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Diabrotica barberi Smith and Lawrence, the northern corn rootworm, and D. longicornis
(Say) are currently recognized as closely related chrysomelid species. Multiple studies of
morphological and genetic data have strongly supported that the two species are sister
taxa, and hybridization has been proposed to occur between them. The objectives of this
work were to: 1) assess life history parameters of the two taxa and their hybrids, 2)
document and compare mating behavior, pheromone response, and spermatophore
transfer of both taxa and their hybrids, and 3) examine genetic (amplified fragment length
polymorphism, AFLP), and morphological (color and head capsule width) data of both
taxa for evidence of introgression. Using lab-reared D. barberi and D. longicornis,
fitness parameters and potential for population growth were assessed. D. barberi and D.
longicornis were very similar for most life history traits but differed in longevity and
fecundity. Hybrids of a D. longicornis mother and D. barberi father were as viable as
individuals of either parental species, but hybrids of a D. barberi mother and D.
longicornis father demonstrated consistently poor fitness. Studies of pheromone
response, mating behavior, and spermatophore size demonstrated that F1 hybrids (D.
longicornis mother, D. barberi father) are reproductively fit and also that the two parental

taxa exhibit numerous small differences in reproduction. The genetic and morphological
data provided evidence for field introgression between D. barberi and D. longicornis.
Gene flow between the two taxa was relatively high, which prevents strong
differentiation of populations. In total, this research demonstrates that hybridization most
likely occurs under field conditions, and that the relative fitness of hybrids of a D.
longicornis mother and D. barberi father is comparable to the parental taxa. Currently
available data support a reevaluation of the current taxonomic status of the taxa.
Redesignation of the taxa as subspecies may be most appropriate. Greater work on the
ecology of both taxa is needed to assess the degree of ecological separation and how gene
flow occurs.
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CHAPTER 1:
LITERATURE REVIEW

Diabrotica
Diabrotica Chevrolat (Coleoptera: Chrysomelidae: Galerucinae) is a large genus
of 354 described species (Krysan and Smith 1987, Krysan 1999). Diabrotica is native to
the Americas, and the greatest number of species is found in the tropics (Smith 1966).
The genus Diabrotica is composed of three species groups: fucata, signifera, and
virgifera (Wilcox 1972). The signifera species group is composed of eleven species and
is only found in Central and South America (Wilcox 1972). The fucata species group
includes more than 300 species, mostly in tropical Central and South America. Members
of this group are multivoltine, have a reproductive adult diapause in winter in temperate
North America (Branson and Krysan 1981), and are polyphagous as larvae and adults,
using species from many plant families to complete larval development (Branson and
Krysan 1981, Krysan 1986, Cabrera Walsh 2003).
The virgifera species group within Diabrotica is composed of 35 species, found
primarily in North and Central America (Krysan and Smith 1987, Cabrera Walsh 2003).
In temperate North America, virgifera group species are univoltine and enter diapause as
eggs (Krysan 1986, Metcalf and Metcalf 1992, Krysan 1999). Larvae of virgifera group
species feed on the roots of grasses (Branson and Krysan 1981, Krysan 1999).
Multivoltinism occurs in some virgifera group species in Central and South America
(Branson and Krysan 1981, Krysan 1999, Clark et al. 2001a, Cabrera Walsh 2003). Five
virgifera group species occur in the United States, and two species, D. virgifera virgifera
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LeConte, the western corn rootworm, and D. barberi Smith and Lawrence, the northern
corn rootworm, are pests of corn, Zea mays L. (Krysan 1986).
D. barberi and D. longicornis (Say)
D. barberi and D. longicornis (Say) are both part of the virgifera species group
(Krysan 1986, Krysan and Smith 1987). D. longicornis was first collected on wild
cucurbits in what is now Colorado (Say 1824). In the 1870s, a rootworm species with a
similar description was documented feeding on corn in Illinois and Missouri, and was
also called D. longicornis (Webster 1913, Krysan et al. 1983). Based on range, color
differences for certain morphological structures, and economic impact, Smith and
Lawrence (1967) formally recognized two subspecies: D. longicornis longicornis, and D.
l. barberi, which was economically damaging in Midwest corn monocultures (Krysan et
al. 1983, Golden 1990). In 1983, Krysan et al. elevated D. l. barberi to species rank, i.e.,
D. barberi, basing the decision on color differences, habitat preferences, morphological
differences in embryogenesis at diapause, and differences in mating behavior and
pheromone response. These differences together demonstrated sexual isolation and
differential habitat preferences between the two species (Krysan et al. 1983).
The original range of D. barberi was most likely in the eastern United States,
where it adapted to corn as a host when corn was introduced (Branson and Krysan 1981,
Krysan et al. 1989). Its current range extends north and eastward from Nebraska and
Kansas to the east coast and north to Ontario and Quebec (Krysan et al. 1983, Krysan and
Smith 1987). D. barberi adults are 5 to 6 mm long and range in color from pale green to
yellow-green or tan, but individuals in the east, north, and northeast may have darker
antennae, tibiae, tarsi, and clypeus (Krysan et al. 1983, Golden 1990, Metcalf and
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Metcalf 1992). In the U.S. Corn Belt, initial D. barberi egg hatch occurs in late May to
early June in cornfields, and larvae then move through the soil until they encounter corn
roots (Metcalf and Metcalf 1992). In July, D. barberi adults emerge from the soil and
feed primarily on corn silk and pollen, although they will move into adjacent fields and
prairies for pollen after corn has finished pollinating (Branson and Krysan 1981, Krysan
and Smith 1987, Campbell and Meinke 2006). In some geographical areas, D. barberi
exhibits an extended diapause in approximately 5 to 40% of the overwintering eggs; these
eggs can survive for two to four years in the soil and have become a problem in cornsoybean, Glycine max (L.) Merr., crop rotations (Krysan et al. 1986a, Ostlie 1987, Levine
et al. 1992).
D. longicornis can be found from eastern Nebraska and Kansas west and south to
Arizona and Chihuahua, Mexico, but locally its range seems to be limited to areas near
moisture, such as river drainages (Krysan et al. 1983, Krysan and Smith 1987). It is often
associated with Cucurbita foetidissima HBK, the buffalo gourd, and other cucurbits, but
only when these plants are present in wetter areas (Krysan and Smith 1987, Golden
1990). Like D. barberi, D. longicornis is pale green to yellow green but has black tibiae,
tarsi, clypeus and antennae throughout most of its range (Krysan et al. 1983); in general,
D. longicornis has darker structures in the more southern and western parts of its range
(Krysan and Smith 1987). The larval hosts for D. longicornis are unknown, although
larvae can be reared to adulthood on corn roots and can actually develop faster than D.
barberi on corn (Golden and Meinke 1991). D. longicornis also exhibits an extended
diapause, possibly to compensate for climate fluctuations (Golden and Meinke 1991).
