonymus europaeus L. 

Sedum te/ephium L. 

Rosaceae 

Celastraceae 

Rosaceae 

Rosaceae 

mosaceae 

Salicaceae 

Celastraceae 

Celastraceae 

Crassulaceae 

1985) has stressed that divergence in specific mate recognition 
systems (SMRS) presents a problem as SMRS function prima- 
rily to achieve efficient mating within species and are there- 
fore expected to be under stabilising selection. Challenging the 
model of speciation by reinforcement Paterson claims that re- 
productive isolation mechanisms do not evolve because of se- 
lection for reproductive isolation, but are mere by-products of 
selection for SMRS. In the present paper we discuss the poten- 
tial role of sex pheromones in the evolution of reproductive 
isolation within a group of moths. 

European small ermine moths of the genus 
Yponomeuta (Lepidoptera, Yponomeutidae) have been stud- 
ied for more than a decade in regard to their evolution and 
their host relations in particular (Wiebes 1976; Menken et al. 
1991). Nine species of small ermine moths occur in the west- 
ern Palearctic region (Table 1). Traditionally some forms pre- 
sented great difficulties to the taxonomist, and in the labora- 
tory members of this so-called "padellus-complex" (viz., ¥. 
cagnagellus, mahalebellus, malinellus, padellus, and rorellus) 
will hybridise and produce offspring, the fertility and fecundi- 
ty of which differs by combination (Menken 1980; Van Dron- 
gelen & Van Loon 1980; Hendrikse 1988). 

The sex pheromones of 7 of the European 
small ermine moths have been identified (L0fstedt & Van Der 
Pets 1985; LOfstedt et al. 1986a; L0fstedt & Herrebout 1988). 
In the present paper pheromone communication in Yponom- 
euta is reviewed and new information on pheromone precur- 
sors and individual variation in female pheromone production 
is presented. A phylogenetic tree is constructed based on allo- 
zyme variation patterns and biosynthetic routes to the identif- 
ied pheromone components are proposed based on analysis of 
pheromone precursors from 9 species. Together with available 
information on morphology and host-plant selection this al- 
lows us to discuss the potential role of sex pheromones in spe- 
ciation and the evolution of reproductive isolation in the er- 
mine moths. 

Pheromone communication in the small 
ermine moths 

Our analysis of sex pheromones in the small 
ermine moths has been guided by a simple model of niche sep- 
aration in the imaginary sex communication channel (termino- 
logy of Greenfield & Karandinos 1979). Moths that are de- 
pendent on this "resource" for their mate finding are sepa- 
rated in one or more chemical, temporal or spatial niche di- 
mensions. If the species do not differ in the chemical compo- 
sition of their pheromones, they are selected to be sexually ac- 
tive at different times of the day or the year, or they are re- 
stricted to different geographical areas. The European small 
ermine moths are sympatric and synchronic, i.e. fly at the 
same time of year/day, over much of their distribution area. 
Females of the small ermine moths display their pheromone 
gland in a typical calling posture, indicative of pheromone re- 
lease, around the onset of the photophase (with the exception 
of Y. plurnbellus and Y. vigintipunctatus that call preferen- 
tially at night). Thus, periods of calling overlap more or less 
in all of the species and so do periods of male receptivity 
(Hendrikse 1978, 1979). 

Gas chromatographic analyses of pheromone 
glands from calling female moths of Y. evonymellus, Y. cag- 
nagellus, Y. padellus, Y. irrorellus, Y. plumbellus, and Y. vi- 
gintipunctatus showed that all have (Z)-ll-tetradecenyl ace- 
tate (Z11-14:OAc) as a primary pheromone component (Fig. 
1) (L0fstedt & Van Der Pers 1985; L0fstedt & Herrebout 
1988). A graphical model of niche overlap in the sex commu- 
nication channel between these species was obtained by con- 
struction of a niche diagram from analysis of pheromone pro- 
duction by individual females (LOfstedt 1986). The species dif- 
fer more or less with respect to the amount of complementary 
(E)-ll-tetradecenyl acetate (El1-14: OAc) (Fig. 2), but to sep- 
arate Y. padellus from Y. vigintipunctatus and Y. evonymel- 
lus it is necessary to consider additional pheromone compo- 
nents. (Z)-I 1-hexadecenyl acetate (Z11-16: OAc) is not only a 
necessary pheromone component for the attraction of Y. pad- 
ellus, but it has a negative influence on the attraction of other 
sympatric ermine moths (L6fstedt & Van Der Pets 1985; LOf- 
stedt 1987; C. L6fstedt unpubl.). However, the remaining spe- 
cies pair, Y. evonymellus and Y. vigintipunctatus, cannot be 
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separated on the basis of differences in their female-produced 
sex pheromones (Figs 1 and 2). 

