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display at sites away from where they feed
or oviposit (67, 104, 138). In others, such
as D. nigrospiracula (93), males defend mat-
ing territories on parts of the plant that are
away from the feeding locations. Species such
as D. melanogaster and D. simulans, on the
other hand, mate right on the rotting fruit
where they feed. Mating location, relative to
food resources, has not yet been sufficiently
documented in enough species to permit any
meaningful phylogenetic mapping.

Regardless of where courtship takes place,
it will involve signaling between individu-
als that takes place at shorter range than
those signals that attract flies to aggrega-
tion sites. Courtship has several components,
starting with the identification, at the mat-
ing site, of conspecific members of the op-
posite sex, following which courtship and
all of its various components can proceed.
For species of Drosophila that have an ex-
clusive association with a particular resource,
once they arrive at the feeding site, the only
other Drosophila they will encounter will be
conspecific females and males. In such spe-
cialist taxa, courtship involves discriminating
between conspecific males and females, and
engaging in species-specific courtship pro-
cesses in ways that will ensure their repro-
ductive success. For Drosophila species that
mate at resources utilized by congeners, ad-
ditional systems must be present that allow
them to discriminate members of their own
from other species prior to investing energy
and time in the courtship process. Reproduc-
tive behavior includes male-male interactions
as well as those between the sexes, although
the former are less well studied. Sexual sig-
naling takes place in three sensory modalities:
visual, auditory, and chemosensory.

Visual sexual signals. The role of visual sig-
nals during courtship can be inferred from
several observational studies. In order for sig-
nals to have a visual component, they must be
performed in the light and conducted within
the visual field (i.e., in front) of the receiv-
ing individual. For many species, laboratory

and field observations have documented the
relative positions of males and females with
respect to each other during courtship. For
species in which courtship has not been ob-
served directly, morphological or coloration
patterns may be such that visual signaling can
be inferred. For some Drosophila species, the
sexes differ with respect to the potential for
certain aspects of visual signaling. This differ-
ence is a function of the fact that, during the
specific part of courtship involving male at-
tempts to mount, or his licking of the female’s
genitalia, the male is behind the female and
can receive, but not transmit visual informa-
tion. Male visual information, then, will only
be transmitted when males leave this position
and move in front of females, or, as in some
lekking Hawaiian species, perform ritualized
displays to attract females to a mating site.
For this reason, we examine the phylogenetic
distribution of visual displays separately for
males and females.

Figure 3 illustrates the phylogenetic dis-
tribution of whether or not males tend to
position themselves in front of females dur-
ing courtship as opposed to remaining behind
them, out of view. There is a tendency for
males of species in the virilis-repleta radiation
to court behind the females, suggesting that
male visual displays are not the primary form
of sexual signaling in these taxa. This inter-
pretation is consistent with the fact that these
species show effectively no sexual dimorphism
in coloration, wing pattern, or other visible
morphological traits. It is also supported by
the existence of exceptional taxa, such as D.
acanthoptera in the nannoptera group, in which
there is a sexual dimorphism for body color
and in which males court in front of females.

Females are not merely recipients of vi-
sual signals during courtship. In a large num-
ber of species, females indicate their recep-
tivity to males by a characteristic spreading
of their wings (Figure 4 a). This behavior
is typical of species in the virilis (162) and
repleta groups (99), but has also has arisen
in several other groups of Drosophila (137).
The distribution of this behavior is variable,
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locomotion (154), or spreading their vaginal
plates (137), but these behaviors are not always
strictly visual or even discrete, and thus less
comparative information is available about
them.

In addition to those visual behaviors that
can be directly scored, the importance of un-
speci“ed visual cues can be inferred from stud-
ies in which insemination rates have been
compared between pairs of the same species
placed together in darkness and in light (63…
65). Based upon the outcomes of this type of
study, species can be considered to be either
light independent, partially light dependent,
or completely light dependent in their mating
behavior (Figure 3 ).