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D. barberi and D. longicornis are sympatric from eastern to central Nebraska and
Kansas to northeast Oklahoma; individuals from this area often cannot be identified to
species with certainty (Krysan et al. 1983, Golden 1990, Golden et al. 1992). Generally,
Diabrotica species can be distinguished by male genitalia and spermathecae, and eggs
can be differentiated by egg chorion sculpturing; however, none of these characteristics
can be used to separate D. barberi and D. longicornis (Krysan and Smith 1987). Both
species can be marked with piceous in the more distal parts of their ranges, but, in the
area of sympatry, the two species can be similarly colored (Krysan et al. 1983).
Morphological (Krysan et al. 1983), allozyme (Krysan et al. 1989), and molecular data
(Clark et al. 2001a) strongly support the idea that these two species are sister taxa.
Interbreeding between D. barberi and D. longicornis has not been documented in
the field, but the two species can successfully hybridize under lab conditions (McDonald
et al. 1982, Krysan et al. 1983, Golden 1990). However, not all crosses are equally
successful. Krysan et al. (1983) reported that only one of 19 females was successfully
inseminated in D. barberi female x D. longicornis crosses, but 13 of 20 females were
successfully inseminated when D. longicornis females were crossed with D. barberi
males. Hybridization under natural conditions may be rare because virgin females and
pheromones of each species primarily attract only conspecifics (Krysan et al. 1983).
Cuticular hydrocarbon profiles of some field-collected individuals suggest that the
two species may interbreed in the area of sympatry (Golden 1990). Allopatric
populations of D. barberi and D. longicornis have distinct cuticular hydrocarbon profiles
(Golden et al. 1992), but individuals from some sympatric populations exhibit
intermediate composite cuticular hydrocarbon scores, similar to lab-created hybrids
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(Golden 1990). Enzyme data from D. barberi populations collected in Nebraska and
Kansas were most different from other D. barberi populations, and the authors attributed
this difference to the range overlap with D. longicornis (McDonald et al. 1985).
Habitat and Host Preferences
Adult D. barberi and D. longicornis exhibit distinct habitat preferences. D.
barberi are generally present in cornfields throughout the growing season, but
particularly when corn is in the late vegetative to early reproductive growth stages. After
corn pollination, D. barberi adults are likely to feed outside of corn on pollen of various
plants (Cinereski and Chiang 1968, Branson and Krysan 1981, Naranjo and Sawyer 1988,
Lance et al. 1989, McKone et al. 2001, Campbell and Meinke 2006). Examples include
other crops, such as soybean, alfalfa, sunflower, and cucurbits (Shaw et al. 1978,
Siegfried and Mullin 1990), or noncrop flowers, including ragweed, smartweed, thistles,
clover, sunflower, foxtail, goldenrod, cucurbits, cotton, and rose (Forbes 1896, Webster
1913, Siegfried and Mullin 1990, McKone et al. 2001, Campbell and Meinke 2006).
Despite the high levels of feeding outside of corn, D. barberi exhibits a strong preference
for corn (Naranjo 1994). D. longicornis is often collected on Cucurbita foetidissima,
while D. barberi is commonly found in corn (Krysan et al. 1983). In the United States,
D. longicornis rarely feeds on corn, even if it is present; however, in Mexico, adult D.
longicornis has been reported to feed on corn when corn and squash are grown together
(Krysan et al. 1983, Krysan and Smith 1987). D. longicornis is often collected in areas
without corn production (Krysan et al. 1983). In eastern Kansas, collections from
Cucurbita foetidissima contained few D. barberi, while collections from corn contained
few D. longicornis (Krysan et al. 1983).
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Because larvae cannot move large distances in the soil (Krysan 1999), female
ovipositional site selection determines larval habitat. Although adult D. barberi exhibits
high levels of movement outside of corn, eggs are infrequently laid near plants other than
corn (Cinereski and Chiang 1968, Naranjo and Sawyer 1988, Siegfried and Mullin 1990,
Boetel et al. 1992, Krysan 1999). When D. barberi does lay eggs outside of cornfields, it
is usually in close proximity to corn or related to the presence of volunteer corn (Shaw et
al. 1978, Gustin 1984, Siegfried and Mullin 1990, Krysan 1999). Because D. longicornis
can survive to adulthood on corn roots in the lab (Golden and Meinke 1991), but field
emergence from corn has never been documented, it is assumed that D. longicornis
preferentially oviposits in noncorn habitats.
Because both D. barberi and D. longicornis are root feeders as larvae (Eben
1999), larval host ranges are difficult to establish. D. barberi, as a corn pest, utilizes corn
most often as a larval host (Metcalf and Metcalf 1992), but may complete some or all
development on many other weedy and native grass species (Branson and Ortman 1967,
Branson and Ortman 1971, Oyediran et al. 2004, Oyediran et al. 2008). Larval host range
for D. longicornis, other than corn, is unknown but most likely includes native prairie
grasses (Krysan and Smith 1987, Golden and Meinke 1991, Eben 1999).
Species Origins
D. barberi and D. longicornis most likely originated in the Great Plains region.
Krysan et al. (1983) proposed that speciation of D. barberi and D. longicornis had
occurred in their approximately current geographic ranges. The virgifera group species
in North America diapause as eggs, most likely due to common tropical origin, but both
D. barberi and D. longicornis require cold for egg diapause development, which suggests
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they have evolved in temperate regions (Krysan 1982). Webster (1913) reported that D.
barberi was probably present in Illinois and Missouri prior to widespread corn
monocultures. Branson and Krysan (1981) proposed that D. barberi originated in the
north central United States and has undergone range expansion with the spread of corn
monocultures.
Allozyme and molecular data from D. barberi have demonstrated relatively high
genetic variability, which supports the idea that D. barberi may have originated in the
Great Plains. Using seven polymorphic enzyme loci, McDonald et al. (1985) found that
heterozygosity in D. barberi varied significantly among loci within populations. In
northwestern Iowa, Krafsur et al. (1993) found 27 allozyme loci, of which 21 were
polymorphic. Using nuclear internal transcribed spacer (ITS1) and mitochondrial DNA,
Roehrdanz et al. (2003) found 3 ITS1 haplotypes (western, eastern, and combination) and
58 RFLP mitochondrial haplotypes across the Corn Belt. The western ITS1 haplotype
has five times more mitochondrial haplotypes and greater divergence than the eastern
group (Roehrdanz et al. 2003), which may lend support to the idea that D. barberi
underwent range expansion in the eastern United States.
McDonald et al. (1985) and Krafsur (1995) have suggested that D. barberi may
consist of partially isolated breeding populations because of limited flight ability.
Analysis of cuticular hydrocarbon profiles of D. longicornis populations throughout their
range suggests that D. longicornis may consist of isolated populations in the
southwestern United States but may experience substantial gene flow among Nebraska
populations (Golden 1990).
