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Female preference genes for large males in the highly promiscuous moth Utetheisa ornatrix (Lepidoptera: Arctiidae) have previously

been shown to be mostly Z-linked, in accordance with the hypothesis that ZZ–ZW sex chromosome systems should facilitate

Fisherian sexual selection. We determined the heritability of both female and male promiscuity in the highly promiscuous moth

U. ornatrix (Lepidoptera: Arctiidae) through parent–offspring and grandparent–offspring regression analyses. Our data show that

male promiscuity is not sex-limited and either autosomal or sex-linked whereas female promiscuity is primarily determined by

sex-limited, Z-linked genes. These data are consistent with the “sexy-sperm hypothesis,” which posits that multiple-mating and

sperm competitiveness coevolve through a Fisherian-like process in which female promiscuity is a kind of mate choice in which

sperm-competitiveness is the trait favored in males. Such a Fisherian process should also be more potent when female preferences

are Z-linked and sex-limited than when autosomal or not limited.
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Sexual selection theory makes different predictions about the

number of mates each sex should take to maximize lifetime re-

productive success (Andersson 1994). For males, the generally

small investment of both time and resources results in the best

strategy being able to fertilize as many females as possible. Until

recently, the opposite was widely believed to be true for females,

who usually maximize their fitness by selectively taking fewer

mates of high quality (Bateman 1948; Trivers 1972; Arnold and

Duvall 1994). There are often significant costs associated with

promiscuity (Daly 1978; Thornhill and Alcock 1983; Arnqvist

1989; Chapman et al. 1995; Hurst et al. 1995; Chapman et al.

2003), and it is not uncommon for one mating to provide suffi-

cient sperm for a female’s lifetime output of eggs (Ridley 1988;

Bezzerides 2004). Many recent studies, however, have challenged

the classical view of females as strictly choosy and monogamous

(Eberhard 1996; Hughes 1998; Birkhead and Møller 1998), as

female promiscuity has been observed in many species across a

wide variety of taxa (Arnqvist and Nilsson 2000).

How can female promiscuity evolve? Female promiscuity is

particularly prevalent in insects in which females receive nup-

tial gifts containing nutrients and other chemicals that increase

egg production and/or offspring survival (Wiklund and Kaitala

1995; Choe and Crespi 1997; Vahed 1998). Numerous explana-

tions based on genetic rather than phenotypic benefits to females

also have been offered to explain female promiscuity (Kokko et al.

2003). For example, females that mate multiply may obtain indi-

rect genetic benefits by increasing their odds of finding a mate of

superior genetic quality (Yasui 1998; Jennions and Petrie 2000).

Alternatively, Halliday and Arnold (1987) suggested that selec-

tion for extreme male promiscuity may drive female promiscuity
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nonadaptively through pleiotropic gene action—in this case, one

would expect to see a genetic correlation of promiscuity among

brothers and sisters.

Keller and Reeve (1995) proposed another hypothesis for

the evolution of female promiscuity that has remained relatively

untested. They argued that female multiple mating and male sperm

competitiveness can coevolve in runaway, or Fisherian, process

(the sexually selected sperm, or sexy-sperm, hypothesis). Low

levels of multiple mating by females can result in selection of

more-competitive sperm, such that the male offspring of promis-

cuous females possess both sperm competitiveness genes and the

female promiscuity genes. Thus, selection for sperm competitive-

ness will fuel the subsequent spread of the genetically correlated

female promiscuity genes in a positive-feedback process akin to

conventional Fisherian sexual selection in which sperm compet-

itiveness is the male Fisherian trait and postcopulatory sperm

selection (choosiness for sperm) is promoted via female promis-

cuity. In essence, promiscuous females gain by producing sons

with more-competitive sperm.

It has recently been argued theoretically that ZZ/ZW genetic

systems are especially conducive to Fisherian sexual selection

when female preference genes lie on the Z chromosome (Reeve

and Pfennig 2003; Kirkpatrick and Hall 2004). This occurs be-

cause females transmit their Z chromosomes to all of their sons,

strengthening the genetic association between female preference

genes and genes for the male traits that are targeted by those

preferences; this increased correlation empowers Fisherian sexual

selection. By logical extension, it follows that the sexy-sperm hy-

pothesis also should be especially applicable to taxa with ZZ/ZW

genetic systems, and that female promiscuity genes (which are

analogous to female preference genes in conventional Fisherian

models) should be especially likely to arise on Z chromosomes.

