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Abstract

It is estimated there are over 100,000 moth species (Lepidoptera) that produce sex pheromones comprising communication
channels used in specific-mate-recognition systems (SMRS) involved in pre-zygotic mating isolation and speciation. About 1572
moth species have been found to use 377 pheromone components, the majority being alcohols, aldehydes or acetate esters of olefinic
chains of 10-22 carbons. Since there are limited numbers of possible unsaturated (double bonded) E- and Z-configured isomers of
these chains, there may be constraints on incipient species evolving new pheromone components, especially if they are utilized by
existing species. Here I develop algorithms that count and name all possible structures of chains with or without a functional group.
The results show that for acetate esters there are only seven or nine monounsaturated isomers of six or seven carbon chains,
respectively, suggesting use of these compounds could limit the number of communication channels available for radiation of new
species (no moths use these short chains). For commonly used 14-carbon chains with an acetate ester functional group, and 1-3
unsaturations, there are 1039 isomers. A total of 2,096,883 isomers were counted from all multiply unsaturated 10-22-carbon chain
acetate esters. The number of possible signals quickly extends into millions when considering pheromone blends of 2—4 components
used by most species. There should be little chemical constraint on evolution of new communication channels based on compounds
of 10 or more carbons, even for closely related species (e.g. ermine moths, Yponomeuta).
© 2005 Elsevier Ltd. All rights reserved.
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complex of traits that are under stabilizing selection to
ensure syngamy within a population of organisms
occupying a preferred habitat. Variation in the elements

1. Introduction

Pheromone communication in moths (Lepidoptera) is

an integral part of the specific-mate-recognition systems
(SMRS) of all species investigated (Marin, 1994; Linn
and Roelofs, 1995; Eldredge and Spencer, 1995; White
et al., 1995; Zhu et al., 1997; Etges and Ahrens, 2001).
The SMRS concept of Paterson (1978, 1985) proposes
that speciation is not a gradual process of natural
selection but rather a punctuated equilibrium, where
selection occurs primarily during the relatively quick
transitions to new species as the SMRS is altered during
adaptation to a new habitat. The SMRS is a coadapted
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of the mate recognition system such as pheromone
amounts produced by female moths is intraspecific and
relatively minor, and this variation in the signal is
generally not perceived or acted upon by responding
males (Linn and Roelofs, 1995; White et al., 1995).
Over 100,000 moth species are estimated worldwide
(Holloway et al., 1987). Male moths orient tens of
meters upwind to females releasing pheromone compo-
nents that comprise a unique communication channel
for each species (Baker, 1989; Sasaerila et al., 2000).
However, many species use compounds in common, e.g.
the Pherolist Internet site (Arn et al., 1992; Arn, 2001)
reports about 377 components from 1572 moth species
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(Byers, 2002, unpublished). The majority of these
components are structurally related, being unsaturated
olefinic chains from 10 to 22 carbons with an end
functional group (either alcohol, aldehyde or acetate
ester). The positions of unsaturated, carbon-carbon
double bonds can be in either the E- (trans-) or Z- (cis-)
configuration except at the end opposite the functional
group (Fig. 1). Usually there are one, two, and some-
times three unsaturations in the components of moths
investigated to date (Byers, 2002, unpublished).

If the number of possible different isomers of chain
lengths up to 22 carbons is relatively small, then this
may have implications on evolution of communication
channels and speciation given that there are hundreds to
thousands of species in a region that may compete for
the limited set of components. A species might have
been hindered in the evolution of a communication
channel because sympatric species already used some or
all of the relatively few possible geometric configura-
tions of these molecules. For example mutant females
releasing a new pheromone blend of components might
attract primarily males of a dominant species using the
same blend that would interfere with mating or spawn
poorly adapted offspring (McMillan et al., 1997; Lynch
and Force, 2000; Jiggins et al., 2001). This might then
constrain speciation such that the number of species
would in some way be limited by the number of possible
components theoretically available.