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Pheromone Response and Mating Behavior in Diabrotica
Research on mating behavior in Diabrotica has mostly focused on two pest
species, D. v. virgifera and D. undecimpunctata howardi Barber, the spotted cucumber
beetle or southern corn rootworm. Other than pheromone response, little is known
specifically about D. barberi and D. longicornis.
Males of all species in the virgifera group of Diabrotica are attracted to isomers
or analogs of 8-methyl-2-decyl propanoate (MDP) (Krysan et al. 1986b). The 2R,8R
isomer of MDP acts as a sex pheromone for D. barberi (Guss et al. 1985) and D. v.
virgifera (Guss et al. 1982, Guss et al. 1985, Dobson and Teal 1986). D. longicornis
males are attracted by the 2S,8R isomer of MDP and do not respond to the 2R,8R isomer
(Krysan et al. 1986b). The 2S,8R isomer of MDP may have some inhibitory effect on D.
barberi (Guss et al. 1985, Dobson and Teal 1987), while the 2R,8R isomer may have a
similar effect on D. longicornis (Krysan et al. 1986b). D. barberi males exhibit peaks in
pheromone response between 0830 and 1230 hours and between 2130 and 0330 hours on
nights when the air temperature is above 15 °C (Dobson and Teal 1986). D. v. virgifera
females produce pheromone by remaining stationary and exerting the terminal abdominal
segments; calling behavior can last for several hours (Hammack 1995). The greatest
proportion of D. v. virgifera females call between 0730 and 1230 hours (Hammack
1995). D. v. virgifera females are more receptive to mating after calling, in terms of
frequency and time to mating, than females that do not call (Hammack 1995).
Both D. v. virgifera and D. barberi exhibit protandry; males begin emerging 2
to10 days before females (Bergman and Turpin 1986, Quiring and Timmins 1990,
Spencer et al. 2009). D. v. virgifera males are not sexually mature until approximately
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five days post-emergence (Guss 1976, Quiring and Timmins 1990). In contrast, D. v.
virgifera females tend to call and mate soon after emergence (<24 hours) (Hammack
1995, Marquardt and Krupke 2009). Quiring and Timmins (1990) found that 96.6% of
females were teneral while in copula, while only 2.8% of mating males were teneral.
They also found that approximately two-thirds of teneral D. v. virgifera females
contained a spermatophore. D. v. virgifera males may mate multiple times, but females
generally only mate once (Hill 1975, Branson et al. 1977, Quiring and Timmins 1990).
In D. v. virgifera, mating behaviors begin very rapidly after the male detects the
female (Lew and Ball 1979, Spencer et al. 2009). The male mounts the female and holds
on to the lateral edges of female elytra with the prothoracic and mesothoracic legs (Lew
and Ball 1979). D. barberi and D. v. virgifera males have a hairless planar ovoid patch,
with an adjacent area of sticky discoid setae, on the first tarsomere of the prothoracic and
mesothoracic legs; this patch may aid males in holding position during mating (Hammack
and French 2007). Male courtship activity may proceed for 10-60 minutes with antennal
stroking on the female’s head and antennae, and the male ceases antennal stroking after
mating begins (Lew and Ball 1979). After mating begins, the male ceases antennal
tapping, and the female generally stands on all six legs (Lew and Ball 1979). The female
generally stands or walks during mating but occasionally uses her mesothoracic legs to
brush the male’s head, antennae, and prothoracic legs (Lew and Ball 1979). During
mating, males may perform stroking movements with their mesothoracic legs along the
lateral edges of the female’s elytra; males also place their metathoracic legs under the tip
of the female’s abdomen (Lew and Ball 1979). There are also occasional vigorous bouts
of side-to-side rocking with less vigorous forward and backward thrusts (Lew and Ball
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1979, Hammack and French 2007). D. v. virgifera females generally feed and groom
during the 3-4 hour copulation (Lew and Ball 1979, Sherwood and Levine 1993). D. v.
virgifera males initially transfer a milky-colored gelatinous substance, the
spermatophore, into the anterior lobe of the bursa, followed by a pinkish-brown secretion
into the posterior lobe (Lew and Ball 1980, Tallamy et al. 2003). The second secretion
may be the precursor of the spermatophore coat (Lew and Ball 1980). D. v. virgifera
males can transfer 3-24% of their body weight through the spermatophore (Quiring and
Timmins 1990).
In D. u. howardi, copulation does not automatically equate to spermatophore
transfer (Tallamy et al. 2000, Tallamy et al. 2002). Female D. u. howardi exhibit cryptic
female choice by contracting muscles in the vaginal duct to prevent male intromission
(Tallamy et al. 2002); at least 55% of all copulations in D. u. howardi result in male
rejection (Tallamy et al. 2000, Brodt et al. 2006). Female D. u. howardi choose males
based on the rate of antennal stroking or on the basis of some trait correlated with
antennal stroking (Tallamy et al. 2003). Males can engage in repeated bouts of antennal
stroking for seconds up to several hours, and, as in D. v. virgifera, the antennal tapping
ceases once males have achieved intromission (Tallamy et al. 2002, Tallamy et al. 2003).
The rate of antennal stroking is a heritable trait; male offspring of faster stroking males
also are more attractive to females (Tallamy et al. 2003). Female D. u. howardi can also
differentiate sympatric and allopatric males, most likely on the basis of scent (Brodt et al.
2006). Female choice in D. u. howardi is most likely a combination of female
receptivity, male population scent, male tenacity (in courting a female while she is trying
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to remove him), rapid antennal stroking, and possibly an individual male scent (Brodt et
al. 2006).
In D. v. virgifera females, the spermatophore begins to degenerate five days after
copulation and disappears completely seven days after copulation (Lew and Ball 1980).
Female D. v. virgifera generally do not oviposit until at least 6-10 days after copulation
(Hill 1975, Sherwood and Levine 1993), although this preovipositional period can be
significantly affected by adult diet (Elliott et al. 1990). Unmated females undergo only
limited ovarian development, but copulation seems to stimulate ovarian development
(Sherwood and Levine 1993).
Species Concept and Its Application to D. barberi and D. longicornis
The D. barberi-D. longicornis system poses some taxonomic difficulties, but the
unified species concept (de Queiroz 2007) provides a useful framework for thinking
about this system. Under the unified species concept, the only characteristic of a species
is a separately evolving metapopulation lineage. The unified species concept
incorporates other traditional species concepts, including reproductive isolation, mate
recognition, ecological isolation, diagnosibility, monophyly, genetic coalescence, and
genotypic clustering, as lines of evidence (secondary species properties) for recognizing
lineage separation (de Queiroz 2007). The presence of any of these secondary properties
is evidence for lineage separation; however, the absence of one of these properties does
not serve as evidence against lineage separation. However, if all of the secondary
properties are absent, then a group is most likely acting as a single species (de Queiroz
2007).
