
subsequent induction of p34cdc2 but
p34cdc2 expression was not required for
induction of c-myb or c-myc; the inhibition
of p34cdc2 expression with antisense oligo-
mers did not affect induction of either
proto-oncogene. Thus, p34cdc2 expression
occurs relatively late in the sequence of GI -S
control genes, subsequent to the induction
of c-myb and c-myc. These results suggest
that some of the known requirement for c-
myc and c-myb for the G1-S transition in
lectin-stimulated T cells (16) could be medi-
ated through induction of p34cdc2, because
reduction of p34cdc2 expression, either di-
rectly by antisense cdc2 oligomers or indi-
rectly by blocking either c-myc or c-myb
induction, produces equivalent inhibition of
DNA synthesis. The observed degree of
inhibition of p34cdc2 expression after treat-
ment of cells with antisense c-myb or c-myc
could, by itself, be sufficient to block cells at
G,-S. However, c-myb and c-myc likely regu-
late the expression of many genes in GI and
may control several parallel events that are
also required for the G,-S transition.
Our antisense oligomer experiments indi-

cate that p34cdc2 is not likely to have a
regulatory function at GO-GI in lectin-acti-
vated T cells. The small amount of p34cdC2
present in resting T cells may be characteris-
tic of Go cells, and a similar finding has also
been reported for serum-starved fibroblasts
(4) and quiescent baby rat kidney cells (23).
It is possible, however, that p34cdc2 plays
some role in Go cells, because expression of
cdc2 has been described in nonproliferating
brain cells (22).

Finally, it is worth considering that aber-
rant expression of c-myc and c-myb in hema-
topoietic cells can result in leukemia and that
loss of expression of Rb is associated with
transformation ofmany cell lineages, includ-
ing T cell leukemia (24). It is therefore
possible that p34cdc2 itself or regulators of
p34cdc2 function at G1-S could contribute to
transformation of hematopoietic cells.

REFERENCES AND NOTES

1. D. Anon et al., Cell 55, 371 (1988); J. Gautier et al.,
ibid. 53, 433 (1988); J.-C. Labbe et al., Nature 335,
251 (1988).

2. G. Dractta and D. Beach, Cell 54, 17 (1988).
3. G. Draetta et al., Nature 336, 738 (1988); V.

Simanis and P. Nurse, Cell 45, 261 (1986).
4. M. G. Lee et al., Nature 333, 676 (1988).
5. W. Dunphy and J. Newport, Cell 58, 181 (1989); J.

Gautier, T. Matuskawa, P. Nurse, J. Mailer, Nature
339,626 (1989); K. Gould and P. Nurse, ibid. 342,
39 (1989); A. 0. Morla, G. Draetta, D. Beach, J. Y.
J. Wang, Cell 58, 193 (1989).

6. P. Nurse and Y. Bissett, Nature 292, 558 (1981); S.
I. Reed, J. A. Hadwiger, A. T. Lorincz, Proc. NatI.
Acad. Sci. U.S.A. 82, 4055 (1985).

7. A. Giordano et al., Cell 58, 981 (1989).
8. K. Riabowol et al., ibid. 57, 393 (1989).
9. S. A. Cannistra and J. D. Griffin, Sem. Hematol. 25,

173 (1988); T. P. Stossel, N. Engl. J. Med. 290,
717 (1974).

10. G. R. Crabtree, Science 243, 355 (1989).
11. A 2.0-kb Barn HI fragment containing the human

cdc2 gene was excised from pOB231 (26) and insert-
ed into the polylinker ofpBD52 (B. Druker, unpub-
lished data) to generate pSAFI. pBD52 is a deriva-
tive of pGC1 [R. M. Myers, L. S. Lerman, T.
Maniatis, Science 229, 242 (1985)]. pSAFI was
digested with Kpn I and Pvu II and the 0.9-kb
fragment of human cdc2 was used as a probe for
Northern blotting after labeling with 32p [A. P.
Feinberg and B. Vogelstein, Anal. Biochem. 132, 6
(1983)].