All species have additional acetates in their 
glands. For instance (Z)-9-tetradecenyl acetate (Z9-14: OAc) is 
an important fourth pheromone component in Y. padellus (C. 
L6fstedt unpubl.). All of the species seem to store the satu- 
rated 14:OAc and 16:OAc,and in at least K evonymellus, Y. 
cagnagellus, Y. irrorellus, and Y. vigintipunctatus 14:OAc 
has a clear behavioural effect (Fig. 3 and L6fstedt & Herre- 
bout 1988). This might also be the case in Y. plumbellus, 
whereas 14: OAc seems to be behaviourally neutral in Y. pad- 

evonyrnellus 

cagnagellus 

rnalineltus 

padeltus 

rorellus 

mahalebellus irrorellus 
plumbellus 

vigint ipunctatus 

o q q q q q o o o  

/ I I I I 
N N 

I~1 N ~ N 

qw 

IF 

L 

• 0.1 - 0.5 ng 

• 0.4-0.6 ng 

• 07 -0 .9  ng 

• 1.0-1.9ng 

• 2.0-3A ng 

O 3.5- 4.9 ng 

• 5.0-10 ng 

e > 10 ng 

• pheromone component 

O gland constituent, uncertain function 

Fig. 1 Pheromone components of nine European small ermine 
moths. The diameter of a dot is approximately proportional to the 
gland titre of an individual pheromone component. Filled circles indica- 
te components with confirmed behavioural activity in the respective 
species 

ellus (C. L6fstedt unpubl.). The activity of 16: OAc is obscure 
in most of the species, except for Y. irrorellus where it seems 
to be a behaviourally active pheromone component (L6fstedt 
& Herrebout 1988). A small amount of all of the alcohols cor- 
responding to the acetates are usually found in gland extracts, 
and they do have a clear synergistic effect on attraction of 
male Y. evonymellus, Y. irrorellus, and Y. vigintipunctatus 
(L6fstedt & Van Der Pers 1985; L6fstedt & Herrebout 1988), 
and possibly also Y. cagnagellus (de Jong 1987). Interestingly, 
subtraction of any of the five components of the synthetic 
pheromones of Y. evonymellus and Y. vigintipunctatus seems 
to reduce their attractivity (Fig. 3) and thus confirms their sta- 
tus as pheromone components in the respective species. At the 
same time it may be noted that subtraction of one component 
from the synthetic pheromones in several cases causes signifi- 
cant atraction of other moth species. For instance, subtraction 
of Z l l -14 :OH from the Y. vigintipunctatus pheromone re- 
sults in significant attraction of a tortricid moth, Aphelia pal- 
eana (Ht~bner), whereas subtraction of Z11-14: OAc causes at- 
traction of Dichrorampha petiverella (L.). Subtraction of 
E l l -14 :OAc from the Y. evonymellus pheromone elicits at- 
traction of another tortricid, Tortrix viridana (L.). 

Y. cagnagellus, Y. irrorellus, and I1. plumbel- 
lus coexist on the same host-plant, the European spindle tree 
Euonymus europaeus (Celastraceae), and share the same phe- 
romone components. Their pheromones differ in the ratio of 
E l l -14 :OAc to Z l l -14 :OAc (2, 60 and 150% resp., Fig. 2). 
Moreover, the ten times lower pheromone release rate in Y. 
plumbellus seems to contribute to pheromone specificity (LOf- 
stedt & Herrebout 1988). Hardly any cross-attraction is ob- 
served with synthetic pheromones. 

The last three species, Y. rorellus, Y. mahale- 
bellus, and I1. malinellus, differ in their pheromones from the 
six species already described in a number of ways. In general, 
the pheromone gland secretions of these species contain a re- 
duced number of acetates and alcohols of potential relevance 

Crossattraction in flight tunnel 
Different host-plants 

0 20 40 60 80 

0 20 40 60 80 1~t Y. vlglntlpunctatus 

. . . . . . . . . . . . . . . .  