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D. barberi and D. longicornis do exhibit differences in many characteristics, but
some of the differences may not be strong enough to qualify them as separately evolving
metapopulation lineages. Although the two taxa have overlapping ranges, the area of
overlap is a relatively small portion of their overall ranges (Krysan et al. 1983, Krysan
and Smith 1987), which could limit introgression. Color does seem to be different
between the two taxa, but some individuals cannot be definitively identified to one taxa
(Krysan et al. 1983, Golden 1990). D. barberi and D. longicornis do appear to have
different ovipositional host preferences, and therefore different levels of economic impact
(Smith and Lawrence 1967, Krysan et al. 1983), although ovipositional host choices have
not been directly examined for D. longicornis. Adult host preferences seem to overlap
(Krysan et al. 1983, Golden 1990, Clark et al. 2001b), which could allow adults to come
into contact while mating. Krysan et al. (1983) defined habitat for D. barberi and D.
longicornis in terms of adult host plants, corn and buffalo gourd, respectively, which
most likely underestimates the breadth of the ecological niche for each species.
Pheromone preferences do seem to provide strong isolation between the species,
especially since males are somewhat inhibited by the presence of the heterospecific
stereoisomer (Guss et al. 1985, Krysan et al. 1986b, Dobson and Teal 1987). Mating
between the two taxa is unidirectional (Krysan et al. 1983), which does indicate some
reproductive isolation (Dobzhansky 1941, Mayr 1963). Collectively, the published
literature on D. barberi and D. longicornis suggest that the two taxa should be considered
separate species under the unified species concept (de Queiroz 2007), but many questions
remain about the potential for and frequency of hybridization in this system.
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Justification
Although D. barberi has been well-studied, many questions remain about its basic
biology, and little is known about the biology of D. longicornis. Additionally,
hybridization has been documented in the laboratory (McDonald et al. 1982, Krysan et al.
1983, Golden 1990), but hybrids have never been examined for viability and reproductive
competence relative to the parental species. Often, hybrids are sterile or their fitness is
poor, contributing to reproductive isolation and reinforcement (Dobzhansky 1941, Mayr
1963, Coyne and Orr 2004). However, even hybrids that have reduced fitness can
sometimes serve as a bridge for gene flow between species. Genetic variability from
introgression can sometimes be beneficial and maintained by natural selection (Stebbins
1959, Mayr 1963). In some cases, hybrids with low fitness can be more fit than their
parents in fluctuating or patchy environments (Grant and Grant 1993). Additionally,
hybrids can sometimes exhibit novel or unique phenotypes that enables exploitation of
new niches and eventually leads to the formation of hybrid lineages and new species
(Lewontin and Birch 1966, Rieseberg et al. 1999).
Although adults of the two taxa can be collected simultaneously at the same sites
(Krysan et al. 1983, Golden 1990, Clark et al. 2001b, L.J. Meinke, unpub.), the rate of
natural hybridization, if it occurs at all, is unknown. The way in which these two species
interact could be important in the evolution of either species in sympatry. If D. barberi
and D. longicornis do hybridize, hybridization could affect our taxonomic view of these
two putative species.
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Research Goals
The overall goal of this research was to examine if hybridization could be playing
a role in the evolution of D. barberi and D. longicornis in the area of sympatry and to
provide further evidence relative to determining species rank for the two taxa.
Specific objectives included:


Assess various life history parameters of D. barberi, D. longicornis, hybrids of the
two species, F2 hybrids, and backcrosses to evaluate the relative fitness of hybrids to
the parental species.



Compare mating behavior, pheromone response, and spermatophore transfer for D.
barberi, D. longicornis, and F1 hybrids to determine if differences exist among the
parental species in reproductive traits and to determine if F1 hybrids would have
reproductive fitness comparable to the parental species.



Examine genetic (amplified fragment length polymorphism, AFLP) data and
morphological (color and head capsule width) variation from field-collected D.
barberi and D. longicornis for evidence of introgression under natural conditions
between the two species.
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Figure 1. Range of D. barberi (red circles) and D. longicornis (blue circles).
Modified from Krysan et al. (1983).
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CHAPTER 2:
FITNESS OF DIABROTICA BARBERI SMITH AND LAWRENCE, DIABROTICA
LONGICORNIS (SAY), AND THEIR HYBRIDS (COLEOPTERA:
CHRYSOMELIDAE)

Introduction
Diabrotica barberi Smith and Lawrence, the northern corn rootworm, and D.
longicornis (Say) are closely related galerucine chrysomelid beetles. Morphological
(Krysan et al. 1983), allozyme (McDonald et al. 1982, Krysan et al. 1989), and molecular
data (Clark et al. 2001a) strongly support the idea that D. barberi and D. longicornis are
sister taxa. The range of D. barberi extends north and eastward from Nebraska and
Kansas to the east coast and north to Ontario and Quebec (Krysan et al. 1983, Krysan and
Smith 1987). D. longicornis can be found from eastern Nebraska and Kansas west and
south to Arizona and Chihuahua, Mexico, but its range seems to be limited to habitats
associated with river drainages (Krysan et al. 1983, Krysan and Smith 1987). D. barberi
and D. longicornis are sympatric in an area that includes the eastern half of Nebraska and
Kansas, plus northeastern Oklahoma (Krysan et al. 1983, Golden 1990, Golden et al.
1992).
D. longicornis was first collected on wild cucurbits in what is now Colorado (Say
1824). In the 1870s, a rootworm species with a similar description was documented
feeding on corn in Illinois and Missouri, and was also called D. longicornis (Webster
1913, Krysan et al. 1983). Based on range, color differences of certain morphological
structures, and economic impact, Smith and Lawrence (1967) named two subspecies, D.
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l. longicornis, the nominate subspecies, and D. longicornis barberi, the pest in Midwest
corn monocultures, and (Krysan et al. 1983, Golden 1990). In 1983, Krysan et al.
elevated D. l. barberi to species rank, i.e., D. barberi, basing the decision on differences
in color, habitat preferences, morphological development in embryogenesis at diapause,
mating behavior, and pheromone response (Golden 1990, Golden et al. 1992). D. barberi
and D. longicornis utilize different stereoisomers of the sex pheromone 8-methyl-2-decyl
propanoate (MDP), and the stereoisomer that attracts one species can have some
inhibitory effect on the other species (Guss et al. 1985, Krysan et al. 1986b, Dobson and
Teal 1987). The two species appear to have distinct larval and adult habitat preferences.
