Proc. R. Soc. B (2005) 272, 2195–2201
doi:10.1098/rspb.2005.3201
Published online 31 August 2005

Limiting cheaters in mutualism: evidence from
hybridization between mutualist and cheater
yucca moths
Kari A. Segraves*,†, David M. Althoff † and Olle Pellmyr
Department of Biological Sciences, University of Idaho, Moscow, ID 83844-3051, USA
Mutualisms are balanced antagonistic interactions where both species gain a net benefit. Because
mutualisms generate resources, they can be exploited by individuals that reap the benefits of the interaction
without paying any cost. The presence of such ‘cheaters’ may have important consequences, yet we are
only beginning to understand how cheaters evolve from mutualists and how their evolution may be
curtailed within mutualistic lineages. The yucca–yucca moth pollination mutualism is an excellent model
in this context as there have been two origins of cheating from within the yucca moth lineage. We used
nuclear and mitochondrial DNA markers to examine genetic structure in a moth population where a
cheater species is parapatric with a resident pollinator. The results revealed extensive hybridization
between pollinators and cheaters. Hybrids were genetically intermediate to parental populations, even
though all individuals in this population had a pollinator phenotype. The results suggest that mutualisms
can be stable in the face of introgression of cheater genes and that the ability of cheaters to invade a given
mutualism may be more limited than previously appreciated.
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1. INTRODUCTION
Mutualists trade a variety of commodities such as
protection, food, and dispersal services in return for a
service or resource that is difficult or impossible for
mutualists to obtain otherwise (Noë & Hammerstein
1994; Schwartz & Hoeksema 1998). The presence of
these commodities also creates ample opportunity for
individuals to exploit mutualisms by taking resources
without providing services in return. These ‘cheaters’ may
be phylogenetically unrelated opportunists from the
community or they may evolve from within the mutualist
lineage itself. In the latter case, cheating has been
suggested to cause breakdown of the mutualism unless
there are regulatory mechanisms that prevent the shift to
pure parasitism (Trivers 1971; Axelrod & Hamilton 1981;
Murray 1985; Bull & Rice 1991; Doebeli & Knowlton
1998; Herre et al. 1999; Weiblen et al. 2001; West et al.
2002; Holland et al. 2004). Even in the absence of such
mechanisms, however, theoretical models demonstrate
that under some ecological circumstances, cheaters can
evolve from mutualists and coexist on the auspices of their
mutualist relatives (Hochberg et al. 2000; Law et al. 2001;
Ferrière et al. 2002; Morris et al. 2003). These models are
revealing the circumstances leading to the stable evolution
of exploitation from within mutualistic lineages and have
helped to explain the presence of cheater lineages in extant
mutualisms such as ants and acacias ( Janzen 1975), figs
and fig wasps (West & Herre 1994; West et al. 1996), and
yuccas and yucca moths (Addicott 1996; Pellmyr et al.
1996). One of the keys to understanding the dynamics of
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interspecific interactions, then, is to determine the factors
causing shifts in the outcome of an interaction along the
continuum between antagonism and mutualism.
Two cheater species have evolved from mutualists
within the well known obligate pollination mutualism
between yuccas and yucca moths (Pellmyr et al. 1996).
Yuccas are pollinated exclusively by yucca moths, and the
moth larvae only consume yucca seeds (Riley 1892; Powell
1992). The female pollinator lays her eggs into yucca
flowers and then actively pollinates using unique tentacular mouthparts. The mutualism derives from the larvae
only consuming a small fraction of the developing seeds.
In contrast, the cheater moths have lost the tentacles used
for pollination, emerge later than the pollinators, lay their
eggs directly into fruit, and can inflict heavy costs in host
populations in terms of seed consumption (Pellmyr et al.
1996). Although both pollinator and cheater larvae feed
on a subset of developing yucca seeds, the cheaters depend
completely on the actions of their pollinating relatives for
reproduction. The cheater species have invaded many
yucca–yucca moth associations (Pellmyr 1999).
For one of these cheater species, Tegeticula intermedia,
ecological and phylogeographic studies are revealing the
origin and circumstances leading to mutualism reversal
(Pellmyr & Leebens-Mack 2000; Segraves & Pellmyr
2004). While conducting a phylogeographic study of
T. intermedia and two of its potential pollinator ancestors,
we discovered a peculiar pattern in the phylogenetic
relationships of mitochondrial DNA (mtDNA) haplotypes
from pollinator moths that use Yucca elata in the Big Bend
region of western Texas (United States). This pollinator,
Tegeticula elatella, has a parapatric distribution with the
cheaters in western Texas (figure 1). Five of six pollinators
collected from Big Bend National Park, Texas had
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Figure 1. Distribution of the pollinator Tegeticula elatella and
the cheater T. intermedia in the United States. Pollinators are
shown in grey circles and cheaters are shown in black. Site
localities are solid circles, and open circles represent known
localities that were not included in the present study. The
numbers correspond to the site information presented in
table 1. The fine dotted line represents a rough approximation of the cheater’s host range (all host species
combined), and the coarse dotted line is the host range for
T. elatella (Y. elata). There are no known cheater populations
or T. intermedia hosts in the area between sites 4 and 6.