Auditory signals. Auditory signals are uti-
lized in the courtship of most Drosophila
species. Courtship songs have been studied in
over a hundredDrosophilaspecies, and the ma-
jority of these have focused upon male songs
and upon song variability at the inter- and in-
traspeci“c levels (70). Females of species in
the virilis-repletaradiation and thenannoptera
group also regularly produce songs while be-
ing courted (36, 48, 109, 124), and in a number
of these species, an actual dialogue occurs be-
tween the sexes during courtship, referred to
as •duetingŽ (10, 43). Males of many species
also produce songs that are unlike courtship
songs, but rather appear to be utilized to dis-
suade the amorous advances of other males
(145).

The diversity observed amongDrosophila
species in male courtship song is so variable
that it is dif“cult to describe in manageable
terms. Most songs are composed of various
pulses or bursts that have different structural
and temporal features that distinguish them
at the species level. Some species utilize one
•typeŽ of song, whereas others may perform
four or “ve. Some song types are performed
earlier in courtship than others. One caution
should be entertained when examining songs
that occur later in courtship. Recordings of
courtship songs are conducted in small cham-
bers in which female decamping is not one of

the options available to unreceptive females.
Courtships observed under these conditions
are thus likely to last longer than those in na-
ture where uninterested females can depart.
Under con“ned conditions, therefore, males
may become frustrated, and as courtships con-
tinue, exhibit behavioral components rarely
observed in nature. A further complication
is that different investigators have employed
different terminologies to describe song pa-
rameters. There do not appear to be any ho-
mologies between lineages for particular song
elements. In rare cases, a species will produce
no sounds at all. Nonetheless, we have at-
tempted to capture this variation in a mean-
ingful way. Because there is no simple way to
reduce all of the variation to character states
that then can be placed in a phylogenetic con-
text, we have scored members of a group or
subgroup as to the number of the courtship
song components typical of the group.

For each species group, we have sum-
marized the number of different song types
a species has been reported to produce
(Figures 5a…e). The melanogasterspecies
group is a large clade that shows a highly
variable array of auditory mating strategies.
Figure 5 a shows the distribution of song
number within the melanogastersubgroup.
Males of most species produce two song types,
a sine song (158) and a pulse song (48), the
latter of which exhibits important interspe-
ci“c differences. Interestingly, males of one
species,D. yakuba, have lost the sine song
and only rely on the pulse song for identi“-
cation of conspeci“c individuals. Males of the
montiumsubgroup (not shown) produce one
type of song, which varies among species, but
is largely produced once copulation has be-
gun (150, 151). This has reached its extreme
proportion in two species of this subgroup,
D. birchii and D. serrata,where males pro-
duce song only during copulation itself (71).
In males ofD. ananassaeand others of the sub-
group, males produce either one or two types
of pulse songs (36, 168).

The obscuragroup is the sister clade of the
melanogastergroup yet produces completely
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Figure 5

Evolution of the number of male courtship songs in the (a) the melanogasterspecies subgroup (modi“ed
from 48, 128); (b) the obscuraspecies group (48, 108); (c) the willistonispecies group (modi“ed from 58);
(d) the virilis species group (modi“ed from 70, 135); and (e) the repletaspecies group (modi“ed from 45,
49). Increasing color intensity from pale tan (0) to red (4) indicate number of male courtship songs
observed. Information is lacking for species with an asterisk.
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different types of song (Figure 5 b), referred
to as high- and low-repetition songs (107).
Neither of these is homologous to the pulse
and sine songs observed in the melanogaster
species. It is difficult to determine how
these different signaling strategies may have
evolved. Some species in the affinis subgroup
(D. affinis, D. athabasca, D. algonquin) seem to
use only a single type of song, whereas others
in the pseudoobscura (D. pseudoobscura, D. per-
similis, D. miranda) and obscura (D. ambigua)
subgroup use two. Based on the current data,
however, it is not clear whether the ances-
tral condition in the obscura group was one
or two song types or whether the two-song
strategy seen in the pseudoobscura and obscura
subgroups was derived once or twice. Perhaps
the most interesting song strategy observed
in this group is found in D. subobscura, where
males do not sing at all (48). It is likely that
D. subobscura has shifted to an entirely visual
mate recognition strategy since these species
do not mate in the dark and males display in
front of females (Figure 3 ).