0 20 40 60 80 

% E isomer in addition to Zl 1-1 4 :0Ac 

No crossattraction in flight tunnel 
Same host-plant 

~i ~ Y. cagnagetlus 
15 
10 

0 20 40 60 80 100 120 140 160 

o . . . . . . . . .  .=. . . . . . . . .  m . . . . . . . . . . . . .  
O 20 4(1 60 80 100 120 140 160 lo! Y. plumbellus 

o '' "~' ' ~d" 'do' "go" 'tbd " 't~o ~ Mo' ' ~go'" ' 

% E isomer in addition to Z11-14:0Ac 

Fig. 2 Frequency diagrams of (E)- to (Z)-I 1- 
tetradecenyl acetate ratios produced by indi- 
vidual females of six species of smaN ermine 
moths ( Y p o n o m e u t a ) .  Individual female gland 
extracts were analysed by gas chromatogra- 
phy on capillary columns to determine the ra- 
tio of the geometric isomers 
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Fig. 3 Mean relative trap catches with synthetic pheromones for Y. 
evonymel/us (A) and Y. Vl~Tintipunctatus (B), and corresponding blends 
with individual pheromone components subtracted. Catches of four 
tortricid moths, Tortrix viridana and Archips xytosteana in (A) and 
Aphelia paleana and Dichrorampha petiverella in (B), are also shown. 
The trap catch of the respective Yponomeuta species with the full sym 
thetic mixture is 100 by definition in each series. Bars accompanied 
by the same letter are not significantly different based on ANOVA of 
log (catch + 1 ) followed by Fisher's protected LSD method for multi- 
ple comparisons (P<0.05). The experiment with Y. evonymeltus was 
carried out at Dalby Norreskog, Lund, Sweden, July 11 to August 7, 
1985 (n = 5). Average trap catch of Y. evonymellus with the reference 
bait was 70 males. The experiment with Y. Vl~Tintipunctatus was car- 
ried out at Hagesta, Ystad, Sweden, August 8 to 29, 1985 (n=6). 
Average trap catch of Y. vigintipunctatus with the reference bait was 
82 males 

to sexual attraction. }7. rorellus has the most simple phero- 
mone bouqet. Calling females of this species release a mixture 
of 14:OAc, 14:OH, 16:OAc, and 16:OH, but 14:OAc on its 
own suffices to evoke complete pheromone response in males 
(L0fstedt et al. 1986a, 1990). In this species addition of a 
small amount Z l l -14 :OAc,  the primary pheromone compo- 
nent of most other sympatric Yponomeuta, reduces attraction 
dramatically. The pheromone glands of Y. mahalebellus pro- 
duce three 16-carbon acetates and 14:OAc, but no clear evi- 
dence of any unsaturated 14-acetates was found (C. L6fstedt 
unpubl.). Analysing Y. malinellus females, we found only al- 
cohols in their pheromone glands and a mixture of 14:OH, 
E11-14: OH, and Zl1-14: OH attracts some males in the field 
(W. M. Herrebout & C. LOfstedt unpubl.). However, McDon- 
ough et al. (1990) recently reported (Z)-9-dodecenyl acetate 
(Z9-12:OAc) to be present in trace amounts in pheromone 
gland extracts of Y. malinellus, which were introduced into 
North America some years ago (Herrebout & Menken 1990), 
and a mixture of Z l l - 1 4 : O H  and Z9-12:OAc was a more at- 
tractive lure than virgin females in field trapping experiments. 
The occurrence of Z9-12: OAc as a pheromone component in 
Y. malinellus is remarkable as no 14 carbon acetates have 
been found in this species although the potential precursors 
(corresponding alchohols) are present in large amounts. Gen- 
erally, acetylation of alcohols in moth pheromone glands is 

believed to be a non-selective reaction (Bestmann et al. 1987; 
Jurenka & Roelofs 1989), whereas acetylation in Y. malinellus 
has to be highly chain-length specific to produce Z9-12: OAc 
only. Alternatively Z9-12:OAc may be a substitute for some 
other alcohol or aldehyde pheromone component in Y. mali- 
nellus. 

The role of EII-14:OAc,  Z11-14:OAc, and 
Z11-16: OAc as primary pheromone components in the small 
ermine moths could be predicted from the electrophysiological 
investigations of Van Der Pets (1982). He found receptor cells 
specialised to El1-  and Z l l -14 :OAc in 8 out of the 9 species 
studied. In Y. malinellus one receptor cell responded to E11- 
14:OAc but responded even more strongly to Z l l -14 :OH.  
Cells responsive to Z11-16: OAc occurred in Y. cagnagellus, 
Y. padellus, Y. rorellus, and }1. mahalebellus (Fig. 4). 