The present study develops methods for determining
the number of possible olefinic (aliphatic) molecules that
are available for use as pheromone components given
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Fig. 1. Examples of moth pheromone components: (Z)-9-tetradecenyl
acetate (acetate ester, most common component used by 199 species),
(E)-9-tetradecenyl acetate (component of 17 species), (Z£)-11-hexade-
cen-1-ol (most common alcohol, used by 50 species), (Z£)-11-
hexadecenal (most common aldehyde, used by 119 species), and
(E,E,Z)-10,12,14-hexadecatrienal (used by tobacco hornworm, Man-
duca sexta) (Arn et al., 1992; Arn, 2001; Byers, unpublished).

certain chemical assumptions about chain length,
unsaturation, and end functional groups. In addition,
combinatorial mathematics can provide limits on the
number of sex pheromones comprised of blends of two,
three, or four components that are possible to evolve
given certain chemical and biological assumptions
(Byers, 2002, unpublished). Another objective was to
explore the cases where there could be constraints on the
evolution of moth pheromone components (e.g. in the
moth genus Yponomeuta) that would restrict species to
existing communication channels.

2. Methods
2.1. Characteristics of moth pheromone components

The known moth pheromone components from
species in 49 families (Pherolist) comprised of olefinic
chains with an end functional group have certain
structural characteristics in common. For example two
unsaturated (double) bonds are always separated by at
least one single bond in the carbon chain (Fig. 1). Also,
position one, next to the end functional group, is never
unsaturated in aldehydes, alcohols, and acetate esters
due to a maximum of four carbon bonds, keto-enol
tautomerism, and dipole moments, respectively (Morri-
son and Boyd, 1973; Byers, 2002). All possible geometric
isomers of olefinic acetate esters, alcohols, or aldehydes
(or any functional group at carbon 1) can be represented
as a simplified chemical name as well as counted by
computer iteration (BASIC code available from author).
However, for each unsaturation a nested loop is
required which means that additional loops are required
for each additional unsaturation.

2.2. Enumeration of moth pheromone analogs and blends

A more efficient algorithm was found for purposes of
counting isomers of 9-22 carbon chains that requires
only one program loop, but a summation variable was
required for each additional unsaturation above one
(Fig. 2). This method was generalized to allow counting
of isomers of molecules with from 1 to 100 unsatura-
tions, a far larger range than that encompassing natural
pheromone components of moths. The smallest chain
that can accommodate the number of desired unsatura-
tions is found and then the algorithm calculates the
number of isomers for this and the next 19 larger chain
lengths with the specified number of unsaturations.

It is more difficult to count all isomers of olefinic
chains without a functional group since unsaturations
could be counted from either end, but the lowest
combination of numbers has priority according to
accepted chemical nomenclature. For example (Z,2)-
8,10-dodecadiene should not be counted as a possible
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Fig. 2. Flow diagram of method to calculate number of unsaturated
isomers of olefinic chains with end functional group (e.g. acetate ester,
alcohol, aldehyde).

isomer but rather be counted as (Z,Z2)-2,4-dodecadiene
(these compounds are identical and the first name is not
correct). Although all isomers are created as above, only
the lowest sum of unsaturation positions when counting
from either end is used (program code available from
author).

Once an estimate of the numbers of possible
components available to moth species is made, the
number of blends of components can be calculated from
the formula for combinations. The equation for
combinations of n things taken r at a time (e.g. n =
100, r = 3) is given by

n! 100-99-98
Mn—r)  3.2-1
To avoid calculating factorials of large n, it is

convenient to reduce the common factor, (n—r)!, as
indicated in the second part of Eq. (1).

' = = 161, 700. (1)

3. Results

3.1. Numbers of moth pheromone analogs with functional
groups

A BASIC program names the positions and config-
urations (E/Z) of all geometric isomers of various
olefinic chain lengths from 5 to 22 carbons and a
specified number of unsaturations (isolated or conju-
gated) that have a functional group (e.g. acetate ester,

alcohol, aldehyde) on carbon number one. The trans-,
cis- configurations are represented here as small e, z
letters to more easily discriminate them visually from
position numbers. An X represents a double bond that
cannot isomerize (a delta bond) since it is between the
last two carbons opposite the functional group (the end
carbon has two hydrogens). For example output from
the program with appropriate numbers of FOR:NEXT
loops, shows that 9-carbon length acetate esters can
have the following isomers:

13 monounsaturated isomers:

