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Abstract—The review addresses the data on the chemical composition and structure of all known
sex pheromones and attractants in Zygaenidae (Insecta, Lepidoptera). We made an attempt to
track possible pathways of the evolution of attractant molecules and to reveal structural features
that determine their biological activity. Currently, the structure of sex pheromones and sex
attractants is well known for two of the five Zygaenidae subfamilies. Sex attractants of Zygaeninae
are esters of acetic acid and fatty alcohols, while in Procridinae they are esters of 2�butanol and
higher carboxylic (fatty) acids. Hydrocarbon radicals of fatty alcohols and acids of the known
attractant molecules in Zygaenidae contain an even number of carbon atoms (12, 14, 16) and
typically one double bond. Species specificity of the chemical signal owes not only the qualitative
composition but also the quantitative ratio of components of the pheromone/attractant mixture.
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INTRODUCTION

Although the scientific literature contains
extensive factual material on the chemical com�
munication of animals, information about phero�
mone systems in the vast majority of insect groups
is fragmentary and incomplete (http://
www.pherobase.com) [1]. A study of the chemical
nature of chemical signals has demonstrated that
a set of macro� and microcomponents of phero�
mone compositions is represented by a relatively
small number of substances as compared to a huge

number of species in this class. Insects are rela�
tively parsimonious in spending energy resources
for the biosynthesis of new compounds [2–4].
The application of the probabilistic approach to
data processing enabled establishing that the
chemical structure of sex pheromones represents
a taxonomic character and can be considered in
complex with other conventional approaches as
an additional marker in solving the issues of phy�
logeny and biosystematics of some groups of Lep�
idoptera, specifically Tortricidae and Noctuidae
[3, 5]. As a result, the revealed regular patterns of
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the structure and composition of pheromone
components allow not only forecasting the struc�
ture of sex attractants and determining the tactics
of their field screening but also tracing the evolu�
tion of species within a single genus [3, 5].

It is necessary to clearly discriminate between the
terms “sex pheromone” and “sex attractant”,
which are often used in the literature as identical
notions. Conventionally, sex pheromones are con�
sidered as compounds that are secreted by organ�
isms to the environment, have and excitatory effect
on individuals of the opposite sex of the same spe�
cies, stimulate mating behavior, and influence
reproduction [6]. Sex attractants traditionally stand
for natural or synthetic substances also attracting
and/or exciting individuals of one of the sexes but
lacking in pheromone glands of the given species
[7]. Thus, sex pheromones of one species may
prove to be sex attractants for the other one,
although sex attractants cannot be qualified as sex
pheromones of the given species until substances
with the same structure are detected in the glands of
one of the sexes of the given species. In this work,
we are holding to this terminology.

As a research object, we chose the family
Zygaenidae (Lepidoptera) which, according to the
last revision, is divided into five subfamilies:
Inouelinae Efetov & Tarmann, 2017; Procridinae
Boisduval, 1828; Chalcosiinae Walker, 1865; Cal�
lizygaeninae Alberti, 1954; and Zygaeninae
Latreille, 1809 [8, 9]. This family, numbering
more than 1000 species common to all zoogeo�
graphic regions of the world (except the Antarc�
tic) [10–16], is a convenient model group to
monitor the state of the environment. Amid
Zygaenidae, there are both rare protected species
and viticulture and horticulture pests; hence a
deeper insight into the mechanisms of chemoat�
traction is necessary not only for unraveling phy�
logenetic relationships between taxa within the
family but also for developing the measures to
defend endangered beneficial species and combat
agricultural pests.

This review aimed to analyze the chemical
composition and structure of the known sex pher�
omones and attractants of Zygaenidae, trace the
possible evolutionary pathways of attractant mol�
ecules, and reveal the structural features that
determine their biological activity.

MATERIALS AND METHODS

We used data on the structure and composition
of natural sex pheromones and synthetic sex
attractants of Zygaenidae borrowed from global
database “The Pherobase” (http://
www.pherobase.com) [1]. These materials were
supplemented with the outcomes of field testing
the sex pheromone analogs synthesized in our lab
[17–19]. Field testing were carried out in Albania,
Greece, Iran, Spain, Laos, Russia, Tajikistan,
Thailand, Turkey and Japan in 2013–2018 [20–
28].

Chemical names of the attractive compounds
were encoded according to the conventional
rules:

1. Esters of acetic acid and higher unsaturated
alcohols; e.g., (7Z)�dodecenyl acetate was
encoded as 7Z�12:Ac, where 7—the serial number
of a carbon atom at a double bond, Z—cis�isomer
of a given substance (or E for trans�isomer), 12—
the number of carbon atoms in an alcoholic radi�
cal, Ac—acetate.

2. Esters of 2�butanol and higher unsaturated
acids; e.g., (2R)�butyl (7Z)�tetradecenoate was
denoted as 2R�7Z�14, where 2R indicates that the
ester is a derivative of the R�enantiomer of 2�buta�
nol (or 2S for S�enantiomer of 2�butanol), 7—the
serial number of a carbon atom at a double bond,
Z—cis�isomer of the given substance (or E for
trans�isomer), 14—the number of carbon atoms in
an acidic radical.

