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Hybridization between crops and their weedy or wild relatives is an area of concern because the
widespread use of genetically engineered crops may allow novel, bene®cial transgenes to enter nearby
populations. We compared ®tness components of wild Cucurbita pepo from Arkansas, USA, with
wild±crop hybrids derived from yellow squash (a cultivar of C. pepo with transgenic resistance to two
viruses). Wild and hybrid progeny were grown in agricultural ®elds in Arkansas (1996±98) and Ohio
(1996) in six similar experiments. Cross types (wild and hybrid) did not di�er signi®cantly in seedling
survival, which exceeded 85% in all cases. In Ohio, where more detailed observations were made,
hybrid plants produced 41% as many male ¯owers, 21% as many female ¯owers, and 28% as many
seeds as wild plants. At all sites, ¯owering periods of the two cross types overlapped extensively.
Putative virus symptoms were more common in wild plants than in hybrids. Lifetime fecundity varied
considerably among sites and years. The average fecundity of hybrids ranged from 453 to 4497 seeds
per plant and represented 15% ± 53% of the numbers of seeds produced by wild plants in the same
experiments. These results suggest that the F1 generation does not represent a strong barrier to the
introgression of neutral or bene®cial crop genes into free-living populations of C. pepo.
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Introduction

Small (1984) hypothesized that weeds owe much of their
evolutionary success to hybridization with other variet-
ies and species, including domesticated relatives. Crops
such as rice, sun¯ower, oilseed rape, squash, sorghum,
sugar beet, and carrot are known to hybridize with wild
and/or weedy relatives (e.g. Snow & MoraÂ n Palma,
1997; Ellstrand et al., 1999). However, the potential
bene®ts of crop genes to populations of wild relatives
are not known. Many domestic traits do not a�ord any
known bene®t to wild plants and some, such as lack of
seed shattering, may be detrimental (e.g. Small, 1984;
Van Gaal et al., 1998). Evidence for bene®ts of crop-to-
wild gene ¯ow is becoming more clear, but is often
sketchy since it is only recently that many studies have
concentrated on this process (see Snow et al., 1998;
Ellstrand et al., 1999).

A great deal of interest in wild±crop hybridization has
been generated by the development of genetically engin-
eered cultivars with resistance traits that may bene®t wild

or weedy relatives. For example, Jùrgensen & Andersen
(1994) showed that Brassica napus (oilseed rape, 2n� 38)
and B. campestris (a weedy relative, 2n� 20) spontane-
ously hybridize in the ®eld, even though arti®cial crosses
between the two species were often unsuccessful. In
another crop±weed system, Arriola & Ellstrand (1996,
1997) demonstrated that gene ¯ow can occur naturally
between the annual crop Sorghum bicolor and johnson
grass (S. halepense), a widespread perennial weed.
Interspeci®c hybrids did not di�er from johnson grass
in several ®tness parameters, suggesting that there is no
apparent barrier to prevent neutral or bene®cial crop
genes from moving into populations of the weed. In
some cases, F1 progeny may be even more vigorous than
their wild parents, as reported in rice (Langevin et al.,
1990) and radish (Klinger & Ellstrand, 1994). Although
these studies suggest that hybridization between wild
and crop relatives is very likely, other crop±weed
complexes exhibit stronger barriers to gene ¯ow and
introgression (e.g. Renno et al., 1997; Zemetra et al.,
1998; Jiang et al., 2000).

In native North American species such as squash and
sun¯ower, studies involving selectively neutral genetic*Correspondence. E-mail: spencer.120@osu.edu
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markers have shown that long-term and continuing
genetic exchange occurs between crops and their wild
and weedy relatives (Decker, 1988; Wilson, 1990; Linder
et al., 1998). This illustrates that gene ¯ow, hybridiza-
tion, and introgression have occurred in the past, but we
know relatively little about the rate at which hybridiza-
tion is occurring in existing crop/wild complexes.
Hybridization should occur most rapidly when pollina-
tors move frequently between the crop and the wild
relative, resulting in fertile F1 hybrids. Moreover, vari-
ability of o�spring obtained from hybridization may be
quite high, allowing a few variant genotypes to achieve
high ®tness even if most hybrids have much lower ®tness
(Arnold, 1997; Rieseberg & Linder, 1999). The fecundity
of hybrids relative to wild plants is also likely to vary
geographically and temporally due to genotype-
by-environment interactions (e.g. Snow et al., 1998).
In Cucurbita pepo, Kirkpatrick & Wilson (1988)