The moth Utetheisa ornatrix (Lepidoptera: Arctiidae),

which, like all Lepidoptera, exhibits a ZZ/ZW sex chromosome

system, is well suited for a test of the above prediction. Females

are highly promiscuous over their 3–4 week life span and may

take as many as 22 mates, each of whom delivers a substantial

spermatophore containing both nongenetic and genetic material

(Dussourd et al. 1988; LaMunyon and Eisner 1993). Females that

mate multiply are known to accrue phenotypic benefits in the

form of nutrient and pyrrolizidine alkaloid transmitted seminally

by the male to the female in quantities proportional to his size

(Dussourd et al. 1991; LaMunyon and Eisner 1994). The nutri-

ent enhances female egg production (LaMunyon 1997) and the

alkaloid provides chemical protection for herself (González et al.

1999) and her eggs (Dussourd et al. 1991). Female U. ornatrix do

not compromise genetic benefits by mating multiply, as they are

able to mate with multiple males yet use sperm selectively from

the largest male (LaMunyon and Eisner 1993). Because body size

is heritable (Iyengar and Eisner 1999a), females also can achieve

genetic benefits by using sperm from larger males, thereby having

larger sons that are favored in courtship and larger daughters that

are more fecund (Iyengar and Eisner 1999b).

Thus, female U. ornatrix appear to gain nutrients, chemi-

cal protection, and higher-quality offspring through promiscuity,

but the possibility that they also gain sons with more-competitive

sperm, in accordance with the sexy-sperm hypothesis, has not

been addressed in this species. In other words, female promiscu-

ity might benefit females through direct benefits, good genes, and

Fisherian benefits simultaneously, because the corresponding sex-

ual selection processes are not mutually exclusive and may well

operate in concert in the evolution of costly female choice (Iwasa

et al. 1991; Kokko et al. 2002). Indeed, direct benefits might have

led to the initial evolution of multiple mating by females, set-

ting the stage for the operation of the Fisherian sexually selected

sperm mechanism that further enhances such female promiscuity.

Only the sexy-sperm hypothesis entails a process that should be

promoted by Z linkage of female preferences (Reeve and Pfennig

2003; Kirkpatrick and Hall 2004).

Therefore, we tested the prediction of the hypothesis that

genes for female promiscuity should be especially likely to local-

ize to the Z chromosome, as is known to be the case for the genes

underlying female preferences for larger males (Iyengar et al.

2002). (Note: the Z chromosome in arctiid moths is comparable

in size to autosomes and is genetically active [Traut and Marec

1997]. Because there are 30 pairs of autosomes, the Z chromosome

thus appears to account for only a small fraction of the genome.)

Specifically, we determined whether male and female promiscuity

are inherited through the mother, father, or both parents. If female

promiscuity genes localize to the Z chromosome, as predicted by

the sexy-sperm hypothesis, then there should be low heritability of

promiscuity between mothers and daughters, but relatively high

heritability between paternal grandmothers and granddaughters

because Z chromosomes are transmitted in the latter case but not

the former. In addition, we tested the Halliday–Arnold nonadap-

tive pleiotropy hypothesis by comparing the heritability patterns

for male and female heritability and examining the correlation in

promiscuity between male and female siblings.

Material and Methods
MOTH REARING AND MATING

All U. ornatrix used were from laboratory colonies that were

established from wild stock collected in Highlands County, FL.

To ensure genetic diversity representative of that from the field,

the first of the three generations of experimental moths were

offspring of wild females. Larvae were reared on a pinto bean-

based diet supplemented with seeds of Crotalaria spectabilis,

a natural food plant of U. ornatrix (Conner et al. 1981). For

any set of progeny, two groups of 8–10 larvae each were raised
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under identical conditions to adulthood. Adults were weighed

upon emergence and given access to a 5% honey–water solution

on a sponge that was moistened daily.