Full names of the substances were only given on
first mentioning.

RESULTS AND DISCUSSION

Component composition and chemical structure 
of sex pheromones in Zygaenidae

Isolation and identification of sex pheromones
of Zygaenidae were preceded by a whole array of
studies on various aspects of chemocommunica�
tion, namely mating behavior of males and
females, electrophysiological responses to odors,
effects of the age of individuals and the time of a
day on sex pheromone production, mechanisms
of chemical signal perception, anatomy and phys�
iology of the secretory glands.

The attraction of Zygaenidae by olfactory sig�
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nals was first mentioned in the M. Jacobson’s
extensive review [29] as a fact of the mass flight of
Zygaena (Zygaena) filipendulae (Linnaeus, 1758)
males (Zygaeninae) to a virgin Lasiocampa quer�
cus (Linnaeus, 1758) female (Lasiocampidae).
Subsequently, the possibility to attract males of
some species of the subfamily Procridinae by sex
pheromones of virgin females of another genus or
subgenus was confirmed [30]. Absolutely no
attractiveness was noted between members of the
following genera: Theresimima Strand, 1917 and
Adscita Retzius, 1783; Theresimima and Jordanita
Verity, 1946; Rhagades Wallengren, 1863 and
Adscita; Rhagades and Jordanita; Adscita and Jor�
danita. A negative result was obtained even for
individuals of different subgenera of the genus
Jordanita, namely Roccia Alberti, 1954 and Trem�
ewania Efetov & Tarmann, 1999. However, a pos�
itive response was also observed in a few biotests.
For example, Theresimima ampellophaga (Bayle�
Barelle, 1808) females evoked sexual excitement
in Rhagades (Rhagades) pruni ([Denis & Schif�
fermüller], 1775) males and, vice versa, Rh. (Rh.)
pruni females attracted Th. ampellophaga males
(both species inhabit the Crimea, where they were
collected for experiments). The Jordanita (Rjabo�
via) horni (Alberti, 1937) male (from Armenia)
mated the J. (Solaniterna) subsolana (Staudinger,
1862) female (from the Crimea). However, most
active sexual behavior was observed between the
allopatric species: the Rh. (Wiegelia) amasina
(Herrich�Schӓffer, 1851) male (from Turkey) got
excited in the presence of the Rh. (Rh.) pruni
female (from the Crimea). These facts argue in
favor of the suggestion that different species may
share a similar qualitative composition of sex
pheromones, due to which signals of the other
species can be misperceived.

The presence in Zygaenidae of intraspecific
chemocommunication implemented via volatile
sex pheromones was first discovered in a danger�
ous viticulture pest Th. ampellophaga. G.V. Dol�
idze et al. [31] reported a successful method for
male capturing with the use of a sex trap contain�
ing virgin females of the given species. Not a sin�
gle individual of other insect species was finally
detected in such a trap, indicative of a high spe�
cies�specificity of the pheromone signal. The use
of pheromones by Zygaenidae females to attract

individuals of the opposite sex was experimentally
confirmed later on for a whole array of species
from the three subfamilies: Procridinae [30, 32],
Chalcosiinae [33], and Zygaeninae [34–36].

The chemical structure of the sex pheromone of
Zygaenidae was deciphered in a North American
viticulture pest Harrisina metallica Stretch, 1885
(synonymous to Harrisina brillians Barnes &
McDunnough, 1910) from the subfamiy Procri�
dinae [37]. From the volatile substances excreted
by females of this species, there were indentified
2�butyl decanoate, 2�butyl dodecanoate, isopropyl
(7Z)�tetradecenoate, and 2�butyl (7Z)�tetradece�
noate. It was experimentally established that exactly
the latter substance is an active component of the
sex pheromone in H. metallica females. Meanwhile,
the absolute configuration of the alcoholic radical in
2�butyl (7Z)�tetradecenoate was not determined.
Subsequent field testing showed that (2S)�butyl
(7Z)�tetradecenoate (2S�7Z�14) was most attractive
for males, while the presence of the R�enantiomer
of the given ester decreased the activity of the sex
pheromone [38].

Later on, an attempt was made to establish the
chemical structure of the pheromone of another
species from the subfamily Procridinae, Illiberis
(Primilliberis) pruni Dyar, 1905 [39]. The authors
managed to detect an unsaturated butyl dodece�
noate in female pheromone gland extracts. How�
ever, chirality of the alcoholic radical, position and
isomerism of the double bond in the fatty�acid
hydrocarbon radical remained undetermined.