found that crop-to-wild hybridization was common.
Pollinating bees transferred pollen over distances
exceeding 1000 m. Long-distance pollen dispersal sug-
gests that the eventual spread of transgenes, at least to
an F1 generation, is likely in areas of the south-central
USA where the crop occurs near free-living populations
(Kirkpatrick & Wilson, 1988; Wilson, 1993). In 1994,
the US Department of Agriculture (USDA) deregulated
a transgenic, virus-resistant cultivar of C. pepo after
concluding that the transgene was unlikely to persist in
free-living squash populations (USDA/APHIS, 1994).
Crop breeders and government regulators sometimes
assume that crop genes will be disadvantageous to wild
populations and will not be able to spread. However, it
is important to quantify ®tness components of F1 crop±
wild hybrids and backcrossed generations to determine
whether there are any barriers to subsequent introgres-
sion. Obtaining this information for wild squash is
especially important because such studies have not been
reported in peer-reviewed publications, and transgenic
varieties have already been approved for commercial-
ization. The goals of this research were to compare
®tness components of F1 wild±crop hybrids with those
of wild plants within their native range (Arkansas 1996±
98) and in central Ohio (1996). We report comparisons
of seedling survival, ¯owering times, and lifetime
fecundity, as well as data on the occurrence of putative
viral symptoms.

Materials and methods

Study organisms

Cucurbita pepo is a widespread monoecious species with
both free-living and cultivated varieties. Cultivars include
crookneck and zucchini squashes, as well as several

pumpkin and ornamental gourd varieties. The cultivar
used in this research was Asgrow's Freedom II, a yellow
crookneck squash (C. pepo ssp. ovifera, var. ovifera). This
cultivar is resistant to two potyviruses, Zucchini Yellow
Mosaic Virus (ZYMV) and Watermelon Mosaic Virus 2
(WMV2), which frequently infect cucurbit crops (Tricoli
et al., 1995; Schultheis & Walters, 1998). Another
cultivar, Freedom III, is also resistant to Cucumber
Mosaic Virus and was deregulated in 1995. We were not
able to obtain seeds of Freedom III because it had not
become available commercially and Asgrow (now
Seminis Seeds) denied our requests for seeds.
Potyviruses are widespread viruses that infect many

plant families and are transmitted mainly by aphids. In
cucurbits, these viruses cause symptoms such as mot-
tling, discoloration and/or malformation of leaves,
¯owers and fruits; chlorosis; reduced yield; and in some
cases, premature death (Walkey, 1991). Freedom II has
two tightly linked (tandem) viral coat protein genes in a
transgene construct that confers resistance to ZYMV
and WMV2 and lacks a selectable marker. These
transgenes are hemizygous in the crop parents and act
as dominant genes (Tricoli et al., 1995).
Unfortunately, Freedom II has three inserted copies

of the transgene construct rather than one, and two of
these copies appear to be located on the same chromo-
some (Tricoli et al., 1995). The linked copies confer
strong resistance to the viruses, whereas the third copy
confers weaker resistance (Tricoli et al., 1995). These
constructs are detectable using a PCR screening proto-
col, but it is not possible to tell which copy is present
without Southern blot analysis. Therefore, due to
limited resources, we did not attempt to identify which
F1 progeny inherited one, two, or all three copies of the
transgene construct. The data reported here focus on
general attributes of wild and F1 hybrids and do not
include comparisons between transgenic and nontrans-
genic F1 plants.
In the USA, free-living populations of Cucurbita pepo

(ssp. ovifera, var. ozarkana and var. texana [common
name � Texas gourd]) occur as annuals in both
cultivated and non-cultivated habitats (Wilson, 1993).
These populations may represent progenitors of culti-
vated varieties, feral populations that escaped from
cultivation, or, more likely various combinations of the
two (Decker, 1988; Cowan & Smith, 1993). Free-living
C. pepo sometimes occurs as a weed in cotton and
soybean ®elds, where the vines interfere with the growth
of crop plants and the hard gourds can foul farm
machinery (Weidemann & Templeton, 1988). Wild and
weedy populations are not phenotypically distinct, and
genetic analyses reveal little or no di�erentiation
between these types of populations (Decker, 1988;
Cahoon, 1995). For consistency, we refer to free-living
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populations from nonagricultural areas as `wild',
although these plants are probably indistinguishable
from ``weedy'' populations. Both types are included in
the term FLCP (free-living C. pepo, as in Wilson, 1993).