All matings involved confining pairs of unrelated individuals

in humidified cylindrical containers (0.35 L) in the evening, when

most mating occurs in nature (Conner et al. 1981). Pairs were

monitored at 6-h intervals overnight to check on mating success,

as copulation lasts 10–12 h in U. ornatrix (LaMunyon and Eisner

1994). Each pair consisted of a focal individual (whose promiscu-

ity we were measuring) and a randomly selected 2-, 3-, or 4-d-old

opposite-sex virgin from the colony. To ensure that the focal in-

dividual’s decision to mate was not caused by lack of interest by

the potential partner, we monitored events in the first hour to de-

termine that the potential female partner was receptive (indicated

by her abdominal pulsing; Conner et al. 1980) or the potential

male partner was actively courting (indicated by eversion of his

pheromonal glands; Conner et al. 1981). We presented each focal

individual with a different potential partner each night throughout

his or her lifetime, recording whether or not mating occurred.

DAILY MATING PROBABILITY

The daily mating probability (DMP) for the focal individual was

calculated by dividing the total number of matings by the number

of days alive. We determined the degree to which the genetically

variable components of promiscuity for each sex are inherited

through both parents (i.e., autosomally) or primarily through one

parent exclusively (i.e., sex-linked). To assess inheritance through

the father, who may not express female promiscuity if it were sex-

limited, we had to examine inheritance patterns by calculating

DMPs for three generations. Families were excluded from exper-

iment if there were fewer than four full sisters and full brothers

(third generation) for whom promiscuity was measured, or any of

these focal individuals lived fewer than 10 d. Within each family

included in our analyses (n = 41 families), DMP was assessed

for four or five full sisters, four or five full brothers, their mother,

their father, and their paternal grandmother.

STATISTICAL ANALYSES

Parent–offspring regression analyses were used to measure the

heritability of promiscuity and longevity in a manner similar to

that of previous work on the inheritance of physical and behav-

ioral traits in U. ornatrix (Iyengar and Eisner 1999a; Iyengar

et al. 2002). To estimate heritability of promiscuity in the narrow

sense—that is, the proportion of phenotypic variance attributable

to additive genetic effects—the DMP of offspring (the average

of—four to five full sisters or the average of—four to five full

brothers) was regressed on the DMP of their mother, father, and

their paternal grandmother (an indication of inheritance via the

father for Z-linked female traits in lepidopterans; Iyengar et al.

2002). Heritability was calculated based on the slope of the re-

gression: twice the slope of sons or daughters on a single parent,

or four times the slope of offspring on a grandparent (Lynch and

Walsh 1998). However, if there was evidence of sex linkage (e.g.,

a significant correlation of female and paternal grandmother DMP

only), the slope of the regression was multiplied by 2 rather than

4 because females share one-half of their sex chromosomes, and

only one-fourth of their autosomes, with their paternal grandpar-

ents (Lynch and Walsh 1998).

The data were not transformed because they met the as-

sumptions of normality (normal probability plot) and linearity

(Lowess test). Furthermore, there was no need to adjust regres-

sion coefficients or standard errors for unequal variances because

the variances were not significantly different for all comparisons

(two-tailed variance ratio test, P > 0.25 for all comparisons). Her-

itabilities (regression slopes) were compared using analyses of

covariance (ANCOVAs; Lynch and Walsh 1998). Such regression

analyses are necessary to determine whether a trait is sex-linked

or subject to maternal effects, and are essential in discriminat-

ing among the competing hypotheses regarding the evolution of

promiscuity.

Results
The DMPs of females did not significantly correlate with those

of their mothers, indicating that female promiscuity not inherited

from the mother (Fig. 1A). The DMPs of females also did not cor-

relate with those of their fathers (Fig. 1B) or their brothers (R2 =
0.003; F1,39 = 0.119; P = 0.7324). Additionally, there were no

differences between female inheritance of promiscuity from their

father versus their mother (ANCOVA: F1,78 = 0.597, P = 0.4422).