A complete stereochemical analysis of a sex
pheromone was carried out for the viticulture pest
Theresimima ampellophaga (Procridinae) [40]
widespread mainly in the Mediterranean region
[30]. The natural pheromone was extracted by
hexane from the glands of virgin females raised in
laboratory conditions. The authors not only iden�
tified the sex pheromone as (2R)�butyl (7Z)�tetra�
decenoate (2R�7Z�14), but also carried out a
multi�stage stereoselective synthesis of this ester.

Ten years thereafter, a sex pheromone was iso�
lated and identified in females of the East Asian
pest of fruit rosacea Illiberis (Primilliberis) rotun�
data Jordan, 1907 (Procridinae) [41]. In extracts
of the female pheromone glands analyzed by gas
chromatography/mass spectrometry, there were
detected 2�butyl (7Z)�dodecenoate and 2�butyl
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(9Z)�tetradecenoate. Testing the enantiomers of
the esters 2R�7Z�12 and 2S�7Z�12, 2R�9Z�14 and
2S�9Z�14 both by electroantennography and in
natural biotopes (adhesive traps with attractive
baits) allowed establishing that the 2R�7Z�12+2R�
9Z�14 mixtures taken at 30:100 and 50:100 ratios
are most attractive for males [41, 42].

Based on the Jordanita (Solaniterna) subsolana
biomaterial from the Crimea collected by Prof.
K.A. Efetov (Simferopol, Russia) and passed on to
Prof. W. Francke (Hambugh, Germany) for exam�
ination, the female sex pheromone the given spe�
cies was found to contain two components: 2�butyl
dodecenoate and 2�butyl dodecadienoate (the lat�
ter represented a substance with two double bonds
discovered in Procridinae for the first time). For
some reason, W. Francke did not have his data
published but communicated them to Prof.
M. Subchev (Sofia, Bulgaria) who included this
information to his survey on sex pheromone com�
munication in Zygaenidae [7].

In 2019, a paper by the Chinese research group
[43] reported a successful identification of the sex
pheromone in females of Phauda flammans
(Walker, 1854), a species referring to the family
Phaudidae [44] and faultily referred by the
authors to Zygaenidae [43].

Thus, by now, the structure of sex pheromones
has been established in five species of the
Zygaenidae subfamily Procridinae: H. metallica,
Th. ampellophaga, I. (P.) pruni, I. (P.) rotundata,
and J. (S.) subsolana. In all of them, these are
esters of 2�butanol and higher unsaturated car�
boxylic acids (in H. metallica, Th. ampellophaga
and I. (P.) rotundata found to be cis�isomers). The
revealed molecular structure of sex pheromones,
as well as the topography of the pheromone�
secreting glands (in the central region of the
female abdomen), appear to be characteristic of
the tribe Procridini of the subfamily Procridinae
[2, 4, 7]. The chemical composition of natural sex
pheromones in representatives of the subfamilies
Inouelinae, Chalcosiinae, Callizygaeninae and
Zygaeninae is currently unknown.

Alkenyl acetates: synthetic sex attractants 
of Zygaenidae

Chemical and visual signals provide partner
recognition and successful mating in Zygaenidae

species [36, 45, 46]. Although most representa�
tives of the subfamily Zygaeninae have a bright,
well noticeable, aposematic coloration [47–49],
males of this group use exactly olfactory stimuli
for long�distance search for individuals of the
opposite sex. Sex attractants of Zygaeninae were
discovered during field experiments conducted by
different research teams with the known sex pher�
omones of the other lepidopteran families (e.g.,
Tortricidae, Sesiidae). For example, at the end of
the 1970s–beginning of the 1980s the discovery of
males of the genus Zygaena Fabricius, 1775
(Zygaeninae) in adhesive pheromone traps with
unsaturated acetic acid esters [50–52] served as
an impetus for a large�scale investigations of
chemical communication in members of this
genus [53]. For six species of Zygaena, there were
selected optimal concentrations and composi�
tions of acetic acid esters that attract a maximum
number of males to attractive baits in natural bio�
topes and evoke the same behavioral response in
males as in the presence of a “calling” female. In
addition, for 12 species of Zygaena, one of the
genus Reissita Tremewan, 1959, and one of the
genus Epizygaenella Tremewan & Povolny, 1968
(Reissita and Epizygaenella are phylogenetically
close to the genus Zygaena), electroantennogra�
phy revealed a specific sensitivity of receptor cells
located in male antennae to esters of acetic acid
and seven higher monoenoic alcohols: (5Z)�
dodecenyl acetate (5Z�12:Ac), (7Z)�dodecenyl
acetate (7Z�12:Ac), (9Z)�dodecenyl acetate (9Z�
12:Ac), (7Z)�tetradecenyl acetate (7Z�14:Ac),
(9Z)�tetradecenyl acetate (9Z�14:Ac), (11Z)�tet�
radecenyl acetate (11Z�14:Ac) and (11Z)�hexade�
cenyl acetate (11Z�16:Ac).

Subsequently, the attractiveness of cis�alkenyl
acetates for males of the genus Zygaena was
repeatedly confirmed in field experiments carried
out by different authors [54–56]. Generalized
data on sex attractants known from the literature
sources for members of the subfamily Zygaeninae
are shown in Table 1.