12. A 23.5-kD protein fragment encompassing the
COOH-terminus of p34cdc2 (beginning at methio-
nine residue 85) was expressed in bacteria from the
tac promoter. Protein was isolated by SDS-poly-
acrylamide gel electrophoresis and used to inoculate
New Zealand White rabbits (M. Lee and H. Piw-
nica-Worms, unpublished data).

13. Purified p13 was isolated from an overexpressing
strain of Escherichia coli as described [L. Brizuela, G.
Draetta, D. Beach, EMBO J. 6, 3507 (1987)] and
coupled to cyanogen bromide-activated Sepharose
6B (5 mg per milliliter of gel) (Pharmacia).

14. A 2.0-kb Bam HI fragment containing the human
cdc2 gene was excised from pOB231 (10) and insert-
ed into the Bam HI site of the baculovirus expres-
sion vector pVL941 [A. V. Luckow and M. D.
Summers, Bio/Technology 6, 47 (1988)]. Recombi-
nant virus encoding p34dc2was plaque-purified and
used to infect Spodoptera fiugiperda (Sf9) cells. All
procedures relating to viral propagation, isolation,
and infection were performed essentially as de-
scribed [M. D. Summners and G. E. Smith, A Manual
ofMethodsfor Baculovirus Vectors and Insect Cell Culture
Procedures (Texas Agricultural Experiment Station
Bulletin No. 1555, College Station, TX, 1987)].
Five percent of total cell protein was p34cdc2, the
majority of which was soluble and unphosphorylat-
ed (L. Parker and H. Piwnica-Worms, unpublished
data).

15. P. Kurki et al., J. Immunol. 138, 4114 (1987).
16. R. Heikkila et al., Nature 328, 445 (1987); A. M.

Gewirtz et al., Science 245, 180 (1989); A. M.
Churilla et al., J. Exp. Med. 170, 105 (1989).

17. J. A. DeCaprio et al., Cell 58, 1085 (1989); K.
Buchkovich, L. A. Duffy, E. Harlow, ibid., p. 1097;
P.-L. Chen et al., ibid., p. 1193; K. Mihara et al.,
Science 246, 1300 (1989); H.-J. Xu et al., Oncogene
4, 807 (1989).

18. Y. Furukawa et al., Proc. Natl. Acad. Sci. U.S. A. 87,
2770 (1990).

19. Y. Taya et al., Biochem. Biophys. Res. Commun. 164,
580 (1989).

20. J. A. DeCaprio et al., Cell 54, 275 (1988); J. W.
Ludlow et al., ibid. 56, 57 (1989); J. W. Ludlow et

al., ibid. 60, 387 (1990).
21. K. Kelley, B. H. Cochran, C. D. Stiles, P. Leder,

ibid. 35, 603 (1983); J. C. Reed, J. C. Alpers, P. C.
Nowell, R. G. Hoover, Proc. Natl. Acad. Sci. U.S. A.
83, 3982 (1986); M. A. Shipp and E. L. Reinherz,
J. Immunol. 139, 2143 (1987).

22. J. B. Stem and K. A. Smith, Science 233, 203
(1986).

23. G. Draetta, D. Beach, E. Moran, Oncogene 2, 553
(1988).

24. J. Cheng et al., Blood 75, 730 (1990).
25. Y. Furukawa et al., Cancer Res. 47, 2589 (1987).
26. M. G. Lee and P. Nurse, Nature 327, 31 (1987).
27. J. A. Swack et al., Mol. Immunol. 26, 1037 (1989).
28. J. Pines and T. Hunter, Cell 58, 833 (1989).
29. E. L. Wickstrom et al., Proc. Natl. Acad. Sci. U.S. A.

85, 1028 (1988); J. T. Holt, R. L. Redner, A. W.
Nienhuis, Mol. Cell. Biol. 8, 963 (1988).