Males of willistoni group species can pro-
duce up to four types of song (Figure 5 c), al-
though the exact evolutionary history of song
loss and acquisition is not completely clear
(120). Although they are not sister taxa, both
D. tropicalis and D. equinoxialis utilize four
courtship songs, suggesting a complex series
of gains and losses of song type and number
for the intervening taxa. Interestingly, here
again, there is a species, D. nebulosa, that does
not sing at all. This species may rely on visual
more than on auditory signaling. Drosophila
nebulosa and D. fumipennis, the other basal
member of this group, both have pigmented
wings, a character not seen in the other willis-
toni taxa. Both of these species also display in
front of the female, unlike all other willistoni
taxa (Figure 3 ).

Males in the virilis group produce either
one or two types of pulse songs. The evolu-
tion of this behavior, however, is quite com-
plex. It appears that the use of a second pulse
song has evolved at least four times in this
group (Figure 5 d). In males of the repleta

group (49), we also see a pattern in which there
are either one or two types of songs produced
(Figure 5 e).

Chemosensory signals. Chemical commu-
nication during courtship in Drosophila is
thought to be mediated by the hydrocarbons
(HCs) found in the adult epicuticle. Because
they consist largely of long chain compounds
that are not volatile, these HCs likely func-
tion at short range, through contact. Some
HCs serve as aggregation pheromones (7–9,
66, 103, 127). Hydrocarbons can exhibit a re-
markable degree of variability. They can dif-
fer in chain length, in the presence or ab-
sence of double bonds, and in the positions of
the double bonds. Among Drosophila species,
chain lengths range from between 20 and
40 carbons and for the most part are com-
posed of various alkanes and alkenes (single
and double bonds). Most Drosophila species
produce a blend of HCs, and the character-
istics of this blend can vary with age, sex, diet,
and geographic origin within a species. Sex-
ual dimorphisms in HCs can range from sub-
tle differences in relative quantities of one or
more molecules to the presence of completely
different HCs between the sexes. Interspe-
cific differences are also both quantitative and
qualitative in nature. Considerable evidence
exists that HCs play a role in sexual signaling
within a species as well as for species recogni-
tion (reviewed in 52). Furthermore, because
HCs are known to be important in water bal-
ance, these molecules and the genes control-
ling their production can be under both sexual
and natural selection (99).

HC length is fairly well conserved in the
genus Drosophila and can be roughly divided
into three classes: short, intermediate, and
long chains. The short chain morphology
(23–29 carbons) is found in two groups, the
subgenus Sophohpora (melanogaster and willis-
toni species) and the Hawaiian Drosophila.
Intermediate length chains (22–31 carbons)
are seen in the virilis group. The repleta
group has the longest chains, from 28–40 car-
bons. Where these HC differ is in degree of
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Figure 7

The evolution of
female remating
frequency. Although
the ancestral
condition in the
group is to remate
daily or more often
several lineages have
evolved taxa where
remating occurs less
than daily (blue).
(Modi“ed from 96,
132)

copulating pairs are more vulnerable to pre-
dation and parasitism (117).