It is well seen that the bulk of the components
of synthetic sex attractants of Zygaeninae is repre�
sented by esters of acetic acid and unsaturated ali�
phatic long�chain alcohols with carbon atoms
numbering from 12 to 16. An absolute majority of
them are cis�isomers with the double bond situ�
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ated at an odd position: at the 11th, 9th, 7th, and
(less frequently) 5th carbon atoms. The above
characters reflect common structural principles of
attractant molecules in Lepidoptera [2, 4].

Esters of 2�butanol and higher unsaturated acids: 
sex attractants of Procridinae

After successful identification of components
and molecular structure of sex pheromones in

Procridinae, there was carried out a stereoselec�
tive synthesis of their structural copies: 2R�7�12,
2S�7�12, 2R�7�14, 2S�7�14, 2R�9�14, 2S�9�14
[40, 41]. All of them are cis�isomers. Individually
and in various combinations, these esters have
begun to be used in ecologo�faunistic studies all
over the world, thus leading to a discovery of sex
attractants for the whole number of Zygaenidae
species from the subfamily Procridinae (Table 2).

Table 1.  Components and chemical structure of sex attractants that attract males of Zygaeninae (Zygaenidae)*

Species/Subspecies Sex attractant/attractants Source

Reissita simonyi (Rebel, 1899) 7Z�12:Ac+9Z�14:Ac+11Z�16:Ac [53]

Epizygaenella caschmirensis (Kollar, 1844) 9Z�14:Ac+11Z�14:Ac+11Z�16:Ac [53]

Zygaena (Mesembrynus) tamara Christoph, 1889 7Z�12:Ac+9Z�12:Ac+9Z�14:Ac+11Z�14:Ac [53]

Zygaena (Mesembrynus) minos ([Denis & Schiffermüller], 
1775)

7Z�12:Ac+9Z�14:Ac+11Z�14:Ac [53]

Zygaena (Mesembrynus) purpuralis (Brünnich, 1763) 7Z�12:Ac+7Z�14:Ac+9Z�14:Ac [53]

7Z�12:Ac+9Z�14:Ac [53]

Zygaena (Mesembrynus) favonia thevestis Staudinger, 1887 7Z�12:Ac+9Z�14:Ac+11Z�14:Ac [53]

Zygaena (Mesembrynus) sarpedon (Hübner, 1790) 7Z�12:Ac+9Z�12:Ac+9Z�14:Ac [53]

Zygaena (Agrumenia) fausta (Linnaeus, 1767) 11Z�14:Ac [52]

Zygaena (Agrumenia) hilaris Ochsenheimer, 1808 11Z�14:Ac [52]

Zygaena (Agrumenia) carniolica (Scopoli, 1763) 7Z�12:Ac+9Z�14:Ac+11Z�16:Ac [53]

7Z�12:Ac+9Z�12:Ac+9Z�14:Ac [53]

Zygaena (Agrumenia) exulans (Hohenwarth, 1792) 7Z�12:Ac+ 9Z�12:Ac+9Z�14:Ac [53]

Zygaena (Agrumenia) viciae ([Denis & Schiffermüller], 
1775)

5Z�12:Ac+7Z�12:Ac+9Z�14:Ac [53]

Zygaena (Agrumenia) niphona Butler, 1877 7Z�12:Ac+9Z�14:Ac [54]

Zygaena (Zygaena) anthyllidis Boisduval, 1828 7Z�12:Ac+9Z�14:Ac [53]

Zygaena (Zygaena) nevadensis gallica Oberthür, 1898 11Z�14:Ac+11E�14:Ac [52]

Zygaena (Zygaena) osterodensis** Reiss, 1921 8Z�12:Ac+8E�12:Ac [57]

Zygaena (Zygaena) ephialtes (Linnaeus, 1767) 11Z�14:Ac+11E�14:Ac+12Ac [51]

11Z�14:Ac+12Ac [51]

11Z�14:Ac [52]

Zygaena (Zygaena) transalpina splugena Burgeff, 1926 11Z�14:Ac+11Z�14OH [50]

Zygaena (Zygaena) transalpina hippocrepidis (Hübner, 
1799)

11Z�14:Ac [52]

Zygaena (Zygaena) angelicae Ochsenheimer, 1808 11Z�14:Ac+12Ac [51]

Zygaena (Zygaena) filipendulae (Linnaeus, 1758) 5Z�12:Ac+7Z�12:Ac+9Z�14:Ac [53]

5Z�12:Ac+7Z�12:Ac, 7Z�12:Ac+9Z�14:Ac [53]

11Z�14:Ac+11E�14:Ac [58]

Zygaena (Zygaena) lonicerae (Scheven, 1777) 5Z�12:Ac+7Z�12:Ac+9Z�14:Ac [53]

Zygaena (Zygaena) trifolii (Esper, 1783) 5Z�12:Ac+7Z�12:Ac+9Z�14:Ac [53]

* Systematic position of species and subspecies according to [59].