The results of our chemical analyses and be- 
havioural experiments with synthetic pheromones explain al- 
most every aspect of the observations reported by Hendrikse 
(1986). She used a flight tunnel assay to study intra- and inter- 
specific attraction of male ermine moths to calling females. 
Between 50 and 90 % of the males were able to locate their 
conspecific females (Fig. 5). The highest level of mutual cross- 
attraction was observed between Y. evonymellus and Y. vigin- 
tipunctatus (50-60 %), the species with the closest similarity of 
pheromones. However, it is interesting to note that the syn- 
thetic pheromones of these species, in spite of their almost 
identical composition, in our field experiments were species- 
specific in the natural habitat of the respective species, i.e. no 
Y. vigintipunctatus males were trapped in the Y. evonymellus 
experiments and vice versa (Fig. 3). Hendrikse (1986) also 
found significant (mutual) cross-attraction (i.e., more than 
15 %)between Y. evonymellus and Y. irrorellus, Y. evonymel- 
lus and Y. padellus, and Y. vigintipunctatus and Y. irrorellus. 
In the remaining interactions there was no cross-attraction. 

The cross-attraction between Y. padellus fe- 
males and Y. evonymellus and Y. vigintipunctatus males does 
not follow logically from our our experiments with synthetic 
pheromones. When synthetics were tested in the field the large 
amount of Z l l -16 :OAc  in the Y. padellus pheromone seem- 
ingly reduced the attraction of Y. evonymellus and Y. viginti- 
punctatus males to zero (L0fstedt & Van Der Pers 1985; LOf- 
stedt 1987). 

0 0 0 0 0 

i 
03 
N N LLI N N 

evonymel lus  - o 5 -10  sp/s 

cagnage l l us  ~ v ,~ T ~- 0 11-15 ,, 

mal ine l lus ~ - O 16-25 ,, 

pade l lus  # ; -  O 26-40 ,, 

rore l lus  - ' ~ q H  - -  ~----( )---t ~ 
maha lebe l lus  1 O large spike amplitude 

i r ro re l l us  ~ ~ (~ intermediate spike amplitude 

p lumbe] lus ~ ~ 0 smafl spike amplilude 

v i g i n t i p u n c t a t u s  ,,L ~' i -  ~ no cell type discdrninated 

Fig. 4 Electrophysiological single cell response of antennal sensilla 
trichodea with low spontaneous activity to pheromone components in 
mates of nine Yponomeuta species (modified from Van Der Pers 1982) 
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Fig. 5 Conspecific and interspecific behaviourat response of males 
of 8 Yponomeuta species to calling females (constructed from 
Hendrikse 1986) 
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Fig. 6 Proposed shifts in pheromone composition and host plants su- 
perimposed on a phylogenetic tree constructed using "JelLy" (courtesy 
of W. N. Ellis, University of Amsterdam), a modified version of Rogers' 
(1984) algorithm, portraying the evolution of reproductive isolation in 
the European small ermine moths. The cophenetic correlation coeffi- 
cient is 0.984, its F value 30.9 %. -denotes lost character, +denotes 
acquired character, E t/,~ denotes increased/decreased amount of E 
isomer, A l l  (14C)denotes delta 11 desaturation of 14 carbon acyl 
moiety, Ac denotes acetylation, !3-oxld stands for 6-oxidation (chain- 
shortening), etc. 

The taxonomic status of small ermine 
moths and their phylogeny 

All nine species have been studied by allo- 
zyme analysis at more than 50 larval and adult loci (Menken 
1982). From the absence of heterozygotes at diagnostic loci in 
samples taken from sympatry and the species-specific allo- 
zyme patterns, it was concluded that all nine are genuine bio- 
logical species (Menken 1980, 1989). Locally, however, a very 
low amount of gene flow between Y. padellus and Y. maline# 
lus might occur (Arduino & Bullini 1985). The specific status 
of the nine forms of Yponomeuta is also corroborated by re- 
cent work on morphological characters (Povel 1984, 1986). 
Numerical taxonomic studies, based on over a hundred con- 
tinuous characters, showed that seven of nine species could be 
distinguished as separate clusters. After removing redundant 
characters, the remaining two species, Y. padellus and Y. mal- 
inellus, also tend to cluster separately (Povel 1986). From the 
original allozyme data (Menken 1982) a phylogenetic tree was 
constructed (Fig. 6) by means of a modified version of Rog- 
ers' algorithm (Rogers 1984), using Y. vigintipunctatus as the 
outgroup (Menken et al. 1991). The position of Y. evonymel- 
lus within the group of species that was called the paclellus- 
complex by Friese (1960) underscores the fact that this group 
of species, in spite of morphological similarities among its 
members, is an artificial taxonomic entity. 