FLCP is a climbing or trailing vine that grows
vigorously in open, fertile sites such as riverbanks, sand
bars, and cultivated ®elds (Wilson, 1993). The fruits
(gourds) are extremely bitter due to the presence of
cucurbitacins, which are common throughout the genus
Cucurbita (Tallamy & Krischik, 1989). The buoyant
fruits are carried by water, which disperses the seeds to
¯oodplains of the south-central USA, including areas in
Texas, Louisiana, Arkansas, Mississippi, Alabama,
Missouri, and southern Illinois (Wilson, 1993). Seeds
are also dispersed by humans and farm vehicles, and
densities of more than 100 plants m±2 have been
documented in some agricultural areas (Cowan & Smith,
1993).

FLCP populations are highly susceptible to common
cucurbit viruses, including ZYMV, WMV2, and CMV
(Provvidenti et al., 1978; Fuchs & Gonsalves, 1999;
H. Quemada, personal communication to LJS). It is
widely assumed that all FLCP populations are suscept-
ible to these viruses because wild germplasm has been
screened extensively as a possible source of resistance
genes for the crop. Failure to detect naturally occurring
resistance in free-living C. pepo prompted biotechnology
companies to use recombinant DNA techniques invol-
ving the insertion of viral coat proteins.

The wild plants used in this study were grown from
seeds obtained by Dr Bruce Smith (Smithsonian Insti-
tution) from four populations in a nonagricultural
region of the Bu�alo±White River drainage in Inde-
pendence, Izard, Searcy, and Woodru� Counties,
Arkansas (see Cowan & Smith, 1993, for site details;
seeds from di�erent populations were mixed). Fruit
samples from these collections are deposited in the
Archaeobiology Laboratory at the National Museum of
Natural History, USA (Table 1). Because these collec-
tions come from nonagricultural habitats, it is possible
that they possess fewer crop genes from past introgres-
sion than populations that occur in farmers' ®elds.

Pollinations

To obtain F1 hybrids, we germinated seeds from 19 wild
parents (about four per parent) and used 60 of these
plants as pollen recipients. To simplify crosses, wild
plants were used as the maternal parents in all crosses
because we judged that the most likely direction of gene
¯ow would be from the crop to wild relatives. This
decision was based on the fact that when free-living
plants cross with crops, most crop fruits and their seeds
are likely to be removed during harvest. To ensure that

there was an ample supply of crop pollen, about 60 crop
plants were used as pollen donors for wild±crop crosses.
Approximately 40 wild plants were used as pollen
donors for wild±wild crosses to obtain genetically
diverse seeds on the 60 maternal wild plants. Although
the same set of wild plants was used as pollen donors
and recipients, none of the crosses involved self-pollin-
ation between ¯owers on the same plant.

Pollinations were carried out by brushing clean
cotton-tipped swabs on the anthers of male ¯owers
and dabbing pollen onto the stigmas of recipient plants.
One male ¯ower was used for each female recipient. We
did not bag female ¯owers before or after pollinating
them, but we used extra female ¯owers as unpollinated
`controls' (N > 100). None of these ¯owers set fruit,
nor did we see any insect pollinators inside the green-
house, indicating that no inadvertent pollen contamin-
ation occurred. Seeds from 99 fruits were harvested
from the maternal plants for use in ®eld experiments.
Approximately equal numbers of wild and hybrid fruits
were taken from each maternal plant. Seeds from these
crosses were used in each year of the study (1996, 1997
and 1998).

1996 ®eld experiments

In 1996, we carried out ®eld experiments in Arkansas
and Ohio. We compared the survival and lifetime
fecundity of seedlings that were started in a greenhouse
and transplanted to ®eld sites when each plant had 2±3
true leaves. Due to a lack of su�cient F1 seeds, we were
not able to study seed survivorship, seed dormancy, or
seedling emergence, so these components of the plants'
life cycle were necessarily omitted.