** Synonim: Zygaena (Zygaena) scabiosae sensu auctorum (nec Scheven, 1777).
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Table 2. Components and chemical structure of sex attractants that attract males of Procridinae (Zygaenidae)*

Species/Subspecies Sex attractant/attractants Source

Acoloithus falsarius Clemens, 1861 2R�7�14, 2R�7�14+2S�7�14 [60, 61]
Acoloithus novaricus Barnes & McDunnough, 1913 2S�7�14, 2R�7�14 [61]
Acoloithus rectarius Dyar, 1898 2R�9�14 [7]
Neoilliberis fusca (H. Edwards, 1885) 2R�9�14 [7]
Neoalbertia constans (H. Edwards, 1881) 2S�9�14 [7]
Neoprocris aversa (H. Edwards, 1884) 2R�9�14 [7]
Pyromorpha (Pyromorpha) dyari (Jordan, 1913) 2S�7�12 [7]
Triprocris cyanea Barnes & McDunnough, 1910 2S�9�14 [7]
Harrisina americana (Guérin�Méneville, 1844) 2R�7�14, 2R�7�14+2S�7�14 [60, 61]
Harrisina coracina (Clemens, 1861) 2S�7�14, 2R�7�14 [61]
Harrisina guatemalena (Druce, 1884) 2S�7�14+2R�7�14, 2S�7�14, 2R�7�14 [61]
Illiberis (Primilliberis) pruni Dyar, 1905 2R�7�12+2R�9�14, 2R�2�12 [25, 62]
Theresimima ampellophaga (Bayle�Barelle, 1808) 2R�2�12+2S�2�12, 2R�2�12, ClOil 

135°**
[18, 19, 23]

Rhagades (Wiegelia) amasina (Herrich�Schäffer, 1851) 2S�2�12, 2R�2�12+2S�2�12 [26]
Rhagades (Wiegelia) predotae (Naufock, 1930) 2S�2�12 [27]
Rhagades (Rhagades) pruni ([Denis & Schiffermüller], 
1775)

2R�7�12, 2R�7�12+2S�7�12 [63]
2S�2�12, 2R�2�12+2S�2�12, 2R�2�12 [21, 23, 27]

Zygaenoprocris (Zygaenoprocris) chalcochlora Hampson, 
1900

2R�7�12, 2R�7�12+2R�9�14 [7, 64]

Zygaenoprocris (Zygaenoprocris) eberti (Alberti, 1968) 2R�7�12, 2R�7�12+2R�9�14 [64]
Zygaenoprocris (Molletia) taftana (Alberti, 1939) 2R�7�12 [65]
Adscita (Procriterna) subtristis (Staudinger, 1887) 2R�2�12+2S�2�12 [20]
Adscita (Adscita) statices statices (Linnaeus, 1758) 2R�2�12 [22]
Adscita (Adscita) statices drenowskii (Alberti, 1939) 2R�2�12+2S�2�12, 2R�2�12 [23]
Adscita (Adscita) obscura (Zeller, 1847) 2S�7�12, 2S�7�12+2R�7�12 [66]

2R�2�12, 2S�2�12, 2R�2�12+2S�2�12 [26]
Adscita (Adscita) geryon (Hübner, 1813) 2S�7�12, 2R�7�12+2S�7�12 [63, 67] 

2R�2�12+2S�2�12 [21]
Adscita (Adscita) albanica (Naufork, 1926) 2S�7�12+2R�7�12, 2S�7�12+2S�9�14 [63]
Adscita (Tarmannita) mannii (Lederer, 1853) 2S�7�12, 2R�7�12+2S�7�12, 2R�7�12 [63, 67, 68]

2S�7�12+2S�9�14, 2S�9�14 [68]
Adscita (Tarmannita) bolivari (Agenjo, 1937) 2R�2�12+2S�2�12 [27]
Jordanita (Tremewania) notata (Zeller, 1847) 2R�7�12, 2R�7�12+2S�7�12 [63, 67, 68]

2R�7�12+2R�9�14, 2R�7�12+2S�9�14 [63, 68]

2R�2�12+2S�2�12 [21]

Jordanita (Tremewania) splendens (Staudinger, 1887) 2R�2�12+2S�2�12 [20]
Jordanita (Jordanita) graeca (Jordan, 1907) 2R�2�12+2S�2�12 [18, 21]
Jordanita (Jordanita) globulariae (Hübner, 1793) 2R�2�12+2S�2�12 [18, 21, 23]
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Thus, female sex pheromones of one species
can simultaneously serve as sex attractants for
males of other species. Keeping in mind the
molecular structure of the known sex pheromones
and sex attractants of Procridinae (referring to a
class of esters formed by 2�butanol and a higher
carboxylic acid with the number of carbon atoms
varying from 12 or 14), we performed a goal�
directed synthesis of the following compounds:

1) ester of 2�butanol and dodecanoic (lauric)
acid [71];

2) ester of 2�butanol and dodecenoic acid [17,
18] and its R� and S�enantiomers;

3) esters of 2�butanol and polyunsaturated fatty
acids of cod liver oil (ClOil 135°) [19].