All European Yponomeuta forms should also 
be regarded as good biological species by virtue of the differ- 
entiation among their sex communication systems. The differ- 
ences in female-produced sex pheromones make it likely that 

all are reproductively isolated from one another at the pre- 
mating level with the possible exception of Y. evonyrnellus 
and Y. vigintipunctatus. However, these two species are fixed 
for different alleles at some 90 % of their allozyme loci, so 
postmating reproductive isolation should be complete even if 
premating isolation fails. 

Pheromone differences and similarities per se 
are not necessarily useful for the analysis of phylogenetic rela- 
tionships. Large differences in pheromone attractivity might 
be due to small differences in, for instance, ratios between the 
same compounds, and such ratios could change back and 
forth due to selection for premating reproductive isolation. As 
Roelofs & Bjostad (1984) postulated, biosynthetic routes to 
pheromones should be a more useful criterion for elucidation 
of evolutionary relationships (see also LOfstedt 1991). We 
therefore analysed the occurrence of fatty acid pheromone 
precursors in the pheromone glands of the small ermine 
moths. 

Biosynthesis of the ermine moth 
pheromones 

All of the pheromone components identified 
from the small ermine moths are monounsaturated or satu- 
rated, 12-carbon, 14-carbon or 16-carbon acetates or alcohols. 
The great similarity between the pheromone gland consti- 
tuents indicates that they are all of a common biosynthetic 
origin. It has been shown in several other moths that phero- 
mone components are biosynthesized from corresponding fat- 
ty acids (Roelofs & Bjostad 1984), which are derived from pal- 
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are synthesised by 411-desaturation and chain-shortening (within the 
frame). The fatty acids are selectively reduced and acetylated to give 
alcohols and acetates, active as pheromone components 

mitic acid by a combination of All-@saturation and chain 
shortening (beta-oxidation). We analysed the fatty acid com- 
position of pheromone gland extracts of all nine small ermine 
moths to obtain information on what kind of pheromone 
compounds could potentially be biosynthesized by these spe- 
cies. Fatty acyl moieties in the extracts were converted to me- 
thyl esters, which were analysed by gas chromatography and 
identified by correspondence of their retention times with 
those of synthetic references (Fig. 7; see, e.g., L6fstedt et al. 
1986b for a detailed description of methods). 

All of the species contain a number of com- 
mon 16- and 18-carbon fatty acyl moieties; hexadecanoate, 
(Z)-7-hexadecenoate, (Z)-9-hexadecenoate, octadecanoate, 
(Z)-9-octadecenoate, (Z, Z)-9,12-octadecadienoate, and 
(Z,Z,Z)-9,12,15-octadecatrienoate. In addition, all species 
seem to store tetradecanoate (14:acyl) and (Z)-9-tetradece- 
noate (zg-14:acyl). The A9-unsaturated monoenes could be 
produced by the ubiquitous A9-desaturase. More interesting 
then is the occurrence of A11-unsaturated acyl groups in most 
of the ermine moth pheromone glands (Fig. 7). All-desatu- 
rases have been suggested to be unique to pheromone biosyn- 
thesis in Lepidoptera (Roelofs & Bjostad 1984). (Z)-ll-hexa- 

decenoate (Z11-16: acyl) occurs in Y. cagnagellus, Y. padellus, 
and Y. mahalebellus. (E)-I 1- and (Z)-I 1-tetradecenoate (El l -  
and Zll-14: acyl) occur in all species with the exception of i1. 
mahalebellus and Y. rorellus. The likely biosynthetic routes to 
the ermine moth pheromones involving the fatty acid interme- 
diates mentioned are shown in Figure 8. 

There is a general correspondence between the 
presence of unusual fatty acyl groups in the pheromone 
glands of all ermine moths (Fig. 7) and the production of phe- 
romone components (Fig. 1). However, the presence of a cer- 
tain fatty acyl precursor does not necessarily mean that the 
corresponding alcohol or acetate is produced. Thus we have 
not been able to demonstrate Zl l -16:OAc in Y. cagnagellus 
although there seems to be a large pool of Z11-16: acyl availa- 
ble. Z9-14:acyl has been found in all of the species, but we 
have only been able to demonstrate Z9-14:OAc in Y. padel- 
lus. In both cases selectivity of the reductase responsible for 
the production of an alcohol/acetate from the acyl moiety 
might explain these findings. In the case of Z9-14: OAc there 
might also be different pools of Z9-14:acyl, one produced by 
A9-desaturation of 14:acyl and the other produced by chain- 
shortening of Z11-16: acyl. The second pool might be the only 
one available for pheromone biosynthesis, as has been found 
in the cabbage looper moth Trichoplusia ni, where Z9-16:-, 
Z7-14:-, and Z5-12:acyl moieties involved in pheromone bio- 
synthesis come from A11-desaturation of stearic acid followed 
by chain shortening, and not from the large pool of Z9- 
16:acyl produced by A9-desaturation of palmitic acid (Bjo- 
stad & Roelofs 1983). 