mtDNA haplotypes phylogenetically nested within the
cheater T. intermedia. In contrast, the sixth moth nested
with T. elatella collected elsewhere in the host range and
differed from T. intermedia by 2.6% sequence divergence, a
level consistent with the differences found among yucca
moth species (Pellmyr & Leebens-Mack 1999). Interestingly, all individuals collected from Big Bend, irrespective
of mtDNA haplotype, had a pollinator phenotype.
Females possessed the tentacles necessary for pollination
and carried pollen, indicative of the behavioural capacity
for pollination.
This pattern of phenotypic and genetic relationships
suggested that gene flow between cheater and pollinator
lineages may explain the mtDNA patterns. We tested this
hypothesis by using a combination of mtDNA sequences
and amplified fragment length polymorphism (AFLP)
markers to compare the mitochondrial and nuclear
genomes of ‘pure’ T. elatella pollinators, pure T. intermedia
cheaters, and individuals collected from the Big Bend
population.
2. MATERIAL AND METHODS
(a) Natural history
A series of phylogenetic analyses have established that the
cheater yucca moths have arisen from mutualistic ancestors
and that there are at least two independent origins of
cheater moths (Pellmyr et al. 1996; Pellmyr & LeebensMack 1999, 2000). These phylogenetic studies have also
revealed the closest relative for one of the cheaters,
T. intermedia. This cheater species has a broad geographic
range and feeds on four species of yuccas (Yucca filamentosa,
Yucca glauca, Yucca constricta and Yucca baileyi ) that are
pollinated by three species of pollinator moths. In the
southeastern United States, T. intermedia co-occurs with its
pollinating sister species, Tegeticula cassandra, and these
two species are similar in most regards with the exception of
the behavioural and morphological modifications required
Proc. R. Soc. B (2005)