In doing this, we also took into consideration
that the known sex pheromones of Procridinae
have a double bond in the acidic radical and a chi�
ral center in the alcoholic radical.

Comparative field screening of the resultant
compounds in natural biotopes and agrobio�
cenoses showed that R� and S�enantiomers of
ester of 2�butanol and dodecenoic acid (2R�2�12
and 2S�2�12, respectively), both individually and/
or in a combination (2R�2�12+2S�2�12), attract
males of almost twenty species of Procridinae
(Table 2). A high efficiency of these compounds
as sex attractants made it possible to detect species
with a very low population density. Specifically,
there were involved males of Rhagades (Wiegelia)
predotae (Naufock, 1930) in Spain [27] and Rh.
(Rh.) pruni in Spain and Turkey [23, 27]. More�
over, there were even discovered two new species,
Jordanita (Praviela) rietzschi Keil, 2016 [69] and
Goazrea lao Mollet, 2016 [24], inhabiting Iran,
Laos and Thailand. Unfortunately, application of

sex attractants that attract males allows detecting
individuals of one sex [27, 64, 72].

An analysis of the literature data and results of
our experiments demonstrated that the presence
of a double bond in the fatty acid radical matters
for the perception of a pheromone/attractant
molecule by the sensory apparatus of Procridinae
males, although the position of this bond can vary.
Below are a few examples.

1. 2R�2�12 and 2S�2�12 represent ester of 2�buta�
nol and a monoenoic fatty acid with twelve carbon
atoms and a double bond at the second position.
Esters 2R�7�12 and 2S�7�12, structurally similar
but differing by the double bond position at the
7th carbon atom, are also sex attractants for sev�
eral Procridinae species (Table 2). Specifically,
both 2�12 and 7�12 attract males of Illiberis (P.)
pruni, Rhagades (Rh.) pruni, Adscita (Adscita)
geryon (Hübner, 1813), Jordanita (Tremewania)
notata (Zeller, 1847), and Jordanita (Praviela)
anatolica (Naufock, 1929). At the same time, test�
ing of biological activity of ester of 2�butanol and
lauric (saturated) acid revealed no attractiveness
of this compound towards representatives of Pro�
cridinae, although it attracted males of the beetle
Tilloidea unifasciata (Fabricius, 1787) [71].

2. A sex pheromone of Th. ampellophaga
females is 2R�7�14 with minor amounts of 2S�7�
14 [40]. However, males of this species demon�
strate a characteristic sexual behavior and are
actively trapped by adhesive traps with the syn�
thetic sex attractants 2R�2�12+2S�2�12 [18, 28],
2R�2�12 [23], ClOil 135° [19]. All esters, as com�
ponents both of sex pheromones and sex attrac�
tants, share identical alcoholic but different acidic
radicals. Their structural variations concern the

Table 2. (Contd.)

Species/Subspecies Sex attractant/attractants Source

Jordanita (Praviela) anatolica (Naufock, 1929) 2R�7�12+2S�7�12, 2R�7�12 [66]
2R�2�12, 2R�2�12+2S�2�12 [26]

Jordanita (Praviela) rietzschi Keil, 2016 2R�2�12+2S�2�12 [69]
Jordanita (Solaniterna) subsolana (Staudinger, 1862) 2R�2�12, 2R�2�12+2S�2�12 [21, 23, 26]
Jordanita (Rjabovia) horni (Alberti, 1937) 2R�7�12+2S�7�12, 2R�7�12 [65]
Goazrea lao Mollet, 2016 2R�2�12+2S�2�12, 2S�2�12 [24]
* Systematic position of palearctic species and subspecies according to [70].
** ClOil 135°(cod�liver oil) – esters of 2�butanol and polyunsaturated fatty acids of cod liver oil.
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length of the hydrocarbon acidic radical, as well
as the position and the number of double bonds
therein. Nevertheless, all the above esters exhibit
attractive properties towards Th. ampellophaga
males, in contrast to 2�butyl dodecanoate.