30. We thank J. DeCaprio and B. Druker for critical
review of the data and the manuscript; G. Draetta
for the bacterial p13 overproducer; P. Nurse for
pOB231; and C. Morimoto for the monoclonal
antibody to CD6. Supported in part by PHS grants
CA36167, CA47843, CA50767, and CA34183.
Y.F. is supported in part by a fellowship from the
Uehara Memorial Foundation and the Mochida
Foundation for Medical and Pharmaceutical Re-
search, and H.P.-W. by a Whitaker Health Sciences
Fund Award. J.D.G. is a Scholar of the Leukemia
Society of America.

8 May 1990; accepted 29 August 1990

Female Preference Predates the Evolution of the
Sword in Swordtail Fish

ALEXANDRA L. BAsoLo*

The study of female preferences and the evolution of male traits has until recently
centered on genetic coevolutionary mechanisms. An alternative mechanism posits that
a preference results from a preestablished bias in the female information-processing
system arising from sources independent ofsexual selection. Male traits then arise that
are selected by this preexisting preference. The genus Xiphophorus consists ofswordless
platyfish and swordtails. Swordlessness is the primitive state. In this study, female
platyfish, X. maculatus, were found to prefer conspecific males with artificial swords
over those without swords, despite evidence that the common ancestor ofplatyfish and
swordtails was swordless. These results suggest that the evolution ofthe sword in the
swordtail dade was a consequence of selection arising from a preexisting bias.

S EXUAL SELECTION WAS FIRST PRO- stress the coevolution of a female preference
posed by Darwin (1) as a mechanism and a male trait have dominated theoretical
to explain the evolution of elaborate and empirical treatments (2, 3). Few data

traits in males that appear to decrease their have been produced that support one of
survival. One type ofsexual selection, female these models to the exclusion of another,
choice, involves a preference by females for and altemative, testable models have been
traits in males. Until recently, models that proposed [see (4) for review]. A non-coevo-

University of Texas at Austin, TX 78712.

*Present address: Department of Biological Sciences,
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lutionary explanation for the evolution of a
female preference and a male trait proposes
that biases in the female sensory or cognitive
system, or both, arise and increase to a high
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frequency, or fixation, for reasons indepen-
dent ofsexual selection (5-9). Subsequently,
the evolution of male traits occurs when a
newly arisen trait "exploits" preexisting bias-
es in females. Thus, a preexisting bias in the
female information-processing system, re-
sulting from evolutionary processes inde-
pendent ofsexual selection, is present before
the appearance of the male trait. Unlike
models based on coevolutionary processes, a
preexisting bias model does not require fe-
male preference to evolve because of sexual
selection, nor does it require the coevolution
of the preference and trait. However, after
the male trait arises and is selected by the
preexisting bias, other sources of selection
may act in conjunction to further elaborate
or modify the expression of the preference
and the trait.
To demonstrate that preexisting biases

have resulted in the evolution of a male trait,
three criteria should be met. First, it must be
established that in species in which the trait
is present, there is female choice based on
variation (either natural or artificial) in the
trait (10). Second, it must be established
that the absence of the male trait is the
ancestral state within a clade. Third, it
should be established that in a species hav-
ing the primitive state, females prefer the
male trait even though it was not generally
present in the evolutionary history of the
species. In this report, I address these crite-
ria and present data that are consistent with
a preexisting bias model for the evolution of
the sword in the genus Xiphophorus.

Xiphophorus is a genus ofsmall, freshwater
fish in the live-bearing family Poeciliidae of
Central America. The genus includes the
platyfish, which are primarily swordless, and
the swordtails, males ofwhich typically have
a sword, a colored extension of the lower
margin of the caudal fin (11, 12). The sword
does not develop until sexual maturity, at
which time the rays at the base ofthe caudal
fin begin to lengthen in males and acquire a
border of black coloration. Swordlessness is
considered to be the ancestral state for the
genus (Fig. 1). I have shown that female
green swordtajls, X. helleri, prefer males with
longer swords (13). The preexisting bias
model predicts that male traits arise and are
favored by preestablished preferences. If this
is true, females in a closely related, swordless
species such as X. maculatus, the southem
platyfish (14), should also have a preference
for a swordlike structure, even though the
ancestral state of swordlessness is main-
tained. This hypothesis was tested through
female choice tests to determine whether
preference for a swordlike structure is a
primitive state within the genus Xiphophorus.