One experimental ®eld was located at the University
of Arkansas Southwest Research and Extension Center,
Hope, Arkansas, near the sources of wild genotypes,
while the other was at the Ohio State University

Table 1 Collection sites and National Museum of Natural
History curatorial numbers for seeds used in this study.
Collections were made between 1990 and 1995 by
C. W. Cowan and B. D. Smith

Arkansas
county

River
system Curatorial numbers

Searcy Bu�alo AB 166, AB 183, AB 200, AB 204,
AB 217, AB 225, AB 234,
AB 239, AB 240, AB 262

Izard White AB 288, AB 289, AB 294, AB 318,
AB 321, AB 331

Independence White AB 361, AB 372
Woodru� White AB 382
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Agricultural Fields, where plants could be observed
more frequently. Both ®elds had a sandy loam soil. The
Arkansas ®eld, designated Field 1, was fallow for three
years prior to this experiment, while the Ohio ®eld had
been planted with oilseed rape in 1995. To overcome
possible seed dormancy, we placed F1 and wild seeds in
a drying oven overnight at 60 °C prior to germination.
Seeds were planted in ¯ats in the greenhouse. Rates of
germination were more than 95% for both cross types
and seedlings emerged synchronously within a period of
3±4 days. When seedlings had 2±3 true leaves, we
transplanted them to the ®eld sites, using the same
planting design in both locations. The seedlings were
planted in rows with one wild plant followed by two
hybrid plants, allowing 5 m between plants and 5 m
between rows to minimize competition between neigh-
bouring plants. This two-to-one ratio was used because
hybrid plants were expected to be more variable than
wild plants. Di�erences between cross types were large
at both sites, as well as in later experiments, so we
assume that this nonrandom planting design did not
introduce artifacts into the data.
At the Arkansas site, 120 wild±crop hybrids and 60

wild seedlings were transplanted on 17 June 1996. The
timing of planting corresponded to the time when free-
living populations were at a similar life stage (LJS,
personal observation). In Ohio, 100 wild±crop hybrids
and 50 wild plants were transplanted on 25 June 1996.
In both locations, the ®elds were disked and sprayed
with a pre-emergence herbicide for grasses (sethoxydim)
before planting. This treatment is similar to what occurs
in local agricultural ®elds. In Ohio, cucumber beetle
infestation became intense by late July. These beetles
sometimes carry a bacterial disease (bacterial wilt),
which causes rapid wilting and death. In order to
prevent an excessive loss of experimental plants, all
plants were sprayed once using a carbaryl insecticide
(Sevin) in a backpack sprayer. Ohio plants were watered
and weeded as needed throughout the season. In
contrast, the Arkansas plants received only minimal
care after planting.
Arkansas plants were observed three times during

the season (late June, immediately after planting;
mid-August; and mid-September, immediately before
harvest). We recorded whether the plants were living,
dead, or missing, and counted fruits so that we could
account for all fruits at the end of the season. Ohio
plants were observed throughout the ®eld season
(June±September). On a daily basis, we recorded any
mortality and the number of male and female ¯owers
per plant per day (¯owers open for just one day
before senescing). We also recorded the frequency of
virus symptoms twice during the season, once at peak
¯owering (23 August) and once near the end of the

¯owering period (18 September). Leaves were classi-
®ed as having virus symptoms if they had small,
deformed leaf blades and mottled coloration. We
recorded symptoms for plants on which >50% of the
leaves had symptoms (symptoms were not recorded in
Arkansas). Although we did not carry out enzyme-
linked immunosorbent assay (ELISA) tests to con®rm
viral infections, Fuchs & Gonsalves (1997) reported
that visual symptoms were excellent indicators of viral
infection in wild and hybrid C. pepo.
At the end of the season, we counted the number of

fruits per plant at each site. In addition, we haphazardly
sampled one fruit from each of 35 plants per cross type
in Ohio and each of 20 plants per cross type in
Arkansas, and calculated the average number of seeds
per fruit in these categories. To estimate the number of
seeds produced per plant, we multiplied the total
number of fruits per plant by the average number of
seeds per fruit in each category.