Adult D. barberi are commonly found in or near corn, while adult D. longicornis are
often collected on buffalo gourd, Cucurbita foetidissima HBK, a wild cucurbit, and are
rarely found in corn (Krysan et al. 1983, Krysan and Smith 1987). D. barberi, as a corn
pest, utilizes corn most often as a larval host (Metcalf and Metcalf 1992) and infrequently
lays eggs near plants other than corn (Cinereski and Chiang 1968, Naranjo and Sawyer
1988, Siegfried and Mullin 1990, Boetel et al. 1992, Krysan 1999). However, D. barberi
may complete some or all development on other weedy and native grass species (Branson
and Ortman 1967, Branson and Ortman 1971, Oyediran et al. 2004, Oyediran et al. 2008).
Larval host range for D. longicornis is unknown but most likely includes native prairie
grasses (Krysan and Smith 1987, Eben 1999); D. longicornis can be reared to adults on
corn under laboratory conditions (Golden and Meinke 1991).
Morphologically, D. barberi and D. longicornis are very similar. D. barberi
adults are 5 to 6 mm long and range in color from pale green to yellow-green or tan
(Krysan et al. 1983, Golden 1990, Metcalf and Metcalf 1992). Like D. barberi, D.
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longicornis is pale green to yellow green but has black tibiae, tarsi, clypeus and antennae
throughout most of its range (Krysan et al. 1983). Both species have darker antennae,
tibiae, tarsi, and clypeus in the more distal parts of their ranges (Krysan et al. 1983,
Krysan and Smith 1987, Golden 1990). D. barberi and D. longicornis cannot be
distinguished by male genitalia, female spermathecae, and egg chorion sculpturing,
characters which can be used to successfully distinguish most Diabrotica species (Krysan
and Smith 1987). Additionally, both species exhibit an extended egg diapause, in which
a proportion of the population can survive for two or more winters in the soil (Krysan et
al. 1986a, Ostlie 1987, Golden and Meinke 1991, Levine et al. 1992).
Although interbreeding between D. barberi and D. longicornis has never been
definitively documented in the field, the results of several studies suggest that they
hybridize in the area of sympatry. The two species can successfully hybridize in lab
situations, but unidirectional incompatibility occurs (Krysan et al. 1983, Golden 1990).
Krysan et al. (1983) reported that 19 D. barberi female x D. longicornis male crosses
resulted in only one successfully inseminated female, but, of twenty D. longicornis
female x D. barberi male crosses, thirteen females were successfully inseminated
(Krysan et al. 1983). Cuticular hydrocarbon profiles of some field-collected individuals
suggest that the two species may interbreed in the area of sympatry (Golden 1990).
Allopatric populations of D. barberi and D. longicornis have distinct cuticular
hydrocarbon profiles (Golden et al. 1992). When cuticular hydrocarbon profiles are used
as a diagnostic tool, individuals from some sympatric populations in Nebraska exhibit
cuticular hydrocarbon scores that are intermediate to the parental species, similar to labcreated hybrids (Golden 1990). Additionally, enzyme data from D. barberi populations
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in Nebraska and Kansas were most different from other D. barberi populations, and the
authors attributed this difference to the range overlap with D. longicornis (McDonald et
al. 1985).
Although D. barberi and D. longicornis can successfully hybridize under
laboratory conditions, no studies have been conducted to evaluate the fitness of those
hybrids. Often, hybrids are sterile or their fitness is poor, contributing to species
reinforcement and reproductive isolation (Mayr 1963, Coyne and Orr 2004). However,
hybrids that have reduced fitness can sometimes serve as a bridge for gene flow between
species. Genetic variability from introgression can be beneficial and maintained by
natural selection (Stebbins 1959, Mayr 1963). Hybrids may have many phenotypes and
varying levels of reproductive success (Stebbins 1959, Barton and Hewitt 1985). In some
cases, hybrids with low fitness can be more fit than their parents in fluctuating or patchy
environments (Grant and Grant 1993). Additionally, hybrids can sometimes exhibit
novel or unique phenotypes that enable exploitation of new niches and eventually lead to
the formation of hybrid lineages and new species (Lewontin and Birch 1966, Rieseberg et
al. 1999). Gaining further understanding of hybrid fitness in the D. barberi and D.
longicornis system will help to determine what effect, if any, hybridization could be
having under field conditions.
As an initial step of a larger project to understand the potential evolutionary role
of hybrids for D. barberi and D. longicornis, the objective of this study was to assess
various life history parameters of D. barberi, D. longicornis, F1 hybrids of the two
species, F2 hybrids, and backcrosses to evaluate the relative fitness of hybrids to the
parental species. Additionally, color-scoring (Krysan et al. 1983) was used to examine
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the morphological variation among D. barberi, D. longicornis, F1 hybrids, and their
offspring.

Materials and Methods
D. barberi, D. longicornis, and hybrid colonies
D. barberi (BAR) colonies originated from 2004 collections from first-year
cornfields near Pipestone (Pipestone Co.), Minnesota. D. longicornis (LON) colonies
originated from 2004 collections from buffalo gourd (Cucurbita foetidissima HBK) near
Lewellen (Garden Co.) and near Rock Creek State Recreation Area (Dundy Co.),
Nebraska. The collection sites for this study were located in geographic areas where
these species are allopatric (Krysan et al. 1983, Krysan and Smith 1987) to reduce the
potential of collecting from introgressed populations, but near enough to the area of
sympatry to provide a realistic picture of potential hybrid fitness within the sympatric
zone.
For all crosses, the female of the pair is listed first (Table 1). D. barberi colonies
originated from 26 females separated into seven oviposition boxes (see below for
description of oviposition boxes). D. longicornis colonies originated from six females.
Eggs from these females were obtained, and, in 2005, their offspring were mated to form
LONxBAR hybrids, BARxLON hybrids, and parental species lines. In 2006, offspring
from the 2005 crosses were mated to form nine types of crosses: both types of hybrid
crosses, both parental species, backcrosses to each parental species (using hybrids as the
male or female member of the pair: four crosses), and hybrid-hybrid crosses. With the
exception of the BARxLON hybrid cross, 12 randomly selected crosses of each cross
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type were subsampled to 35 eggs in 2007, and larvae from these eggs were reared to the
adult stage (Appendix 1). Because of low numbers of viable eggs from the BARxLON
crosses, all available eggs were used for rearing. Fitness parameters were measured for
individuals obtained in 2006 and 2007 (see below).
Rearing, mating, and oviposition
Individual females were placed in oviposition boxes with soil using a
modification of the box design by Boetel and Fuller (1997). The soil was moistened
(about 30% moisture by volume), autoclaved silty clay loam soil pre-sifted through a 60mesh sieve. The polystyrene oviposition boxes were 5.9 cm long by 5.9 cm wide by 7.8
cm high, which included a lid 0.64 cm deep (ShowMan box, Althor Products, Wilton,
CT). A food ―shelf‖ made of a rectangular piece of plastic (4.5 cm long by 2.5 cm wide
by 1.5 cm high) was attached to the lid with Velcro; beetles were provided with a fresh
slice of sweet corn ear every 4 to 5 d. Eggs were collected by washing the oviposition
soil through a 60-mesh sieve, then placed on milk filters (KenAG Animal Care Group,
product D110, Ashland, OH) and counted. Eggs were then placed in Petri dishes and
were partially covered with a light layer of 60-mesh soil. To facilitate diapause
development and termination, eggs were maintained at 22 ºC for 1 to 2 mo after
oviposition, 10 ºC for approximately 30 d, 5 ºC for approximately 6 mo, and 22 ºC until
eclosion of neonate larvae.