Choice tests were conducted in an aquari-
um (45 cm by 41 cm by 87.5 cm) divided by
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Table 1. Difference in time females spent with
males of different sword status (SE in parenthe-
ses). "Yellow" represents males with artificial, 24-
mmn, surgically attached yellow plastic swords.
'Transparent" represents males with 24-mm, sur-
gically attached clear plastic swords, simulating
the absence of a sword. Probabilities (P) are from
Wilcoxon matched-pairs signed-rank test.

Mean time
Body (s)
size n P
(mm) Yellow Trans-

parent

35 610 (25) 478 (26) 16 0.039
31 685 (39) 442 (37) 14 0.011
33 694 (67) 414 (64) 17 0.031
34 750 (41) 375 (44) 14 0.002
28 732 (39) 395 (28) 9 0.008
34 710 (54) 411 (53) 14 0.026

two Plexiglas plates into three equal com-
partments (13). The middle compartment
was divided into three sections: one center
section and a section adjacent to each of the
outer compartments. A test female was
placed in an opaque tube suspended from
above the center section, and a test male was
placed in each of the outer compartments
for a 10-min acclimation period. A test trial
was initiated by raising the tube and releas-
ing the female into the center section, begin-
ning a 10-min observation period.
During the observation period, the be-

havior of the test subjects and the amount of
time the female spent in each of the sections
adjacent to the male compartments were
recorded. After this period, the female was
once more placed in the tube and the males
were switched from one end compartment
to the other (to control for side bias), and a
second acclimation and observation period
was conducted. During the choice tests,
males and females actively courted one an-
other. The time of the two observation
periods was summed, and a Wilcoxon
matched-pairs signed-rank test was used on
the data set for each male-female combina-
tion to compare the difference in time spent
with each of the males. Proximity, coupled
with active courtship, was used as an indica-
tor of female mating preferences; mating
was not observed directly (15). Test subjects
were either lab stock or progeny of wild-
caught fish (16). Paired males were matched
for body size (within 1-mm standard length)
and body coloration.

I tested female preference for a sword
structure in the swordless X. maculatus by
surgically applying a plastic sword to platy-
fish males (17) and conducting female
choice tests. Males were matched for body
size and coloration. Paired males each re-
ceived a 25-mm sword; one male received a
yellow sword with a black border, the other
a transparent sword (18). The transparent

sword simulated the visual absence of a
sword, while controlling for surgery effects
and influences of the artificial sword on

swimming behavior. Males were tested for
female preference after a 3-day postoperative
period. Males who underwent this surgery
recovered and performed normal courtship
behavior during female choice tests. Six
pairs of males were tested, each with 9 to 16
females. In all six sets of tests, females
preferred the male with the yellow sword to
the male with the transparent sword (two-
tailed binomial P = 0.032; Table 1).
An additional experiment, a sword rever-

sal test, was conducted in which female
preference was observed for a male with a

yellow sword over a male with a transparent
sword (Wilcoxon matched-pairs signed-rank
test: n = 14, P = 0.03), and then the origi-
nal swords were removed and replaced with
the other type ofsword. With this reversal in
sword status, female preferences were re-
versed (Wilcoxon matched-pairs signed-
rank test: n = 14, P = 0.01); females dem-
onstrated a preference for the male with a

yellow sword, although they had previously
discriminated against him when he had a
transparent sword. These data suggest that
the females were basing their choice on
sword presence and not other traits.
The absence of a male trait as the ancestral

condition has been demonstrated in the frog
genus Physalaemus (7). Physalaemus pustulosus
females prefer male chucks at the low fre-
quencies they detect best. In the closely
related species, P. coloradorum, in which