1997 and 1998 ®eld experiments

To examine year-to-year and site-to-site variation in
the relative performance of hybrid plants, we carried
out similar experiments in Arkansas during two sub-
sequent growing seasons. Field 1 was used in both
years, along with Field 2 (a previous pasture) in 1997,
and Field 3 (previously a soybean ®eld) in 1998.
Germinated seedlings were transplanted to the ®eld
sites in late June or early July, and the sites were
disked as in 1996. Field 1 had low fertility in 1996, so
we added 500 g of fertilizer (15N:15P:10K) in 1997 and
1998. Equal numbers of wild and hybrid plants were
randomly assigned to positions that were 5 m apart at
each site (see Table 2 for sample sizes). The ®elds were
divided into blocks in a randomized, complete block
design. These experiments also included backcrossed
plants that were part of a study which will be described
in a forthcoming paper.
In both 1997 and 1998, seedlings were monitored for

transplant shock and any that died during the ®rst week
were replaced with an extra seedling of the same cross
type (as in 1996, few seedlings died and there were no
subsequent di�erences in mortality between wild and
hybrid seedlings). Early in the season the ®elds were
disked between plants, and several times per summer we
hand-weeded the area around each plant. In 1997, we
attempted to create low and high competition levels by
weeding only half of Field 1 in a split-plot design.
However, local weed densities (mainly Sorghum
halepense, Cynodon dactylon, and Cyperus esculentum)
were so variable that this treatment had no e�ect on
®nal seed production or the statistical signi®cance of
cross types (ANOVAANOVA, not shown). Therefore, this factor
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was dropped and the results were analysed as a
randomized, complete block design.

In 1997, both ®elds were observed several times per
week during August and September to note survivor-
ship, ¯owering, and the occurrence of viral symptoms.
In 1998, these observations were made during July and
September (Field 3 was not observed for virus symp-
toms in 1998). We recorded the total number of fruits
per plant and counted the number of seeds per fruit in
random samples of one fruit from each of 20±40 plants
in each cross type. As above, we multiplied fruit number
by the average number of seeds per fruit in each cross
type to calculate the number of seeds per plant.

Statistical analyses

Survivorship, virus symptoms, and other categorical
data were analysed using G-tests. All other data were
analysed using SAS statistical software (SAS, 1990).
Ohio data on ¯ower and seed number were log-
transformed to correct for heteroscedasticity and
analysed using a t-test. For 1996 Arkansas data,
heteroscedasticity was more extreme so we used a
Wilcoxon rank-sum test to analyse di�erences in fruit
and seed number between cross types. The 1997 and
1998 data were analysed as randomized complete block
ANOVAANOVAs to test for e�ects of cross type and block on fruit
and seed number per plant. These data were log-
transformed to account for heteroscedasticity.

Results

Morphology of wild and hybrid plants

Wild plants displayed a viny habit with tendrils at each
node, whereas hybrids were typically somewhat bushy
with much shorter internodes and usually no tendrils
(more similar to crop plants). However, several hybrids
had wild characteristics such as increased internode
length, viny habit, and tendrils. Fruit colour, size, and
shape also varied between cross types, with hybrids
showing a wide range of variation, including both
parental fruit types, whereas wild fruits were consis-
tently small, round, and dark green or o�-white.

Survival, ¯owering and lifetime fecundity

In all experiments, the plants had high survivorship and
there were no signi®cant di�erences between cross types
(G-tests; see original and ®nal sample sizes in Table 2).
The ¯owering times of wild and hybrid plants over-
lapped extensively (Fig. 1 and LJS, personal observa-
tion). In Ohio, hybrids began producing male and
female ¯owers concurrently on 20 July 1996, whereas T
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wild plants began producing male ¯owers on 31 July and
female ¯owers two days later (Fig. 1). The number of
male and female ¯owers per plant also di�ered between
cross types, with wild plants having the most ¯owers of
each type (Fig. 1). Hybrids produced 41% as many male
¯owers as wild plants and 21% as many female ¯owers.
We were not able to quantify total male and female
¯ower production in the Arkansas experiments, but
similar di�erences between cross types were observed.
At all sites and years, hybrids produced signi®cantly