Importantly, olfactory receptors of Procridinae
males demonstrate differential sensitivity to opti�
cal isomers of attractant molecules. For example,
during simultaneous testing of 2R�7�12 and 2S�7�
12 in a biotope, males of Adscita (Tarmannita)
mannii (Lederer, 1853) are mainly attracted to the
S�enantiomer, while males of Jordanita (Treme�
wania) notata—to the R�enantiomer [67]. More�
over, for males of J. (T.) notatа, the presence of
2S�7�12 in a racemic mixture 2R�7�12+2S�7�12,
as well as of 2S�2�12 in a racemic mixture 2R�2�
12+2S�2�12, does not diminish the attractiveness
of the corresponding R�enantiomers [21, 67]. An
opposite situation is observed in males of
Zygaenoprocris (Molletia) taftana (Alberti, 1939):
2R�7�12 actively attracts males, while 2S�7�12
completely suppresses the attractiveness of 2R�7�
12 in an equicomponent mixture [65]. Partial
inhibition of the sex attractant’s action due to the
presence of the S�enantiomer was demonstrated
in Harrisina americana (Guérin�Méneville, 1844)
and Acoloithus falsarius Clemens, 1861, males of
which are trapped by traps with 2R�7�14 far more
efficiently compared to those with 2R�7�14+2S�
7�14 [60]. The species I. (Р.) pruni and J. (S.) sub�
solana are attracted mainly by 2R�2�12 [23, 25,
26], while the Rhagades species—by 2S�2�12 [26,
27].

Thus, structural peculiarities that determine
biological activity of the known attractant mole�
cules in Procridinae include the presence of a
double bond in the acidic radical and a chiral cen�
ter in the alcoholic radical of an ester.

Evolutionary aspect of sex pheromones and attrac�
tants of Zygaenidae

In the recent years, rapid development of
molecular biology enabled detailing the evolu�
tionary relationships in the order Lepidoptera
[73], which were formerly analyzed only on the
basis of morphology and biology. Studies of
numerous nuclear and mitochondrial genes, as
well as the RNA structure, allowed reconstructing
the phylogeny of Lepidoptera with high reliabil�

ity, as has been also reflected in taxonomy. We
have made an attempt to compare a possible path
of sex pheromone evolution in members of the
family Zygaenidae and some phylogenetically
related groups on the basis of the present�day data
on Lepidoptera systematics. As mentioned above,
the known sex pheromones and attractants in the
family Zygaenidae are represented by two types of
compounds: (1) esters of 2�butanol and fatty acids
and (2) esters of acetic acid and fatty alcohols.
The former are characteristic of the subfamily
Procridinae (tribe Procridini), the latter typify the
subfamily Zygaeninae (tribe Zygaenini). At the
same time, there is a structural similarity in attrac�
tant molecules of Zygaenidae and other Lepidop�
tera. It consists in an analogous structure of long�
chain hydrocarbon radicals of esters, with the
only exception that in Procridinae it is an acidic
radical, while in Zygaeninae (and many Lepidop�
tera) – an alcoholic one. Some authors explain
the chemical/structural uniformity of signaling
molecules in Lepidoptera by biosynthetic pecu�
liarities of sex pheromone components and activ�
ity of desaturases, which, in turn, reflects
genetically determined regularities related to a
common phylogenetic descent [3, 74–78]. Spe�
cifically, activity of 11�desaturase in combina�
tion with a cascade of reactions of fatty acid chain
shortening by two carbon atoms during β�oxida�
tion allowed the species to produce various unsat�
urated fatty acids, aldehyde and alcohols from
stearic (C18) and palmitic (C16) saturated precur�
sor acids. These acids and alcohols can form esters
with 2�butanol and acetic acid, respectively.
Thus, nearly all known combinations of sex pher�
omones and attractants of Zygaenidae can easily
be derived from the cascade of the above conver�
sions by restricting the chain shortening stages
(Fig. 1).

We analyzed the available data on the structure
of sex pheromones and attractants both in
Zygaenoidea and systematically related superfam�
ilies Sesioidea and Cossoidea, as well as in the
superfamily Tortricoidea taken as a sister group. It
turned out that esters of acetic acid and fatty alco�
hols are sex pheromones and attractants in repre�
sentatives of the families Sesiidae (Sesioidea) and
Cossidae (Cossoidea), as well as in Tortricidae
(Tortricoidea) (http://www.pherobase.com) [1].
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Therefore, this group of compounds is evolution�
arily more ancient than esters of 2�butanol and
fatty acids. These data allow speculating with a
high degree of probability that the emergence of
esters of 2�butanol and fatty acids in the capacity
of sex pheromones is an apomorphic character of
the tribe Procridini from the subfamily Procridi�
nae (presently, the structure of attractant mole�
cules in Procridinae is known only for the
members of this tribe [21, 25, 27, 37, 40, 65, 67]).
On the other hand, the presence of esters of acetic
acid and fatty alcohols as sex attractants rep�
resents a plesiomorphic character which charac�
terizes the subfamily Zygaeninae (Zygaenidae), as
well as the families Sesiidae, Cossidae and Tortri�
cidae (Fig. 2).

Within the superfamily Zygaenoidea, sex pher�
omones and attractants are presently known only
for some species of the families Himantopteridae,
Phaudidae and Limacodidae. While in Himan�
topteridae these are esters of acetic acid and fatty
alcohols, in Phaudidae and Limacodidae attrac�
tant molecules are represented by fatty aldehydes
and alcohols (http://www.pherobase.com) [1]
which, by their spatial structure, resemble esters
of short�chain acids and polyatomic alcohols.
Sometimes, the configuration resemblance of the
molecules of long�chain aldehyde pheromones
with esters of fatty alcohols and, e.g., formic acid
can lead to a mistaken binding of the latter to
olfactory receptors of males and evoke even a
stronger physiological and behavioral response
[79]. In some species of the genus Darna Walker,
1862 (Limacodidae), the role of sex pheromones
is played by esters of methanol, butanol and
isobutanol (http://www.pherobase.com) [1],
while 2�butanol derivatives are absent.