Priapella

Platyfish

Platyfish*

Swordtails

Fig. 1. Abbreviated phylogeny of the genus Xi-
phophorus (11, 19) (some additional species have
been described, but phylogenetic analysis has not
been published). The platyfish are generally un-
sworded, and most species of swordtails possess a
sword (11). Swordlessness appears to be the
primitive state, as the sister group, Priapella, does
not possess a sword, and the sword, consisting of
a colored extension at the ventral margin of the
caudal fin, is a synapomorphy of the swordtail
species (19). Morphological, electrophoretic, pig-
mentary, and morphometric characters were used
to establish the phylogeny. Additionally, patterns
of distribution were considered in some cases.
(The clade to which the platyfish X. maculatus
belongs is designated by an asterisk, *.)
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males do not produce chucks, female neuro-
physiology also suggests that the inner ear is
tuned to lower frequency calls. Therefore,
female biases in the inner ear appear to have
evolved before the production of low-fre-
quency chucks in males. The present study
with platyfish demonstrates that females ex-
hibit a preexisting bias for a trait not gener-
ally present in the evolutionary history of
the lineage. The three criteria necessary to
demonstrate clearly that preexisting biases
can result in the evolution ofmale traits have
been met with this study: (i) there is varia-
tion for sword length in X. helleri, the green
swordtail, and females prefer males with
longer swords (13); (ii) the phylogeny for
Xiphophorus suggests that the ancestral con-
dition is swordlessness (11, 19) (Fig. 1); and
(iii) in the swordless platyfish, X. maculatus,
females demonstrate a preference for males
with swords.

Obviously, only traits that lie within the
detection limits of the female sensory and
processing systems can be selected via female
choice; thus, the potential range of sexually
selected male traits is constrained. In preex-
isting bias models of sexual selection, the
bases for the initial bias are numerous. A
sword may increase the perceived body size
of a male (8); thus, a preexisting preference
for large males could, as a by-product, result
in selection for the sword once the trait
arises in a population. Similarly, a preexist-
ing preference for rare, novel male types
could initially select a swordlike structure;
however, once an initially rare, novel trait
becomes common, some other mechanism
of preference or source of selection would
be necessary to drive the trait to a high
frequency or fixation. Therefore, preference
for novelty per se cannot explain the evolu-
tion of the sword in swordtail fish. Female
sensory or cognitive systems could be initial-
ly biased in response to environmental
sources of selection. For example, a female
may be adapted to recognize a moving shape
in the environment because that moving
shape resembles a favorite food, and females
have developed a search image for it. This
bias in the female detection system could
subsequently bias the direction and nature
of sexual selection if a mutation for males
resembling this moving shape arises. In ad-
dition, new traits that increase conspicuous-
ness could lead to selection for the trait. All
of these possibilities share one common
factor: the presence of the bias that results in
a preference precedes the appearance of the
male trait. In contrast, a coevolutionary
mechanism requires the joint evolution of
the trait and the preference.
A less parsimonious explanation for the

preference ofX. maculatus females for sword-
ed males is that this preference is derived

separately within the X. maculatus clade.
Such a preference may be for novelty per se
or some other characteristic. However, this
interpretation of the results requires two
independent evolutionary events: the evolu-
tion of a preference in the platyfish clade and
the evolution of a sword preference in the
swordtail clade. A preexisting bias hypothe-
sis, in which a single evolutionary event
accounts for a shared preference in platyfish
and swordtails, is thus a more parsimonious
explanation.

This work suggests that the common an-
cestor ofthe unsworded X. maculatus and the
sworded X. helleri possessed a preference for
a swordlike structure. Since phylogenetic
hypotheses suggest that males of this com-
mon ancestor were unsworded, the preexist-
ing bias resulting in a sword preference
appears to have evolved before the sword
itself; the sword thus may have subsequently
arisen in the swordtail clade and been select-
ed for by this preexisting bias. Models stress-
ing coevolutionary processes cannot explain
evolution of a female preference in the ab-
sence of a male trait, and, therefore, a preex-
isting bias model seems to best explain the
evolution of the preference and the initial
evolution of the sword. This conclusion
does not preclude a role for coevolutionary
processes. Once the sword has evolved, the
initial bias and the trait could potentially be
modified by other processes. However, the
Xiphophonrs system provides evidence for
preexisting bias models of sexual selection; a
role for other processes remains speculative.
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