Remating and sperm utilization appear to
be under the control of many factors: the char-
acteristics of the ejaculate typically passed to
females on a given mating and the interac-
tion between the ejaculate components and
the female•s reproductive system. While these
factors have been most widely studied inD.

melanogaster,this species turns out not to be
representative of the nature of these factors in
the other species (94, 96).Drosophilaspecies
exhibit tremendous variation in their sperm-
storage organs and in the use of these organs
for the storage and retrieval of sperm (116).
Species differ, as well, in the number of sperm
males typically transfer during a single mat-
ing, from as few as 14, inD. pachea(114),
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and having the ability to examine their coevo-
lution, however, we have far to go. Given re-
cent developments in genomics, including the
sequencing of the genomes of multiple species
of Drosophila, new approaches now can be ex-
ploited to address the evolutionary genetics of
reproductive behaviors.

Host Use

Host use, in terms of both resource location
and oviposition site preference, is mediated by
the chemosensory system. We do not mean to
imply that other factors, such host microcli-
mate, play no role in resource location, but
these variables are beyond the scope of this
review. Chemosensory information is classi-
fied as either olfactory or gustatory, depend-
ing upon whether the signals are volatile or
contact. Although there may be some degree
of functional overlap, the olfactory system is
more likely to be involved in longer-range
location of resources, whereas the gustatory
system figures more prominently in close-
range signaling between individuals during
courtship and in oviposition decisions.

Olfactory information is received and pro-
cessed by olfactory receptor neurons (ORNs),
which are found in the two olfactory or-
gans, the antennae and the maxillary palps.
Antennae contain approximately 1200 ORNs
whereas the maxillary palps contain only
about 120. The ORNs fall into 16 functional
classes based upon the their odor response
spectra (38), which are thought to depend, in
turn, upon the expression of approximately 60
different odor receptor genes (160). Gusta-
tory or taste receptor neurons (GRNs) most
likely to be involved with oviposition and with
sexual behavior are those on the abdomen,
forelegs, and mouthparts, which are in con-
tact with substrates and with flies of the oppo-
site sex during the tapping and licking phases
of courtship. With respect to the bristles on
the forelegs, male D. melanogaster have nearly
twice as many taste bristles on their forelegs
as do females (102, 106, 143). Based upon
the degrees of sequence similarity, the olfac-

tory and gustatory receptor genes are likely to
have a common evolutionary origin. Chemi-
cal information received by flies has two ori-
gins: the host resources and other flies. Can-
didate sensory processes for host location,
therefore, are likely to be associated with the
ORNs, whereas those mediating sexual be-
havior and oviposition are more likely associ-
ated with morphological structures in contact
with other flies and food, the GRNs.

Each type of host resource provides a
different chemical profile based not only
upon the host’s own chemistry, but upon the
microbial community responsible for its
breakdown, making it suitable as a Drosophila
breeding site. Volatile profiles have been char-
acterized for several Drosophila resources (51,
54, 87, 141). Stensmyr et al. (142) utilized the
ecologically relevant volatiles to examine evo-
lutionary conservation and divergence in the
olfactory code among nine members of the
D. melanogaster group of species. The group
includes D. sechellia, which, in addition to be-
ing an island endemic, has specialized upon
the fruit of Morninda citrofolia, which has a
distinct chemical profile compared with the
broader range of fruits utilized by other mem-
bers of the group. The ab2 type (38) sensil-
lum and its neurons were found to be miss-
ing in D. sechellia, apparently replaced by a
higher number of the ab3 type, such that the
overall number of sensilla of the large basic-
oconic (LB) class was the same among the
species in the group. There was also a shift
in the key ligand for the ab3A-type neuron,
from ethyl to methyl hexanoate. The bases
for sensitivity shifts within given ORNs is
unclear, but could be due to substitutions in
their receptors. For example, ab3A ORNs in
D. melanogaster express the receptor Or22a.
Drosophila simulans has an orthologous coun-
terpart, DsOr22a, whose sequence homology
with that of D. melanogaster is 94% (40). An-
other group of proteins, the odorant binding
proteins (161), which are thought to bind and
present the odorants to the receptors, may
also be found to contribute to observed species
differences.
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