2e, 2z, 3e, 3z, 4e, 4z, Se, 5z, 6¢, 6z, Te, Tz, 8X

50 diunsaturated isomers:

2ede, 2edz, 2z4e, 2z4z, 2eSe, 2e5z, 2z5e, 225z, 2ebe,
2e6z, 2z6e, 276z, 2eTe, 2e¢7z, 2z7e, 277z, 2e8X, 2z8X,
3eSe, 3e5z, 3z5e, 325z, 3ebe, 3e6z, 3z6e, 326z, 3eTe, 3e7z,
3z7e, 3727z, 3e8X, 3z8X, 4ebe, 4ebz, 4z6e, 476z, 4eTe,
4e7z, 4z7e, 4z7z, 4e8X, 428X, SeTe, Se7z, 5zTe, 5Z7z,
5e8X, 528X, 6e8X, 6z8X

56 triunsaturated isomers:

2edebe, 2edebz, 2edzbe, 2e4z6z, 2z4c¢be, 2z4¢6z,
27476e, 274726z, 2edeTe, 2edeTz, 2edze, 2ed4z7z, 274¢7Te,
2z74e7z, 2z4z7Te, 27477z, 2e4e8X, 2e4z8X, 2z4e8X,
274z8X, 2e5eTe, 2e5e7z, 2e5z7e, 2e5z27z, 2z5¢7Te, 2z5e7z,
2z5z7e, 2z5z7z, 2e5e8X, 2e5z8X, 2z5e8X, 2z5z8X,
2e6e8X, 2e6z8X, 2z6e8X, 2z6z8X, 3eS5e7e, 3eSeTz,
3eSz7e, 3e5z7z, 3z5eTe, 3z5e7z, 3z527e, 32527z, 3e5e8X,
3e5z8X, 3z5e8X, 3z5z8X, 3e6e8X, 3e6z8X, 3z6e8X,
3z6z8X, 4e6e8X, 4e6z8X, 4z6e8X, 4z628X

8 isomers with four unsaturations:

2ede6e8X, 2e4e6z8X, 2e4z6e8X, 2e42628X, 2z4e¢6e8X,
274e6z8X, 274z6e8X, 27z4z6z8X while five conjugated
unsaturations will not fit in a 9-carbon acetate ester.

There are 2,096,883 different geometrical isomers of
olefinic acetate esters of chain lengths 10-22 (Table 1).
Equal numbers can be added for the aldehydes and for
the alcohols. The number of geometrical isomers at each
particular chain length is a complex geometrical
progression produced from a series of summations:

Zu—

4
G2u+l+n = Xn: z]: Z Zu—l .2u+2u71’ (2)

Z1=0Z:=0  Zy_1=0

where u is the number of unsaturations, the number of X
is equal to u—1, and 7 is the number of increments in the
chain length beginning with a length of 2u+ 1. How-
ever, implementation of the formula is more efficiently
done as shown in Fig. 2. There is a dramatic increase in
the number of possible isomers of 14-carbon acetate
esters available for use as pheromone components as the
number of unsaturations is increased from 1 to 3 (23,
200, and 816 isomers, respectively; Table 1, Fig. 3). A
computer analysis of the Pherolist literature database
(Byers, unpublished) showed that the number of
different attractive components discovered in moths
with 1 and 2 unsaturations are higher for chain lengths
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Table 1
Number of different possible geometric isomers of unsaturated olefinic chains from 5 to 22 carbons with a functional group at carbon position one
Length Number of unsaturations
1 2 3 4 5 6 7 8 9 10

5 5 2

6 7 8

7 9 18 4

8 11 32 20

9 13 50 56 8
10 15 72 120 48

11 17 98 220 160 16

12 19 128 364 400 112
13 21 162 560 840 432 32

14 23 200 816 1568 1232 256

15 25 242 1140 2688 2912 1120 64

16 27 288 1540 4320 6048 3584 576

17 29 338 2024 6600 11424 9408 2816 128

18 31 392 2600 9680 20064 21504 9984 1280

19 33 450 3276 13728 33264 44352 28800 6912 256
20 35 512 4060 18928 52624 84480 71808 26880 2816
21 37 578 4960 25480 80080 151008 160512 84430 16640 512
22 39 648 5984 33600 117936 256256 329472 228096 70400 6144
Total® 396 4218 27744 118048 326144 572000 604032 347776 90112 6656