In 2005-2007, in a method modified from Golden and Meinke (1991), larvae were
reared individually in 5.9 cm3 plastic cups with lids (SYSCO, Houston, TX, and
Sweetheart (Solo), Highland Park, IL) and provided with corn seedlings to ensure
production of virgin adults. Over the course of its development, each larva received three
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fresh corn seedlings; corn had previously been shown to be a suitable larval host for both
species (Golden and Meinke 1991). Pioneer Brand 31G66 (Johnston, IA) corn, treated
with fungicides Fludioxonil and Mefenoxam, was used for rearing. Peat moss was used
as the soil medium to maintain corn growth and to provide an environment for pupae.
The peat moss was moistened with distilled water in large batches, with 30% moisture by
volume, prior to planting. The peat moss retained sufficient moisture for corn seedling
growth for two to three weeks, particularly in the covered rearing cups; therefore,
additional water was generally not necessary. Larvae were reared at room temperature,
approximately 22 °C. Each individual was not disturbed during the prepupal or pupal
stages to avoid causing damage to the developing pupa. Adult emergence was
determined when the beetle was found on the surface of the soil. Adult gender was
determined using the method of White (1977).
Beetles were maintained individually in fresh plastic cups on a diet of sweet corn
ears and lettuce, Lactuca sativa L., until mating. Randomly chosen male-female pairs
were held in the plastic cups for 7 to 10 d, and then the pairs were transferred to the
oviposition boxes as described above. Unmated beetles were maintained individually in
the plastic cups as described above until death.
Fitness Parameters
Various life history parameters were measured as an indication of the fitness of
individuals from each type of cross. The selected parameters were chosen because of
their potential effects on beetle development and population growth. Lifetime
oviposition was determined for BARxBAR, LONxLON, BARxLON, and LONxBAR in
2005 (eggs hatched 2006), and for the BARxBAR, LONxLON, BARxLON, LONxBAR,
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F1xBAR, BARxF1, F1xLON, LONxF1, and F1xF1 crosses in 2006 (eggs hatched 2007).
For each individual cross in both years, percentage larval eclosion, days to 50% hatch
(number of days at 22 °C), percentage adult emergence, and percentage males were
calculated. For individuals of each cross type, development time (larval eclosion to adult
emergence, in days) and adult longevity (adult emergence to death, in days) were also
recorded.
Head capsule widths were measured for 15 males and 15 females of each cross in
2006 and 2007, except for the BARxLON crosses, from which one female and four males
were measured. Head capsule widths have been previously used as an indication of
larval fitness (Branson et al. 1988), because larval conditions, i.e., diet (Ellsbury et al.
2005), temperature (Woodson and Jackson 1996), or crowding (Branson and Sutter 1985,
Naranjo 1991a), can influence adult head capsule width. Additionally, adult head capsule
width generally correlates with overall beetle size, and, unlike other structures, such as
the abdomen, the head width does not vary with beetle age. For this study, adult head
capsule widths were used as an additional measure of species differences. Head capsules
were measured at the widest point of the head, from the outside edge of each eye, with a
dissecting microscope (Wild Heerbrugg) with an ocular lens of 20X and an objective lens
at 12X. The eyepiece on the scope was calibrated using a 2 mm micrometer (Ward’s
Natural Science Establishment, Inc., Rochester, NY).
Population Growth
To examine the relative differences between the two species and among the
various crosses, the net reproductive rate (R0) and intrinsic rate of population increase
(rm) were calculated (Birch 1948). This method has been recently used as a way to
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compare fitness costs of resistance to Bacillus thuringiensis toxins in coleopteran and
lepidopteran insect populations (Alyokhin and Ferro 1999, Sayyed and Wright 2001,
Pereira 2006, Crespo 2008). In this study, calculation of the population growth
parameters allowed an assessment of the possibility that hybrids of D. barberi and D.
longicornis and backcrosses could successfully contribute to population growth.
R0, the net reproductive rate, is the lifetime number of female offspring produced
by each female of a cohort (Birch 1948). The net reproductive rate is calculated as:
R0 = Σ (l(x) m(x)), where l(x) is the survivorship at age class x and m(x) is the number of
adult females produced by females at age class x (Birch 1948). If R0 is greater than 1, the
population will increase exponentially; if R0 is less than 1, the population will decline to
extinction. If R0 is equal to 1, then the population size will be maintained, but it will not
increase (Gotelli 2001). The intrinsic rate of population increase, rm, is calculated using
iterations of the Euler equation: Σ ((e-rx) l(x) m(x)) = 1. The intrinsic rate of population
increase is expressed in terms of the number of females produced per female per unit of
time (Birch 1948, Gotelli 2001). Population growth rates were calculated using the SAS
program designed by Maia et al. (2000).
Parameters for the population growth analysis (female age, fertility, gender ratio,
and percentage survival) were obtained from the 2006-2007 life history data. Percentage
survival was treated in two different ways: as the survival to adult emergence and as the
survival to 10 d post-emergence. This second value was chosen to account for the
preovipositional period that occurs in many Diabrotica species (Hill 1975, Sherwood and
Levine 1993). The pre-ovipositional period in females has not been documented for D.
barberi or D. longicornis, but it is assumed to be similar.

32
Color-Scoring
Live lab-reared beetles were color-scored in 2006 and 2007 to examine the
variation of morphological characters between species and among crosses. The antennae,
clypeus, episternites, and scutellum were scored on a 1 to 4 scale, with 1 representing
yellow/testaceous, (1.5 representing dark yellow), 2 representing light brown, 3
representing dark brown, and 4 representing piceous (Krysan et al. 1983). The tibiae
were also scored on a 1 to 4 scale, with the following values representing the colors: 1:
entirely yellow/testaceous, 1.25: carina appearing dark only at certain angles, 1.5: carina
only piceous, 1.75: carina and areas adjacent to carina piceous, 2: carina piceous, with
piceousness or dark brown extending from the carina to, or nearly to, the lateral edge and
ends of the tibiae, 3: carina piceous and tibiae largely and entirely dark brown , and 4:
tibiae entirely piceous (Krysan et al. 1983). In 2006, 30 individuals (15 males and 15
females) each of D. barberi, D. longicornis, and D. longicornis x D. barberi hybrids were
color-scored. In 2007, 30 individuals (15 females and 15 males) each of BARxBAR,
F1xBAR, F1xF1, F1xLON, LONxBAR, LONxF1, LONxLON were color-scored. Only 26
individuals (15 females, 11 males) of the BARxF1 cross, and one female and four males
of the BARxLON cross were available to be scored. All color-scoring was conducted
under a Wild Heerbrugg dissecting microscope at 12X with a bright fiber optic light to
minimize differences due to lighting.