for pollinator and cheater life habits. For example, both
T. intermedia and T. cassandra have similar genitalia
morphology and oviposit superficially in the plant tissue.
In other parts of its range, T. intermedia co-occurs with the
pollinators Tegeticula yuccasella and Tegeticula altiplanella.
These two pollinator species differ in genitalia morphology
from T. intermedia, and rather than depositing their eggs
superficially, they pierce through the floral tissue to lay eggs
next to the ovules.
Although T. cassandra is currently geographically restricted
to the southeastern United States, a recent phylogeographic
study showed that T. intermedia originated a long time ago in
the western United States and has only more recently spread
eastward (Segraves & Pellmyr 2004). There are no known
populations of T. cassandra in the western United States,
suggesting that the pollinators once had a much more
extensive geographic range. As T. intermedia migrated eastward, secondary contact with T. cassandra in the southeastern
United States may have resulted in hybridization between
these two species (Segraves & Pellmyr 2004). All purported
instances of hybridization indicated gene flow from
T. intermedia to T. cassandra with no evidence for bidirectional
introgression. In this case, hybridization occurred between
two close relatives (w1.3% uncorrected sequence divergence). In contrast, there is no evidence for hybridization
between T. intermedia and its two other co-occurring
pollinator species even though these moths are members of
a recent and rapid radiation ranging on the order of
approximately 2–2.5% uncorrected sequence divergence
among most pairs of species.
In an effort to find an extant pollinator relative in the
western United States, we identified T. elatella as a potential
candidate because of its geographic range and similarity in
oviposition habit to T. intermedia. Tegeticula elatella also lays
eggs superficially within yucca flowers, and has similar
genitalia morphology to both T. intermedia and T. cassandra.
These factors suggested the possibility that the currently
circumscribed species of T. elatella may harbour a cryptic
species that is the closest ancestor to the cheater T. intermedia
(table 1).
(b) Genetic analyses
Samples of T. elatella were collected from four populations of
Y. elata. Tegeticula intermedia were collected from Y. glauca,
Y. constricta and Y. baileyi in the western United States
(table 1). We also included cheaters from Y. filamentosa in the
eastern United States for making comparisons between
eastern and western populations. DNA was extracted from
131 individuals using Isoquick Extraction Kits (Orca
Research, Inc., Bothell, WA). Before extraction, the head,
wings, and genitalia were removed and kept as vouchers.
779 bp of the mitochondrial cytochrome oxidase I (COI )
gene were sequenced for 69 T. elatella individuals. All of the
T. intermedia samples were sequenced previously (GenBank
accession no. AY563474–AY563506; Segraves & Pellmyr
2004). Sequences were determined using standard methods
for automated DNA sequencing on an ABI 377 (Segraves &
Pellmyr 2001). The resulting sequences were aligned by eye
and examined using phylogenetic analyses implemented in
PAUP* (Swofford 2003). To simplify analyses, individuals within
species groups bearing identical sequence haplotypes were
condensed into a single haplotype designation. The model of
sequence evolution was selected using hierarchical likelihoodratio tests (LRTs) involving an initial neighbour-joining search
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Table 1. Site localities, host information and sample sizes for the molecular analysis of Tegeticula elatella and T. intermedia.
(Sample sizes are given separately for the mitochondrial DNA sequence analysis and the AFLP analysis. The numbers following
the site location correspond to the site numbers on figure 1. The row indicating T. intermedia on the host plant Y. elata is a new
record and an extension of its host range.)
species

host

location

longitude/latitude

T. elatella

Y. elata

Sierra Vista, AZ (1)
Rodeo, NM (2)
Jornada LTER, NM (3)
Big Bend Natl Park, TX (4)
11 km SW Odessa, TX (5)
Royalty, TX (6)
Cuervo, NM (7)
Fowler, KS (8)
Sundance, WY (9)
Correo, NM (10)
Los Lunas, NM (11)
Punta de Agua, NM (12)
I-10 and SR 290 jctn., TX(13)
White Sands Natl Monument,
NM (14)
Georgesville, OH (15)
Goldbond, VA (16)
Vine, TN (17)
Columbus, MS (18)
Camp Meeting Rock, GA (19)
Union Point, GA (20)
Eglin Air Force Base, FL (21)
Apalachicola Bluffs Preserve,
FL (22)
Archbold Biological Station, Lake
Placid, FL (23)

31833 0 16 00 N,
31850 0 07 00 N,
33856 0 00 00 N,
29815 0 00 00 N,
31850 0 44 00 N,
31822 0 20 00 N,
35801 0 52 00 N,
37823 0 08 00 N,
44824 0 23 00 N,
34857 0 18 00 N,
34848 0 22 00 N,
34836 0 00 00 N,
30817 0 42 00 N,
32846 0 00 00 N,

110818 0 11 00 W 4
109801 0 50 00 W 0
106834 0 00 00 W 15
103815 0 00 00 W 50
102817 0 51 00 W 4
102852 0 00 00 W 5
104824 0 29 00 W 5
100811 0 43 00 W 6
104822 0 31 00 W 1
107811 0 03 00 W 14
106843 0 58 00 W 5
106817 0 00 00 W 5
1
99832 0 16 00 W
106820 0 00 00 W 1

39853 0 27 00 N,
37822 0 48 00 N,
36801 0 52 00 N,
33829 0 44 00 N,
33818 0 19 00 N,
33836 0 56 00 N,
30843 0 15 00 N,
30834 0 08 00 N,