“Grand total = 2,097,126.
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Fig. 3. Number of possible geometric isomers of unsaturated olefinic o gL

chains of 12, 14 or 16 carbons with a functional group (e.g. aldehyde, ol = e

alcohol, or acetate ester) or without a group (hydrocarbons). 10 11 12 13 14 15 16 17 18 19
(B) Carbons in Chain

Fig. 4. (A) Number of moth pheromone components with aldehyde,

with even numbers from 10 to 18 carbons, with peaks alcohol, and acetate ester groups with chain lengths of 10-20 carbons.

for aldehydes, a.ICOhOlS’ and acetat? esters z}t 16, 12, and (B) Percentage of moth pheromone components with aldehyde,
14 carbon chain lengths, respectively (Fig. 4A). The alcohol, and acetate ester groups of all possible isomers of one or
percentages of these discovered moth components two unsaturations in chain lengths of 10-20 carbons (Byers,
with 1 and 2 unsaturations of the possible isomers unpublished).

(Table 1) follow a similar pattern. However, the
percentages of the possible isomers used by moths of

all three functional group types peak at 12 carbon chain These, in addition to the isomers with aldehyde, alcohol,
lengths (Fig. 4B). and acetate ester functional groups counted above gives
a total of 7.9 million prospective components

3.2. Numbers of hydrocarbon moth pheromone analogs available to moths. Although the less common olefinic
epoxide pheromones of moths (Millar, 2000) are not

In Table 2, all possible isomers of straight chain considered in the examples here, they have even
hydrocarbons from 10 to 22 carbons with no functional more possible isomers than hydrocarbons since any

groups are presented yielding a total of 1,641,292. unsaturation position can have the one epoxide in the
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Table 2

Number of different possible geometric isomers of unsaturated olefinic chains from 5 to 22 carbons without a functional group

Length Number of unsaturations
1 2 3 4 5 6 7 8 9 10 11
5 3 3
6 5 9 2
7 5 15 6
8 7 25 24 4
9 7 35 44 16
10 9 49 98 64 8
11 9 63 146 160 32
12 11 81 256 348 160 16
13 11 99 344 664 416 80
14 13 121 530 1160 1136 400 32
15 13 143 670 1888 2240 1280 160
16 15 169 952 2924 4688 3536 960 64
17 15 195 1156 4328 7872 8272 3200 384
18 17 225 1554 6192 14120 17536 10400 2304 128
19 17 255 1834 8600 21472 34032 25152 9088 768
20 19 289 2368 11652 34816 61952 61344 29696 5376 256
21 19 323 2736 15448 49504 106608 122496 82624 21760 1792
22 21 361 3426 20112 74752 175552 251328 204224 82048 12544 512
Total® 216 2460 16146 73560 211216 409264 475072 328384 110080 14592 512

“Grand total = 1,641,502.

cis-configuration with two chiral forms, (R, S) and (S,
R). For example a modified algorithm showed there to
be 509 isomers of a 19-carbon chain with one unsatura-
tion and one epoxide as compared to 255 isomers of
diunsaturated hydrocarbons of 19 carbons.

A more conservative and probably more appropriate
estimate of the number of isomers available for moths
would be to limit the unsaturations from 1 to 3 since
these are most commonly found in moth species. Also,
only chains of 10-22 carbons are commonly used. For
example about 57.5%, 18.2%, and 0.3% of the moth
species use acetate ester components with 1, 2, or 3
unsaturations, respectively (Pherolist: Arn et al., 1992;
Arn, 2001; Byers, unpublished). Among the alkene
hydrocarbons, 0.06%, 0.7%, and 3.5% of the species
use components with 1, 2, or 3 unsaturations, respec-
tively. Thus, from Tables 1 and 2, there are 32,123
mono- to triunsaturated alkenyl acetate esters and
18,632 similarly unsaturated alkene hydrocarbons with
chains of 10-22 carbons. The total for aldehydes, acetate
esters, alcohols, and without a group is then 115,001
potential components of 10-22 carbons.