Data Analyses
Life history parameters were analyzed using analysis of variance (ANOVA) by
the PROC MIXED procedure in SAS version 9.1 ((2003) Cary, NC). Cross was used as
the treatment effect for fecundity, percentage larval eclosion, days to 50% hatch,
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percentage adult emergence, percentage males, and color scores. Development time,
longevity, and head capsule widths were analyzed as a factorial of cross and gender.
Percentage values (percentage hatch, percentage survival to adult, and percentage male)
were not transformed because arcsine square-root transformation did not improve
normality of the data.
Means were separated using Fisher’s protected LSD test. If interactions were
significant at the P < 0.10 level, treatment combination (cell) means were used to
summarize the results. If interactions were not significant at the 0.10 level, factor level
(marginal) means were used to summarize the results. In either case, a significance level
of P < 0.05 was used to separate means in all analyses. Means and standard errors for all
parameters, excluding the population growth parameters, were obtained from the
LSMEANS statement in the PROC MIXED procedure (Littell et al. 2006).
Population growth parameter estimates and their variances were obtained using
the SAS program LIFETABLE by Maia et al. (2000), which incorporates a jackknife
method for computing variances (Meyer et al. 1986). Additionally, LIFETABLE allows
comparison of population growth parameters through one-sided and two-sided t-tests and
their associated P values (Maia et al. 2000). The two-sided t-tests were used to separate
means for the population growth parameters obtained here.

Results
Life History Parameters
The mean number of eggs in both years from BARxBAR pairs averaged higher
than the mean obtained from LONxLON pairs, although this difference was only
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significant in 2005 (Table 2). The mean number of eggs resulting from the LONxBAR
crosses was not significantly different than means from either parental species in either
year (Table 2). In 2005, the number of eggs from the BARxLON crosses was very low,
although not significantly different than the LONxBAR or LONxLON crosses, given the
sample size. In 2006, there were significantly fewer eggs laid from the BARxLON
crosses than any other cross except BARxF1 (Table 2). Mean oviposition per female
from any cross with a LONxBAR parent (BARxF1, F1xBAR, F1xF1, F1xLON, LONxF1),
was not significantly different than the means from either parental species (Table 2).
Mean percentage eclosion ranged from 0 to 42% in 2006. The LONxBAR cross
had the highest percentage larval eclosion, although it was not significantly different
from the BARxBAR cross (Table 2). There was no larval eclosion from the BARxLON
cross, but this was not significantly different from either parental species (Table 2).
Mean percentage eclosion ranged between 5 and 57% in 2007. All crosses with a
LONxBAR parent had a mean percentage eclosion similar to the parental species (Table
2). Mean percentage eclosion for BARxLON was significantly less than all other crosses
(Table 2), and viable eggs were only obtained from two BARxLON pairs.
There was no significant difference among the three viable crosses in the number
of days to 50% eclosion in 2006. In 2007, the BARxBAR, BARxF1, and F1xBAR
crosses accumulated most days to 50% eclosion, although only the F1xBAR cross was
significantly different from all other crosses (Table 2).
In both years, survival to the adult stage was relatively high (58-79%) for most
crosses (Table 2). In 2007, survival to the adult stage for the BARxLON cross was low
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and significantly different than the other crosses (22.2% ± 11.6, Table 2), and all adults
resulted from one BARxLON pair.
In both years, the percentage of males was variable. In 2006, there were no
significant differences among crosses (Table 2). In 2007, the BARxLON cross was
75.7% male, and all other crosses ranged between 36.8% (F1xF1) and 59.9%
(BARxBAR) male (Table 2).
The interaction of gender and cross significantly affected development time
(neonate larva to adult emergence) in 2006 (F = 2.98, df: 2, 1410, P = 0.051). In general,
female BARxBAR had a longer mean development time than LONxBAR or LONxLON
females (Table 3). Male BARxBAR also had the longest mean development time among
males, while LONxBAR had the shortest mean development time (Table 3). LONxLON
females developed significantly faster than LONxLON males, but there were no other
differences by gender (Table 3). In 2007, only cross had a significant effect on
development time (F = 3.84, df: 8, 1219, P = 0.0002); the effect of gender was not
significant (F = 0.32, df: 8, 1219, P = 0.57). BARxLON individuals had a significantly
longer mean development time than individuals of all other crosses (Table 4).
Individual beetle longevity was significantly affected by mating status (mated or
virgin) in 2006, as well as gender and cross in both years (Tables 5, 6). In 2006, the
interaction of mating status, gender, and cross was significant (F = 4.44, df: 2, 1202, P =
0.012). Males that mated lived significantly longer (54.1 ± 2.03 d) than males that did
not mate (46.9 ± 1.91 d), while females that did not mate lived significantly longer (69.9
± 1.75 d) than females that mated (49.1 ± 1.99 d; this resulted in a significant interaction
of gender by mating status, F = 52.5, df: 1, 1202, P < 0.0001). Results from mated and
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virgin individuals are presented separately in Tables 5 and 6. For individuals that mated
in 2006, BARxBAR individuals lived a significantly shorter time than LONxBAR or
LONxLON individuals (Table 5). Mated males also lived significantly longer than mated
females (Table 5). For virgin individuals, the interaction of cross and gender was
significant in both years (2006: F = 9.48, df: 2, 819, P < 0.0001; 2007: F = 1.78, df: 8,
992, P = 0.077). In 2006, males always had shorter life spans than females, but the
strength of the effect varied among crosses, with BARxBAR significantly lower than the
other two crosses (Table 6). In 2007, males generally had shorter life spans than females
again, except the differences for BARxBAR and BARxLON crosses were not significant
(Table 6). LONxLON and LONxBAR, and their offspring, had the overall longest mean
longevity in 2006 and 2007 (Table 6). In general, virgin females lived significantly
longer than virgin males, which is the opposite trend seen among mated beetles (Tables 5,
6).
Both cross and gender had significant effects on beetle head capsule widths
(Tables 7, 8). In 2006, the interaction of cross and gender was significant (F = 2.38, df:
1, 294, P = 0.094). Mean female head capsule width was not significantly different
among crosses in 2006; however, the mean head capsule widths females were
significantly smaller than the respective male head capsule widths for LONxLON and
LONxBAR crosses (Table 7). Mean male head capsule widths were generally larger than
mean female head capsule widths, regardless of cross (Tables 7, 8). BARxLON
individuals had significantly smaller mean head capsule widths compared with all other
crosses; in contrast, LONxBAR had the largest mean head capsule widths, although this
difference was not always significant (Table 8).