fewer seeds per plant than wild plants (Table 2).
Hybrids had far fewer fruits per plant (Table 2),
although their fruits were typically larger and contained
about 30±45% more seeds than wild plants (LJS,
unpublished data). From an evolutionary standpoint,
it is useful to calculate the relative fecundity of hybrids
as compared to wild plants in the same experiments
(average seed number of hybrids/average seed number
of wilds). This value ranged from 0.15 to 0.53 in the six
experiments, with a mean of 0.33 across experiments
(N� 6, Table 2). The average number of seeds per
hybrid ranged from a low of 453 (Field 1, 1998) to a high
of 4497 (Ohio, 1996), whereas the range for wild plants
was 1223 (Field 1, 1998) to 17 557 (Field 2, 1997).
Clearly, there was a great deal of variation among sites
and years in total seed production and the relative
fecundity of hybrid plants.

Putative viral symptoms

Although we did not con®rm viral infection by means of
ELISA tests, it is noteworthy that hybrids exhibited
signi®cantly lower frequencies of viral symptoms than
wild plants (Fig. 2). At least half of the hybrids inherited
transgenic resistance to both WMV2 and ZYMV, and it
seems likely that one or both of these viruses infected the
non-resistant experimental plants. At the Ohio site, two
nearby pumpkin ®elds had high natural frequencies of
WMV2 infection (100% by late August) but no appar-
ent infection by ZYMV or other cucurbit viruses (based
on ELISA analyses by Dr C. Welty, Ohio State
University, personal communication to LJS). Also, an
adjacent planting of zucchini squash had a high infec-
tion rate from an unknown virus in mid-August (LJS,
personal observation).
Virus symptoms became apparent in the Ohio experi-

ment about 45 d after planting (�10 August, prior to
peak ¯owering), and became quite severe on a number
of wild plants by the end of August. Fields in Arkansas
were observed in 1997 and 1998, and the frequency of
viral symptoms varied among years and sites (Fig. 2).
Symptoms were most common in Field 2 in 1997, where
nearly all of the wild plants exhibited symptoms. Unlike
the situation in Ohio, other cucurbit populations that

Fig. 1 Male (a) and female (b) ¯owering phenology, shown as
mean number of ¯owers per plant per day in Ohio in 1996.

Numbers of plants per cross type are shown in Table 2. Day 20
is July 15.

Fig. 2 Frequencies of wild and F1 hybrid plants at each ®eld

site with virus symptoms (leaves with small, deformed leaf
blades and mottled coloration) in September 1996±98. In 1996
only, we report proportions for plants with symptoms on more

than half of their leaves; presence/absence data were recorded
in 1997±98. For sample sizes, see Table 2. Di�erences between
cross types were signi®cant based on G-tests (1996, G� 62.0,

P < 0.0001; 1997 Field 1, G� 8.3, P < 0.005; 1997 Field 2,
G� 31.2, P < 0.0001; 1998 G� 9.6, P < 0.005). Bonferroni
corrections did not change the outcome of individual statistical
tests.
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might also serve as viral hosts were not observed near
our experimental populations (i.e. none were seen within
�5 km). At all sites, it is possible that the symptoms we
observed were due to viruses other than WMV2 and
ZYMV.

Although leaf area was greatly reduced in many of the
plants with viral symptoms, these plants continued to
produce large numbers of fruits. Potyviruses cannot be
passed to seeds (Provvidenti et al., 1978), but the
physiological e�ects on the parents may still cause
lower quality seeds to be produced. The seeds of infected
plants in our experiments appeared to have developed
normally.

Discussion

This study demonstrates that hybrids between trans-
genic yellow squash and wild C. pepo are vigorous
enough to contribute to the gene pool of subsequent
generations, thereby allowing neutral and bene®cial
crop genes to introgress into free-living populations.
Survival, male ¯ower production, ¯owering phenology,
and seed production are important components of
plant ®tness that can a�ect this process. In six ®eld
experiments, we found that survival of young plants
was uniformly high for both wild and hybrid plants. In
Ohio, hybrids produced 43% as many male ¯owers but
only 28% as many seeds per plant as wild plants,
suggesting that hybrids may perform better as pollen
donors than as maternal parents. In Arkansas, the
average fecundity of hybrid plants ranged from a low
of 15% relative to wild plants to a high of 53%
(Table 2). Flowering times of wild and hybrid plants
overlapped extensively, allowing hybrids to backcross
with neighbouring wild plants. Seed survivorship and
germination could also a�ect the ®tness of wild±crop
hybrids, but we were not able to examine these life
stages in the present study.