Since most moths use 2—4 components (Byers, 2002,
unpublished), the number of possible different blends is
calculated by Eq. (1). Thus, the number of blends for
two, three, and four components are then calculated at
an astounding 6.6 billion, 253 trillion, and 7.3E+ 18,
respectively. Much larger numbers can be obtained
using higher numbers of unsaturations, but these have
not been discovered in nature (except in two cases as
discussed subsequently).

4. Discussion

Constraints on evolution of pheromone communica-
tion systems can involve pheromone biosynthesis,
sensory physiology, chemical volatility/stability, and
inter-specific competition for limited numbers of chemi-
cal isomers. Considering that several million possible
chemical isomers of unsaturated carbon chains could be
used, relatively few are reported as sex pheromone
components of moth species (Fig. 4B). Most compo-
nents are carbon chains of 12, 14, or 16 length that are
used by 49%, 63%, and 31% of species with identified
attractant pheromones, respectively (Pherolist). Of
these, only a few species are known to use carbon
chains larger than 18, suggesting larger chains have
comparatively too little volatility to be sufficiently
released for male detection. Of those moth species that
use aldehydes (19% of species), alcohols (20%), or
acetate esters (71%) as functional groups, there are
about 69%, 24%, and 1% that use components with 1,
2, or 3 unsaturations, respectively (Pherolist; Byers,
unpublished). Only one species uses 4 unsaturations in a
22-carbon chain with a functional group (Leonhardt et
al., 1991) even though up to 10 unsaturations are
possible in this chain.

Probably the most obvious hypothesis to account for
the relatively few unsaturations in moth components is
that some fatty acid precursors (oleic, linoleic, and
linolenic acids) have 1, 2 or 3 unsaturations, respec-
tively. However, moths in general have the ability to
unsaturate practically any position in the molecule by
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using one or more Adesaturases (5, 9, 10, 11, 12, and 14)
and chain-shortening enzymes (Bjostad et al., 1981;
Roelofs and Wolf, 1988; Foster and Roelofs, 1988, 1996;
Zhao et al., 1990; Jurenka, 1997; Tillman et al., 1999). A
few moths have even made 4 unsaturations in either 19-
carbon hydrocarbon chains or 22-carbon chains of
butyrate ester (Wong et al., 1984; Leonhardt et al.,
1991). There probably is no fitness benefit in making a
pheromone component more complex (more unsatura-
tions or groups) once a unique species-specific structure
has evolved. From a chemical perspective, relatively
more unsaturation complexity in a molecule would
make it less stable due to more points that can be
chemically altered by hydrogenation, epoxidation, or
geometric isomerization (Morrison and Boyd, 1973).
Natural selection would not favor the evolution of a less
stable pheromone component that would otherwise
require production of much larger quantities to be
effective. If there are constraints on the evolution of
biosynthetic enzymes, there could also be limits on the
antennal receptors to discriminate between higher
numbers of unsaturated bonds (and constraints on the
evolution of more complexity).

Early in evolution of a species, it can be supposed that
only one pheromone component was utilized first and
that later a second would be added to form a blend. The
second component might be necessary to differentiate
the species for mating isolation from other species
(immigrant species or sibling species) using the first
component. The limited numbers of monounsaturated
isomers (Tables 1 and 2) probably required moths to
evolve multiple component pheromones during specia-
tion to avoid fitness costs of miss-communication. The
Pherolist reports that 55% of moth species have two or
more components, while some of the single component
species may use blends that have not yet been elucidated
(Byers, 2002, unpublished). If a moth species could
select any isomer of the 14-carbon aldehydes with 1-3
unsaturations (1039 isomers available, Table 1),
then there are 539,241 possible 2-component blends or
519 times more than the number of single compounds
(Eq. (1)).