Whereas All-desaturation of 16:acyl only 
produces Z11-16:acyl, A11-desaturation of 14:acyl produces 
both the E- and Z-isomers. The reason for this is not known. 
One explanation could be that there is a specific E11-desatu- 
rase. Another explanation could be that the desaturase inter- 
acting with 16:acyl produces only the Z l l  product, whereas 
another enzyme interacting with the 14:acyl produces a mix- 
ture of E and Z isomers. The occurrence of two or more spe- 
cific A11-desaturases has been postulated by Wolf & Roetofs 
(1987) in some other-Lepidoptera. Regulation of the E/Z-ra- 
tio is a critical step in the biosynthesis of the species-specific 
sex pheromones (Bjostad & Roelofs 1986; Roelofs & Wolf 
1988). We found no precise correspondence between the iso- 
mer ratios among the acetates and their acid precursors. Thus 
at least some of the differences could be due to species-specif- 
ic reduction of the acids to alcohols, as the ratios between 
pheromone gland alcohols usually corresponds well to the ra- 
tios between the acetates. 

The results of the precursor analysis underline 
the biochemical similarity of the small ermine moth phero- 
mones. The limited number of differences in distinct biochem- 
ical reaction steps unfortunately provides low resolution when 
pheromone precursors are used for phylogenetic analyses. It 
appears that the phylogenetic tree constructed on allozyme 
data may not be the most parsimonious with respect to either 
pheromone changes or host-plant shifts. For instance, it seems 
as if Z l l  desaturation of hexadecanoic acid may have been 
lost several times in our tree and that shifts from the Celastra- 
ceae to the Rosaceae as host-plants have taken place more 
than once. However, this may very well have been the case. 
Certain biosynthetic steps can probably be turned on and off 
by mutations in regulatory genes, without involving the actual 
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loss or acquisition of the structural genes involved, and there 
is evidence that a shift in host from (ancestral) Euonymus to 
Prunus is not so difficult (Peterson et al. 1990). Furthermore 
there is a remarkable parallelism in the pattern of parasitoid 
host suitability and the phylogenetic tree based on allozyme 
variation. All species that are unsuitable as hosts for Diadeg- 
ma armillata (Gravenhorst) (i.e. Y. cagnagellus, Y. mahale- 
bellus and II. plumbellus), have diverged relatively early in the 
evolution of the genus according to the tree. The more recent- 
ly evolved Yponomeuta show a reduced or lost ability to en- 
capsulate eggs of D. armillata. Apparently, after divergence 
of Y. cagnagellus a change in the common ancestor of Y. evo- 
nymellus, Y. padellus, Y. malinellus and Y. rorellus has made 
them suitable as hosts for the parasitoid (Dijkerman 1990). 
Thus, our further argument is based on the calculated phylo- 
genetic tree, which we believe is the best available for Ypon- 
omeuta. 

Pheromones, reproductive isolation and 
the process of speciation 

Pheromone changes can be involved in the 
speciation process in different ways. They may be (one of) the 
key events giving rise to separation of populations in sympa- 
try, or they may bring about complete isolation between pop- 
ulations, which have already diverged in allopatry. Under dis- 
ruptive selection for the manner in which a population ex- 
ploits its resources, a stable polymorphism might be built up 
with initially high levels of gene exchange between the diverg- 
ing groups. If there is ecological specialisation, reinforcement 
due to increased assortative mating might occur, eventually 
leading to speciation (see Tauber & Tauber 1989 for an over- 
view). Alternatively, pheromone differences may arise as by- 
products of selection for specific mate recognition systems 
(SMRS). When two moth populations meet after a period of 
divergence in allopatry they may still have sufficiently similar 
sex pheromones to allow cross-attraction and interpopulation- 
al matings. If the populations already have diverged to the 
point where inviable or sterile offspring are being formed, 
character displacement may reduce the wastage of reproduc- 
tive effort (Butlin 1987). 