83813 0 19 00 W
80830 0 40 00 W
86821 0 28 00 W
88825 0 38 00 W
85807 0 30 00 W
83804 0 29 00 W
86844 0 18 00 W
84856 0 52 00 W

2
1
3
2
3
1
6
5

2
1
3
2
3
1
6
5

27814 0 00 00 N, 81824 0 00 00 W

7

7

T. intermedia
Y. glauca
(Western US)

Y. baileyi

Y. constricta
Y. elata
T. intermedia
(Eastern US)

Y. filamentosa

with LogDet distances to identify a tree (Huelsenbeck &
Crandall 1997; Sullivan et al. 1997). This model of evolution
was then used in a subsequent tree search under maximum
likelihood to find the best tree. One hundred bootstrap
replicates were generated to estimate support for the resulting
tree topology.
AFLPs were determined for a subset of the DNA samples
used for sequencing plus some additional samples. A single
T. intermedia from Cuervo, NM was included in the AFLP
analysis that would not amplify for sequencing. Also T. elatella
samples from the Rodeo, NM and the Sierra Vista, AZ
populations were included to broaden the geographic range of
sampling and to increase sample sizes for T. elatella outside
of the Big Bend region. In total, 63 T. elatella and 61
T. intermedia were included in the AFLP analysis. AFLP
reactions were conducted following Segraves & Pellmyr
(2004). Presence/absence of fragments was assessed visually
using the GENES CAN software version 3.1.2 (Applied
Biosystems). In total, 308 fragments were scored for the
124 individuals included in the AFLP analysis.
Principal components analysis (PCA) on the AFLP data
matrix was used to identify clusters of individuals with
similar banding profiles (Young et al. 2001). Parental species
were predicted to have distinct clusters within the ‘AFLPspace’ whereas hybrids would appear intermediate to the
parental species. PCA was implemented in JMP 3.2.1 (1998)
on the correlations among bands within individuals. An
assignment test was used to determine the probability of
assignment of individuals to a species group. The assignment test was conducted using Doh (Brzustowski 2002)
with ploidy set to 1 (Bensch et al. 2002). Parental species
Proc. R. Soc. B (2005)

N (mtDNA) N (AFLP)
7
11
14
31
2
5
6
4
1
8
0
5
0
1

were predicted to have divergent likelihood scores whereas
hybrid individuals would have likelihood scores similar to
both parents.

3. RESULTS
The DNA sequencing of mtDNA revealed 45 haplotypes
that differed by one to 21 nucleotide substitutions. There
were no indels inferred, and 54 of 779 sites were variable.
The hierarchical LRTs indicated that the HKY85CI
model was the simplest model fitting the data. The Ti/Tv
ratio was 4.02, the proportion of invariable sites was 0.85,
and the base frequencies were AZ0.319, CZ0.134,
GZ0.152 and TZ0.395.
The maximum likelihood search resulted in two similar
trees (figure 2; Kln LZ1520.84). Both trees indicated
strong support for monophyly of T. intermedia, with the
exception of pollinators from the Big Bend population
(figure 1, site 4) that fell into both pollinator and cheater
clades. Big Bend pollinators shared identical haplotypes
with T. elatella from the Sierra Vista, Rodeo and Jornada
populations (figure 1, sites 1–3) or had mtDNA haplotypes closely related to these populations. Other Big Bend
pollinators, however, had mtDNA haplotypes that fell into
the cheater clade. These pollinators either shared identical
mtDNA haplotypes with T. intermedia from the western
United States, or were most closely related to western
T. intermedia. Of the 50 phenotypic pollinators sequenced
from the Big Bend population, 36 nested in the cheater
clade.
PCA of 308 AFLP markers showed that T. elatella and
T. intermedia were distinct clusters and that individuals
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Figure 2. Maximum likelihood tree for Tegeticula intermedia, T. elatella and pollinators from the Big Bend population. Bootstrap
support is shown above the branches. The brackets highlight the two major clades corresponding to the pollinator and cheater
species groups. Arrows indicate the placement of Big Bend haplotypes. Shaded boxes show instances where Big Bend individuals
shared the same haplotype with either T. intermedia or T. elatella from outside of the Big Bend region. Asterisks indicate
T. intermedia haplotypes from the western United States. Inset: (a) Oviposition by a pollinator female. (b) Pollinator mouthparts
(arrow indicates tentacle). (c) Oviposition by a cheater female. (d ) Cheater mouthparts (arrow indicates non-functional tentacle
rudiment).