Although the lack of heritability from father to daughter indicates

that promiscuity is not inherited through the father, the DMPs

of females and their paternal grandmothers were significantly

positively correlated (Fig. 1C). Furthermore, the heritability of

female–paternal grandmother DMP was significantly different

from those of both female–mother (ANCOVA: F1,78 = 17.003,

P < 0.0001) and female–father (ANCOVA: F1,78 = 8.946, P =
0.0037). These results together indicate that female promiscuity

is sex-linked and sex-limited, that is, females inherit promiscuity

from their paternal grandmothers via the Z sex-chromosomes of

their fathers.

The DMPs of males were significantly positively correlated

with those of both their mothers and their fathers (Fig. 2). These

heritabilities were significantly greater than zero but not different

from each other (ANCOVA: F1,78 = 1.554, P = 0.2163), indicat-

ing that male promiscuity is not sex-limited and inherited either

autosomally or from the Z chromosomes or both. We also con-

ducted additional comparisons to determine the pattern of gene

transmission, and found marginal but nonsignificant differences

between father–son and father–daughter heritabilities (ANCOVA:
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Figure 1. Mean daily mating preference (DMP) of females (four

to five full sisters) plotted as a function of the DMP of their mother

(A), father (B), and paternal grandmother (C) for 41 families. The

DMP values of females are not correlated with those of their moth-

ers (R2 = 0.019; F1,39 = 0.7337; P = 0.3969; y = 0.522 − 0.106x) or

their fathers (R2 = 0.002; F1,39 = 0.0710; P = 0.7913; y = 0.458 +
0.036x). However, the MPI values of females and their paternal

grandmothers are positively correlated (R2 = 0.478; F1,39 = 35.72;

P < 0.0001; y = 0.249 + 0.505x), indicating that female promiscuity

is sex-linked and paternally inherited (h2 = 1.009 ± 0.168 [mean ±
S.E.]).
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Figure 2. Mean daily mating preference (DMP) of males (4–5 full

brothers) plotted as a function of the DMP of their mother (A) and

father (B) for 41 families. The DMP values of males is positively

correlated with those of their mothers (R2 = 0.1199; F1,39 = 5.3141;

P = 0.0266; y = 0.408 + 0.169x; h2 = 0.338 ± 0.146 [mean ± S.E.])

and their fathers ([R2 = 0.3084; F1,39 = 17.3886; P = 0.0002; y =
0.347 + 0.297x; h2 = 0.585 ± 0.142 [mean ± S.E.]).

F1,78 = 2.883, P = 0.0935) and mother–son and mother–daughter

heritabilities (ANCOVA: F1,78 = 3.669, P = 0.0591).

Discussion
The high degree of female promiscuity in U. ornatrix provided

the opportunity to distinguish among hypotheses regarding the

evolution of multiple mating by females. One such hypothesis

proposes the female promiscuity evolves through pleiotropic ef-

fects and selection for male promiscuity (Halliday and Arnold

1987). The sexy-sperm hypothesis suggests an alternative mech-

anism for the evolution of female promiscuity in which female

multiple mating and male sperm competitiveness coevolve in a

runaway, or Fisherian, process (Keller and Reeve 1995). Under

this scenario, one would predict that the genes responsible for

female promiscuity would be especially likely to accumulate on

the Z chromosome, which is only inherited through fathers, as

Z-linked female promiscuity genes should strengthen the genetic
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correlation that empowers the Fisherian positive-feedback process

(Reeve and Pfennig 2003; Kirkpatrick and Hall 2004).

In this study, we investigated the inheritance of both male and

female promiscuity in U. ornatrix. We found that male promiscu-

ity is inherited from both parents, as the father–son and mother–

son heritabilities were both significantly positive and not signif-

icantly different from each other, as would be expected if the

underlying genes were not sex-limited in origin and localized to

either autosomes or Z chromosomes. Female promiscuity, on the

other hand, is not inherited in the same manner. In fact, the promis-

cuity of females resembled their paternal grandmothers, but not

their fathers, mothers, or brothers, as expected if the underly-

ing genes are sex-limited and Z-linked. Indeed, the heritability

of female promiscuity from the paternal grandmother is signif-

icantly higher than those from all other relatives measured. In

sum, all of our data were most consistent with the conclusions

that (1) female promiscuity is influenced by mostly by Z-linked

sex-limited genes, and (2) male promiscuity is influenced only

by non-sex-limited genes of either autosomal or sex-linked origin

(see Appendix for a detailed discussion of how our heritability

pattern is explained by (A1) and (A2)).