With the phylogenetic tree as a background, 
we can outline a scenario of pheromone changes during the 
evolution of European small ermine moths (Fig. 6): The simi- 
larity of the pheromones in Y. irrorellus, Y. plurnbellus, and 
Y. vigintipunctatus suggests that a mixture of 14:OAc, Z11- 
14:OAc, El l -14 :OAc,  and their corresponding alcohols is a 
primitive ermine moth pheromone. Reproductive character 
displacement, resulting in diverging E/Z-ratios,  probably 
took place when the ancestral species of Y. irrorellus and Y. 
plumbellus diverged. The very low amount of E-isomer in the 
Y. eagnagellus pheromone evolved in the same way. The phe- 
romone of Y. evonymellus is almost identical to that of Y. 
vigintipunctatus. The fact that these species occurred in dif- 
ferent habitats, and have only partly overlapping generations 
and periods of sexual activity (Hendrikse 1978, 1979; Herre- 
bout et al. 1976) explains the absence of disruptive selection 
on the pheromone composition. 

The pheromone differences within the so- 
called "padellus-complex" probably contributed to the specia- 
tion process, as viable offspring can still be produced among 
these species. Y. malinellus, I1. mahalebellus, and Y. rorellus 

all seem to have lost pheromone components in comparison 
with their close relatives. Y. malinellus does not produce 14- 
carbon acetates (no acetylation), I1. mahalebellus has no unsa- 
turated 14-carbon compounds (no 14-carbon chain A11-desa- 
turafion), and Y. rorellus has no unsaturated pheromone 
components at all (All-desaturat ion lost completely). Our 
analyses of biosynthetic precursors confirm the loss or sup- 
pression of critical biosynthetic routes in these species. The 
occurrence of receptors of E11- and Zl  1-14: OAc on the male 
antennae of all European small ermine moths (Van Der Pers 
1982), including Y. rorellus, supports the interpretation that 
the Y. rorellus pheromone evolved from a more complicated 
pattern by loss of unsaturated pheromone components. It is 
interesting to note the antagonistic effect of Z l l -14 :OAc on 
the attraction of Y. rorellus. In contrast, some other tetrade- 
cenyl analogues (including E6-14:OAc, E7-14:OAc, E12- 
14:OAc and Zl2-14:OAc, which have not been reported as 
pheromone components of any sympatric species) were as at- 
tractive to Y. rorellus males as the natural pheromone (LOf- 
stedt et al. 1990). This indicates that the specific antagonistic 
effect of Z l l -14 :OAc on attraction of Y. rorellus may have 
evolved due to selection against hybridisation. 

However, one should be careful in assigning 
adaptive antagonistic effects to pheromone components. If an 
Yponomeuta species and a tortricid moth do not have differ- 
ent pheromones this may lead to significant cross attraction 
but hardly to mating and certainly not to fertilisation. Thus, 
pheromone differences between such species can not have 
evolved by reinforcement. If the species interfere with each 
others pheromone communication this interference may still 
constitute a significantly strong selection pressure to cause 
divergence in the communication systems. However, whether 
the antagonistic effects of the minor pheromone components 
of Y. evonymellus and Y. vigintipunctatus on several tortri- 
cids (Fig. 3) are adaptive or incidental, remains a matter of 
speculation at the present stage of our knowledge. 

The loss of pheromone components in the de- 
rived species mentioned above agrees with what Kaneshiro 
(1980) found in this study of sex communication in Hawaiian 
Drosophila. He argued that in general, derived species should 
have simpler species-recognition mechanisms than ancestral 
ones. If  females of the derived ermine moth population did 
not produce essential components of the ancestral phero- 
mone, they did not attract ancestral males effectively. On the 
other hand, derived males could still be attracted to ancestral 
females. If hybrids were less fit, then the asymmetric premat- 
ing reproductive isolation evolved into complete reproductive 
isolation as was suggested earlier for Y. rorellus (L6fstedt et 
al. 1986a). 

Mayr (1963) suggested that population bottle- 
necks associated with a genetic revolution might be important 
in speciation. Y. rorellus is almost monomorphic at some 75 
enzyme loci (Menken 1987). The mean proportion of hetero- 
zygous loci per individual is 0.003 in I1. rorellus, compared 
with 0.061-0.136 in other ermine moths (Menken 1982, 1987). 
Indeed, such a low level of heterozygosity is expected for a 
species which has (repeatedly) been through a bottleneck. In 
this context we also found it interesting that Thorpe (1929) 
and Gershenson (1967) reported the aberrant haploid n=29  
number of chromosomes for Y. rorellus, whereas the rest of 
the examined European ermine moths were reported to have 
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n = 31 (which is the modal chromosome number for Lepidop- 
tera). Changes in the karyotype affect recombination and may 
give sterile heterozygotes. However, we could not confirm this 
suggested karyotype change among Yponomeuta  species. In- 
stead we found an unusual haploid chromosome number, 
n =  29A + AAwZ in females and n =  30A + ZZ in males, in 
all of the investigated species (AAWZ is s sex chromosome tri- 
valent, containing a w-chromosome translocated to an auto- 
some to form an AW-chromosome, Nilsson et al. 1988). The 
hypothesis regarding a "genetic revolution" at a population 
bottleneck in the early history of Y. rorellus can of course still 
be true, but is not supported by visible evidence of a karyo- 
type change. 