from the Big Bend population occupied the intermediate
AFLP space between the pollinator and cheater clusters
(figure 3a). With the exception of the Big Bend
population, the assignment test correctly assigned all
individuals to the species that they had been previously
Proc. R. Soc. B (2005)

classified as based on genitalia and mouthpart morphology (figure 2 inset). Furthermore, all but two of the
T. intermedia individuals were correctly assigned to their
regional grouping of either eastern (figure 1, sites 15–23)
or western (figure 1, sites 6–14) United States. The Big
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Table 2. Assignment test results for Tegeticula intermedia,
T. elatella and individuals from the Big Bend population.

y

(a)

K. A. Segraves and others

number individuals
assigned to
species

x
z

(b) – 50

likelihood from T. elatella

– 100
– 150

– 200
– 250
– 300

– 350
– 300

– 100
– 250
– 200
– 150
likelihood from T. intermedia

–50

Figure 3. AFLP results. (a) Three-dimensional diagram of
PCA results for Tegeticula elatella, T. intermedia and Big Bend
individuals. Black triangles are T. elatella, open squares are
T. intermedia, solid grey circles are Big Bend moths with
T. elatella mtDNA and open grey circles are Big Bend moths
with T. intermedia mtDNA haplotypes. (b) Likelihood scores
calculated when individuals were placed into each parental
group. Parental species were predicted to have divergent
likelihood scores whereas hybrids would have scores more
similar to the two parents.

Bend moths harbouring a T. intermedia mtDNA were
nearly equally split between the T. intermedia and
T. elatella species group whereas the Big Bend individuals
bearing a T. elatella mtDNA were more frequently
assigned to the T. elatella parental group (table 2).
Moths from Big Bend tended to have intermediate
likelihood scores whereas T. elatella and T. intermedia
individuals had divergent scores (figure 3b). Analyses of
the AFLP data using the program NEWHYBRIDS 1.1 beta
(Anderson & Thompson 2002) further supported the
idea that the Big Bend population consists of hybrids and
indicated that these individuals were a mixture of F1s,
F2s, and backcrosses between T. intermedia and T. elatella
(results not shown).
Proc. R. Soc. B (2005)