Year-to-year and site-to-site variation in the relative
fecundity of hybrids was striking (> threefold), and did
not seem to be correlated with the total fecundity of
either wild or hybrid plants (Table 2). Based on the seed
production of our experimental plants, Field 1 appeared
to be less fertile than the other sites. Also, both cross
types had higher fecundity in 1997 than in 1998, which
was relatively dry. Perhaps di�erences in weather, soil
conditions, herbivore densities, competition with local
weeds, disease, or other factors led to the genotype-by-
environment interactions that we observed. Viral symp-
toms were more common at some sites than others.
Fewer hybrids had symptoms than wild plants, but we
do not know whether viral infections actually occurred
in these plants or had any e�ect on lifetime seed
production.

It is important to note that the wild plants used in this
study originated from nonagricultural areas along the
Bu�alo and White River watersheds in Arkansas.
Although there is no evidence for genetic di�erentiation
between wild and weedy populations of C. pepo
(e.g. Decker, 1988; Cahoon, 1995), further studies may
reveal that such di�erences exist. If this is the case, the
relative fecundity of crop±weed hybrids may di�er from
the range of values reported here for crop±wild hybrids.
Weedy populations from agricultural areas might be
better adapted to agricultural conditions than wild
plants and may even have a history of introgression
with the crop. If so, di�erences between weedy popula-
tions and crop±weed hybrids could be smaller than the
di�erences we observed. It is also possible that our
results would be di�erent if wild±crop hybrids were
studied in native habitats, such as disturbed areas along
¯oodplains and river banks, rather than in tilled ®elds.
Given the vigour and variability of F1 wild±crop
hybrids, however, we assume that these genotypes
would be able to survive and reproduce successfully in
nonagricultural habitats also.

Our results suggest that the F1 generation does not
constitute a strong barrier to introgression, despite the
fact that some crop genes may be disadvantageous to
wild squash. Crop traits that may be deleterious include
less branching, shorter internodes, fewer ¯owers per
plant (especially fewer female ¯owers), and lower
concentrations of cucurbitacins. Hybrids may be more
susceptible to insect herbivores than wild plants, since
hybrids in the Ohio experiment were six times more
likely to exhibit leaf damage from spotted and striped
cucumber beetles (Diabrotica undecimpunctata and
Acalymma vitatum) than wild plants (LJS, unpublished
data). Despite the fact that hybrids possess certain
deleterious crop traits, recombination should allow non-
deleterious genes that are not tightly linked to these loci
to persist in backcrossed generations. In subsequent
studies, we found that the survival and fecundity of
wild±crop F1 hybrids with Freedom III transgenic virus-
resistance was similar to that of F1 plants that lacked
this transgene construct, which exhibited Mendelian
segregation ratios (Spencer and Snow, in prep.). There-
fore, we conclude that neutral or bene®cial transgenes
will spread from the crop to wild populations of C. pepo
within a few generations after they come into contact.

Our results are consistent with preliminary reports
from Drs M. Fuchs and D. Gonsalves at Cornell
University (Fuchs & Gonsalves, 1997, 1999). They
crossed an accession of wild C. pepo with the transgenic
parent (`CZW-3') of Freedom III squash, which has a
single copy of a transgene construct conferring resist-
ance to CMV, ZYMV, and WMV2. Field experiments
conducted in New York showed that the transgene
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construct was successfully transmitted from wild±crop
hybrids to neighbouring wild plants. In addition, trans-
genic F1 hybrids produced more seeds than nontrans-
genic hybrids when exposed to arti®cially induced viral
disease pressure. Next, it is important to document the
frequency and severity of viral infections within the
plant's natural range in the south-central USA, and to
ask whether transgenic resistance to cucurbit viruses
could a�ect the population dynamics of wild and weedy
populations. These types of empirical studies will aid in
determining whether novel, ®tness-related traits from
the crop could enhance the abundance and invasiveness
of a native weed.
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