This indicates that moths when restricted to subsets of
the known pheromone analogs would have practically
no constraints on evolution of new pheromones due to
lack of unique isomers to comprise blends. On the other
hand, no moths are known to use components with
chains of 5 or 6 carbons (Pherolist) possibly because
there are only 7 and 15 isomers possible for acetate
esters or other functional group (Table 1). These may
not provide enough communication channels to readily
allow radiation of species, especially when in competi-
tion with other species using larger chains that could
more readily find new channels. A few species in the
Eriocraniidae and Nepticulidae use pheromone compo-
nents with chains of only 7 or 9 carbons, while species of

Psychidae use 8 carbons (Pherolist). In these cases, there
may also be constraints on evolution of pheromones
since there are fewer isomers of various functional
groups possible (Tables 1 and 2). A competing theory is
that the relatively few communication channels for
chains of 5 or 6 carbons means that proportionately few
moth species would use the isomers given equal chances.
For example 5-6 carbon chains have only 3% of the
monounsaturated isomers of all chains up to 22 carbons,
so about 3% of moths (i.e. 47 of 1572 species reported)
might be expected to use the shorter chains, but so far
no species have been found (Pherolist; Byers, unpub-
lished). These estimates based on the Pherolist will need
to be updated in future, probably with the newly created
Pherobase covering moth and insect pheromones
(www.pherobase.com).

In order for a moth to evolve the use of another
analog as a component (Tables 1 and 2), at least one and
probably several mutations coding for the biosynthetic
enzymes would be necessary. However, it is more likely
that a new mutant species arises from one mutation
rather than from several occurring simultaneously.
Thus, we may consider a more limited number of
potential isomers for a particular group. For example
many species of ermine moths, Yponomeuta (Ypono-
meutidae), use monounsaturated 14- and 16-carbon
acetate esters and alcohols (Lofstedt et al., 1986, 1990;
Pherolist). From Table 1, there are 23 different 14-
carbon chains of each functional group and 27 of each
group for 16-carbon chains or a total of 100 different
possible components, assuming conservatively that only
single unsaturations are easily biosynthesized. The
majority of moths studied (55% or 870 species, Phero-
list) have two or more synergistic components (many of
the 702 species with one reported component probably
have at least two). Blend combinations of 2, 3, and 4
components could be selected from among the theore-
tically 100 to choose from. Thus, from formula (1), if the
pheromone is comprised of two, three, or four
components, there are 4950, 161,700 and 3,921,225
possible blends, respectively. It seems that using 2 or 3
component blends allows enough possibilities that a
random selection of an isomer by a mutation would
most likely not be the same as any existing component
blends in use by sympatric species (blends of the 100
possible compounds). Mutations that allowed use of
other chain lengths or functional groups would drasti-
cally increase the possibilities. However, if a mutant
species of Yponomeuta could only select a new blend
using compounds already produced by females of the
genus, then of the 18 compounds identified (Pherolist)
there are 153, 816 and 3060 possible blends using 2, 3, or
4- components per blend. In this case, there may be
some limited constraints on the evolution of new
pheromone blends in this genus (8 sympatric species in
The Netherlands), at least when using only two
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components. This could also provide selection pressure
for the evolution of closely related species using opposite
ratios of E:Z isomers (e.g. 98:2 and 2:98; Linn and
Roclofs, 1995) that perhaps doubles the number of
possible 2-component blends.

Insects use auditory, visual, and olfactory senses to
find mates and suitable reproductive habitats and food.
Sound can be varied in frequency and pulse duration to
give in theory many possible signals (Gogala, 1985;
Kalmring, 1985). Emitted or reflected light is usually of
constant frequency (of many possible) or pattern
(butterfly wings), but can be varied in pulse duration
(flapping of wings or light pulses of lightning beetles,
Lampyridae) to yield many possible signals (Forrest and
Eubanks, 1995; Cronin et al., 2000). Moths, and other
insects, have used combinations of chemicals to produce
many possible signals. Although sound and light can be
pulsed, the signals are emitted constantly over several
minutes to hours as are releases of sex and aggregation
pheromones (Baker, 1989; Byers, 1989). The complexity
of these signals is undoubtedly limited by the aptitude of
the insect brain as compared to brains of higher animals
such as birds and humans (Marler, 1970), where
language as a signal is virtually unlimited.

The moth system of chemical communication is
digital in nature, comprised of discrete binary states of
E or Z unsaturations at various integer positions and
chain lengths with a few possible functional groups.
Finally, the signal “bandwidth” is greatly expanded by
chemical combinations resulting in a multitude of
unique communication channels or “frequencies’.
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