The idea of speciation by a genetic revolution 
and passage through a bottleneck has been criticised on both 
theoretical and empirical grounds. Barton & Charlesworth 
(1984) found neither empirical nor theoretical support for rap- 
id evolutionary divergence in extremely small populations. 
The probability that a founder population will undergo a sto- 
chastic transition, to  form a new selec4ive equilibrium that is 
reproductively isolated from its ancestral population, is low. 
According to Barton & Charlesworth (1984) a similar level of 
isolation is more easily achieved by crossing a series of small 
selective barriers than a single large one. 

Divergence in pheromone systems can pro- 
ceed by parallel selection on female and male characteristics 
(see for instance de Jong 1988, and references therein), pro- 
vided there is enough heritable variation for these characters 
within the population. Our analyses of the pheromone pro- 
duced by individual female ermine moths confirm that there is 
significant within-populational variation in the E/Z-isomer 
ratios and the high level of repeatability for this character in 
Y. padellus indicates that the variation may be under genetic 
control (Duet  al. 1987). 

A dramatic "instantaneous" change of a phe- 
romone and resulting quantum speciation (Grant 1971) has 
been suggested as a speciation mechanism in sibling species of 
moths using opposite geometric isomers of pheromone com- 
ponents (Roelofs & Comeau 1969). In the genetically best in- 
vestigated moth so far, the European corn borer Ostrinia nu- 
bilalis, it was found that the factors controlling differences in 
pheromone production and response between the so-called E- 
and Z-strains, are inherited independently on different chro- 
mosomes (Roelofs et al. 1987; LOfstedt et al. 1989). This also 
has important bearings for our understanding of the potential 
role of pheromones in speciation in Yponomeuta.  The proba- 
bility that two critical mutations, changing female production 
and male response respectively, will occur and match is very 
low, but not zero. First, a mutation can be maintained for a 
long time in a population even if it is selected against; second, 
gene flow can greatly increase effective population size and 
thus the probability that both types of mutations arise and are 
brought together if they arise in different populations. The fu- 
ture survival and propagation of these mutants is of course 
much dependent on the mating success of mutant individuals 
and the exact mode of inheritance (Lanier & Burkholder 1974; 
Roelofs et al. 1987). If host races of Y. padellus really exist 
and are incipient species these very situations are much in 
need of research along the lines formulated above. 

Conclusions 

Plants of the family Celastraceae are believed 
to be the ancestral hosts of small ermine moths, but six of the 
European Yponomeuta have shifted host-plants at least once 
(Gerrits-Heybroek et al. 1978). Over the past 10 years or so 
modelling has made clear that host race formation is possible 
under conditions that are far less stringent than was previous- 
ly thought (Tauber & Tauber 1989). Indeed, Feder et al. (1990 
and references therein) found convincing empirical evidence 
for the existence of host races in Rhagoletis pomonella.  

In ermine moths female calling behaviour is 
stimulated by the presence of host-plants (Herrebout & Van 
De Water 1982; Hendrikse & Vos-Bannemeyer 1987). Howev- 
er, under experimental conditions absence of host-plants will 
not inhibit calling, but only retard it. If in the field host-plant 
choice (for oviposition) normally precedes calling activity, the 
influence of the host-plant on reproductive isolation might be 
much stronger than suggested by the experiments (Menken et 
al. 1991). At the moment crucial data for this hypothesis are 
still lacking, therefore an important role can be assigned to 
the specific sex pheromones in this respect. 

The cross-attraction between allochronic spe- 
cies in the laboratory, and the formation of hybrids in the la- 
boratory between species that are reproductively isolated by 
pheromone differences, is evidence for the role of phero- 
mones as reproductive isolation mechanisms among Yponom- 
euta. The occurrence of pheromone components with an an- 
tagonistic behavioural effect on other species, provides fur- 
ther support in favour of interspecific selection as an impor- 
tant evolutionary force in the evolution of species-specific 
pheromones among the small ermine moths. 
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