T. intermedia
T. elatella outside
Big Bend
T. elatella in Big
Bend
T. elatella in Big
Bend

mtDNA
haplotype

T. intermedia T. elatella

T. intermedia
T. elatella

61
0

0
32

T. intermedia

9

11

T. elatella

3

8

4. DISCUSSION
The observed genetic patterns are consistent with the
hypothesis of interspecific hybridization between pollinator and cheater moths. Moths in the Big Bend population
were pollinators with a mix of mtDNA haplotypes from
both the pollinator and cheater clades. The AFLP analyses
showed that the Big Bend moths were intermediate to the
parental populations as expected under the hypothesis of
hybridization. Hybridization was further supported by the
AFLP-based assignment test where parental individuals
were assigned to the predicted species group based on
morphology. The individuals from the Big Bend population, however, were nearly equally assigned between the
two species despite that they were all morphologically
classified as pollinators. The only exceptions for the
assignment test were the Big Bend moths that shared
mtDNA haplotypes with T. elatella. The AFLP results
indicated that these moths were more similar to the
T. elatella group, and thus may represent pure parental
individuals or backcrosses with T. elatella.
Although incomplete lineage sorting may also produce
a similar genetic pattern, this alternative is highly unlikely
considering that T. intermedia and T. elatella are distantly
related (w2.5% sequence divergence) within the yucca
moth species complex (Pellmyr & Leebens-Mack 1999).
More closely related species pairs, such as T. intermedia
and the pollinator T. yuccasella (w2% sequence divergence), have achieved reciprocal monophyly in their
mtDNA (Althoff et al. submitted). Furthermore, Big
Bend haplotypes that clustered with the cheaters were
always close relatives of western cheaters (rather than both
western and eastern cheaters) as expected under the
hypothesis of hybridization between western T. intermedia
and Big Bend T. elatella. Genetic evidence for hybridization has been reported for two yucca species (Hanson
1993) and hypothesized for many others (Webber 1953),
but this is the first definitive evidence for hybridization
among yucca moths.
Introgression resulting in the exclusive formation of a
pollinator phenotype suggests that the cheater phenotype
may be unstable in the hybrid population. We hypothesize
that a phenological shift towards later flowering of Y. elata
in comparison to the cheater’s hosts in adjacent areas
causes overlap in cheater and pollinator emergence on
Y. elata. As a result, hybrids between cheater and
pollinator would have an emergence phenology resembling that of a pollinator. Hybrid cheater phenotypes
would emerge too early during the flowering season and
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lack suitable oviposition sites. Individuals ovipositing into
flowers would be highly unsuccessful because they would
be unable to pollinate to increase the probability of flower
retention and offspring survival. Thus, the only stable
strategy would be one of pollination. We lack good
phenological records of flowering and moth emergence,
although limited data suggest that if flowering is shifted in
Y. elata, it is only slightly later than nearby populations of
other yucca species (Kerley et al. 1993; James et al. 1994).
Even in the absence of a phenological shift in flowering,
cheaters may have a difficult time invading a population in
the face of hybridization. The closest extant population of
cheaters is about 130 km away. Although this is not an
unreasonable distance for small, flying insects to travel
(e.g. Gardner & Early 1996; Nason et al. 1998) it may
impede gene flow. The absence of cheater phenotypes in
the Big Bend population suggests that the southward
migration of T. intermedia onto populations of Y. elata may
be rare. If cheaters were rare in the population, there
would be a high probability of interspecific mating for an
invading cheater moth. This continual swamping by
pollinator genes may erode the viability of cheaters
attempting to establish in the population. No matter the
reason, the absence of cheaters in the hybrid population
reinforces the view that under some ecological circumstances, cheating is an unstable strategy.
Although behavioural life habits have been considered
important for delineating species boundaries among yucca
moths, ovipositor morphology may be the key factor
driving reproductive isolation. Yucca moths have two basic
modes of oviposition: locule-ovipositing species use a
long, narrow ovipositor to pierce through the pistil into the
locule, whereas superficially ovipositing species use a
short, stout ovipositor to lay eggs in the tissue surface
(Pellmyr 1999, 2003). Mechanical mismatching of
genitalia may prevent mating between moth species
differing in oviposition habit. The cheater T. intermedia
oviposits superficially, and western populations only
coexist with locule-ovipositing pollinators (Pellmyr
1999). Some eastern populations of T. intermedia,
however, co-occur with a superficially ovipositing pollinator, and genetic evidence supports hybridization
between these species (Segraves & Pellmyr 2004). The
present study documents hybrids between T. intermedia
and the superficial-ovipositing pollinator T. elatella, further
lending support to the idea that introgression may be
limited by reproductive morphology. The importance of
oviposition habit to species coexistence is also apparent in
the current distribution of pollinating yucca moths. In all
instances where two pollinator species coexist on a single
yucca species, they differ in oviposition habit (Pellmyr &
Leebens-Mack 2000). As a result, hybridization may
occur when two species with similar oviposition habits
occur in sympatry.
Cheaters have been classically viewed as disruptors of
mutualistic interactions that may trigger mutualism
extinction. Contrary to this view, cheaters are not
uncommon in mutualisms and we have only a limited
understanding of the ecological and evolutionary
dynamics governing their stable coexistence with mutualists (Bronstein 2001; Bronstein et al. 2003). The present
study suggests that mutualisms can be very resilient and
may persist even when facing incorporation of a cheater
genome into a mutualist lineage. Hybridization, then, may
Proc. R. Soc. B (2005)

serve as a general mechanism that limits the spread of
cheaters.
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