The distinctness of the sets of genes underlying male and fe-

male promiscuity, and the lack of male–female sibling correlations

in promiscuity, do not support the hypothesis that male promis-

cuity evolves as a nonadaptive byproduct of selection on female

promiscuity (Halliday and Arnold 1987). Furthermore, it is highly

unlikely that the genes for female promiscuity localized on the Z

chromosome simply due to chance, as the Z chromosome is com-

parable in size to autosomes (Traut and Marec 1997) and makes

up only 3% of the moth’s genome (arctiid moths typically have 31

pairs of chromosomes; Sharma 1999). Another potential mech-

anism driving sex differences in inheritance patterns is genomic

imprinting, in which alleles are conditionally expressed depending

upon the parent from which they are inherited (Day and Bonduri-

ansky 2004). There is no evidence for simple patterns of genomic

imprinting in our study, however, because mother–daughter heri-

tability was not different from father–daughter, nor was father–son

heritability different from mother–son. Finally, we found no sup-

port for the presence of maternal effects, as we did not find any

correlation between the promiscuity of mothers and daughters.

However, the genetic pattern is consistent with the prediction

of the sexy-sperm hypothesis that female promiscuity and male

sperm competitiveness can coevolve through a Fisherian process

and is especially likely to apply to species with ZZ/ZW sex chro-

mosomes, as in the Lepidoptera. Indeed, the widespread occur-

rence of high female promiscuity in the Lepidoptera (Drummond

1984) may be a reflection of such a genetic bias toward Fisherian

promiscuity evolution throughout this taxon (V. K. Iyengar, H. K.

Reeve, T. Eisner, unpubl. ms. ). A necessary and testable predic-

tion of this hypothesis is that increased opportunity for multiple

mating should increase the sperm competitiveness of the sons re-

sulting from such matings, as has been indicated for flour beetles

(Bernasconi and Keller 2001).
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Appendix
Let m represent the mother, f the father, d the daughter, and s the

son. We shall derive the measured heritabilities of promiscuity

expected if, as claimed, (A1) female promiscuity is influenced

by both non-sex-limited autosomal or Z-linked genes with phe-

notypic effects denoted by A and by sex-limited Z-linked genes

with phenotypic effects denoted by Z (A being uncorrelated to

Z), each having proportionate phenotypic weights (1 − z) and z,

respectively, and (A2) male promiscuity is influenced only by the

non-sex-limited autosomal or Z-linked genes (A).

Father–daughter heritability is equal to

2
cov[A f , (1 − z)Ad + zZd ]

var[A f ]
= 2

(1 − z)cov[A f , Ad ]

var[A f ]
(A1)

(because A and Z are uncorrelated).

Father–son heritability is equal to

2
cov[A f , As]

var[A f ]
(A2)

Thus, a weaker father–daughter than father–son heritability

is expected if z > 0, as we observed.

Mother–daughter heritability is equal to

2
cov[(1 − z)Am + zZm, (1 − z)Ad + zZd ]

var[(1 − z)Am + zZm]

= 2
z2cov[Zm, Zd ] + (1 − z)2cov[Am, Ad ]

var[(1 − z)Am + zZm]

= 2
(1 − z)2cov[Am, Ad ]

var[(1 − z)Am + zZm]
(A3)

because A and Z are uncorrelated and cov[Zm, Zd] = 0 (because

mothers cannot transmit Z chromosomes to daughters).

Mother–son heritability is equal to

2
cov[(1 − z)Am + zZm, As]

var[(1 − z)Am + zZm]
= 2

(1 − z)cov[Am, As]

var[(1 − z)Am + zZm]

(A4)

It follows from a comparison of (A3) and (A4) that mother–

son heritability will be stronger than mother–daughter heritability,

as observed. In fact, if z is close to one, the mother–daughter

heritability will be very close to zero. Under the latter condition,

the mother–son heritability (A4) is also likely to be weaker than

the father–son heritability, also as observed.

Thus, all of our heritability patterns are consistent with the

idea that both A and Z genes exist, but that the Z genes have

a much higher phenotypic contribution than do the A genes to

promiscuity in females.
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