A statistical analysis of similarities and dissimi�
larities in the component composition of sex
pheromones revealed a taxonomic significance of
this character for analyzing phylogenetic relation�
ships within the lepidopteran families [3, 5]. For
example, it was shown that evolution of phero�
mone systems in species of the family Tortricidae
proceeded towards (1) an increasing proportion of
trans�isomers and (2) shortening the carbon chain
length from 16 to 12 atoms [5]. In species of the
subfamily Zygaeninae (family Zygaenidae), the
trans�isomers 11E�14:Ac or 8E�12:Ac (Table 1)

emerge as components of sex attractants in spe�
cies of the younger subgenus Zygaena (Zygaena)
Fabricius, 1775. These species form a cluster that
comprises close species of the nevadensis�, tran�
salpina� and filipendulae�groups [59]. At the same
time, males of the two species referring to the
archaic genera Reissita and Epizygaenella
(Table 1) are sensitive to esters containing a cis�
isomeristic 16�carbon radical (11Z�16:Ac).
Although poor knowledge of pheromone/attrac�
tant compositions in Zygaenidae complicates the
analysis, these facts correlate well with the previ�
ously established regularities in the evolution of
pheromone systems in other families of Lepidop�
tera.

Many authors tend to believe that chemical
cues can play a significant role both in intraspe�
cies pheromone competitiveness and in ensuring
reproductive isolation between closely related
taxa and hence in speciation [51, 58, 80–84]. The
hypothesis that accentuates the importance of
pheromone communication in the formation of
pre�copulative barriers due to the existence of a
species�specific odor finds support also in
Zygaenidae. For example, sympatric populations
(in Japan, China, Korea) of the two phylogeneti�
cally close species of the same genus and subgenus
Illiberis (Primilliberis) rotundata and I. (P.) pruni
have overlapping flight periods. Peculiarities in
the structure of the genitals of these species do not
prevent interspecific mating [85]. Moreover,
males of both species are attracted by a mixture of
the two esters 2R�7�12+2R�9�14 [42, 62]. How�
ever, field testing demonstrated that males of
I. (Р.) rotundata and I. (Р.) pruni respond differ�

Fig. 1.  Possible biosynthetic pathways of monounsaturated
sex pheromone components in Lepidoptera. Variants of
long�chain hydrocarbon radicals in attractant molecules of
Zygaenidae are marked in red.
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entially to different quantitative ratios of these
esters in mixtures, and that a percentage of the
esters in their compositions is determinative: for
I. (Р.) rotundata males—30/50:100 while for
I. (Р.) pruni males—100:10, respectively. By our
data, I. (Р.) pruni males were attracted by the
attractant 2R�2�12, whereas I. (Р.) rotundata
males did not respond to this substance [25].
Thus, the species specificity of a chemical cue is
an important isolating mechanism that prevents
mating of these two species [86].

Overall, these data indicate that the molecular
structure of attractants can serve as an additional
character for analyzing relationships between taxa
and reconstructing the evolution of Lepidoptera.

CONCLUSION

A survey of the available literature on attractant
molecules in Zygaenidae demonstrates that the
issues of chemical communication within this
family are far from being resolved, and that the
structure of sex pheromones and attractants is
only elucidated for a small number of species out
of the five subfamilies, namely Procridinae and
Zygaeninae. While in Zygaeninae the attractive
ability characterizes esters of acetic acid and
higher unsaturated alcohols, in Procridinae it is
inherent to esters of 2�butanol and higher unsatu�
rated carboxylic acids. Long�chain hydrocarbon
radicals of the known attractant molecules con�

Fig. 2.  A scheme showing the evolution of the structure of sex pheromones in Zygaenidae and some other families of Lepi�
doptera. Acids are marked in red, alcohols—in black; long�chain hydrocarbon radicals are marked by lines, short�chain rad�
icals—by squares. Green branch of the dendrogram shows the subfamily Procridinae in which pheromones represented by
2�butanol and fatty acid esters (but not acetic acid and fatty alcohol esters, as in all the above�mentioned taxa).
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tain an even number of carbon atoms: 12, 14, 16.
At the same time, these radicals are unsaturated in
most cases.

Thus, in different subfamilies of Zygaenidae,
sex pheromones or attractants are represented by
different variants of esters, while within the same
subfamily closely related species employ unique
combinations of similar components. The species
specificity of a chemical cue is determined not
only by a qualitative but also quantitative compo�
sition of a pheromone/attractant mixture, while
the difference between pheromone systems serves
as an important isolating mechanism preventing
interspecific mating.
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