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Population Growth
The net reproductive rate (R0) and the intrinsic rate of population increase (rm)
were highly variable among crosses (Table 9). The BARxLON cross had the lowest net
reproductive rates and intrinsic rates of population increase based on both survival to
emergence and survival to 10 d post-emergence (Table 9). All other crosses had net
reproductive rates and intrinsic rates of population increase that were comparable to, or
greater than, those of the parental species (Table 9).
Color Scores
Color scores for the antennae, clypeus, scutellum, episternites, and tibiae followed
similar patterns over the different structures (Table 10). LONxLON structures were the
most piceous, while BARxBAR structures were the lightest (Table 10), as expected.
Color patterns of individuals from backcrosses were more similar to the parental species
with which they were backcrossed (i.e., the color of individuals backcrossed with D.
longicornis were more similar to D. longicornis than to D. barberi) (Table 10). Hybrid
individuals (BARxLON, LONxBAR, F1xF1) generally had intermediate color scores for
the various structures (Table 10).

Discussion
Life History Traits
Because all of the beetles were reared and maintained under the same controlled
conditions, results from this study provided an opportunity to directly compare and
contrast key life history parameters of the closely related species D. longicornis and D.
barberi. Previous work by Golden and Meinke (1991) explored D. longicornis
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development time, longevity, and oviposition, but only directly compared development
time to that of D. barberi. In this study, reproductive potential, as measured by fecundity
and net reproductive rate was greater for D. barberi than D. longicornis (Tables 2, 9).
Fecundity here (Table 2) was comparable to that reported for both field-collected wildtype (Naranjo and Sawyer 1987, Boetel and Fuller 1997) or lab-reared D. barberi
(Dominique and Yule 1983), and lab-reared D. longicornis (Golden and Meinke 1991).
This study also supports the observation made by Golden and Meinke (1991) that D.
longicornis develops slightly faster than D. barberi on corn roots (Table 3).
Survival to the adult stage was similar among D. barberi and D. longicornis in
this study (Table 2). Woodson and Jackson (1996) reported that the mean head capsule
width of male D. barberi was larger than that of female D. barberi. This general trend
was also recorded for both D. barberi and D. longicornis in this study (Tables 7, 8).
Golden and Meinke (1991) suggested that D. longicornis might have a shorter lifespan
than D. barberi, but, in that study, D. longicornis and D. barberi were not compared
directly. Additionally, D. longicornis adults were fed zucchini squash, which contains
cucurbitacins that have been shown to reduce longevity in a related virgifera group
species D. virgifera virgifera LeConte (Ferguson et al. 1985). In this study, D.
longicornis individuals consistently lived longer than D. barberi when adults of both
were fed a diet of corn and lettuce (Tables 7 and 8).
The fitness of LONxBAR hybrids as estimated by key life history parameters
(reproduction, survival, gender ratio, development time, longevity, and head capsule
width) was similar to that of the parental species (Tables 2-8); LONxBAR individuals
sometimes exhibited positive heterosis relative to the parental species (Falconer and
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Mackay 1996, Rieseberg et al. 1999). Additionally, the viability of offspring from
LONxBAR F1 hybrids was consistently similar to that of hybrid parents and of the
backcrossed parent species (Tables 2-8). The LONxBAR cross and their offspring also
had similar, or greater, net reproductive rates (R0) and intrinsic rates of increase (rm)
compared to the parental species (Table 9). These results collectively indicate that
LONxBAR individuals and their offspring are likely to be viable if LONxBAR matings
occur in the field.
In contrast to the results from the LONxBAR hybrids, the fitness of BARxLON
F1 hybrids was poor (Tables 2, 8). Few eggs were laid by BARxLON pairs, BARxLON
eggs were rarely viable, survival of BARxLON individuals was lower than that of all
other crosses, and BARxLON individuals were smaller than all other crosses. The low
number of viable eggs is consistent with the results of Krysan et al. (1983), who reported
low rates of successful insemination in pairs of female D. barberi and male D.
longicornis. Even when BARxLON fitness parameters were not significantly different
from the other crosses, the cumulative low viability of BARxLON individuals would
have a strong biological effect. For example, the low survival to the adult stage (Table 2)
and the shortened lifespan (Table 6) would prevent most BARxLON individuals from
reproducing under lab or field conditions. Additional evidence demonstrating the low
reproductive potential of BARxLON individuals can be seen with the very low net
reproductive rates (R0) and intrinsic rates of increase (rm), compared with all other crosses
(Table 9). Because R0 for the BARxLON cross is slightly greater than 1, regardless of
how survival to reproductive age is calculated (Table 9), a BARxLON female should be
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able to replace herself under experimental conditions in the lab, but most likely would not
contribute significantly to population growth in the field (Gotelli 2001).
Differences in larval eclosion and net replacement rate need to be interpreted with
caution. D. barberi is known to exhibit extended egg diapause (Krysan et al. 1986, Ostlie
1987, Levine et al. 1992), and evidence for the extended diapause trait has also been
found for D. longicornis (Golden and Meinke 1991). The three D. barberi and D.
longicornis colonies used in this study all exhibited the extended diapause trait, and eggs
eclosed after three to four simulated winters (Appendix 2). Because of this, the net
reproductive rates and intrinsic rates of population increase reported here (Table 9)
represent a conservative estimate of a female’s lifetime production of offspring, as only a
proportion of a female’s offspring hatched after one winter (Table 9). The only exception
is the BARxLON cross, in which no eggs were viable after one hatching period. Despite
confounding by extended diapause, the conservative population growth rates for all
crosses but BARxLON suggest the potential for substantial population growth (Table 9).
In the future, larger initial colony sizes and sampling from a greater geographic
range could be used to examine variation in the life history parameters presented here.
Unfortunately, when D. longicornis collections were made for this study, much of
western Nebraska and the Southwest were experiencing prolonged drought (CPC 2009).
Population densities of D. longicornis were very low, compared to densities reported in
the literature (Krysan et al. 1983, Krysan and Smith 1987, Golden 1990). Additionally,
as initial research on hybrid fitness, obtaining beetles to document geographic variation
in parameters was outside the scope of this study. Since both species exhibit geographic
clines in color (Krysan et al. 1983, Krysan and Smith 1987) and since D. barberi can be
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highly diverse within populations (Krafsur et al. 1993), specific life history parameters of
parental species and hybrid crosses could vary for beetles from different geographic
areas.
The reason for the unidirectionality of hybridization between D. barberi and D.
longicornis is currently unknown, but multiple factors could be involved. Vertically
inherited endosymbionts, including Wolbachia, Cardinium, and others, can cause
cytoplasmic incompatibility, changes in gender ratios, feminization, and parthenogenesis
in arthropods (Hurst and Jiggins 2005, Weeks et al. 2005, Werren et al. 2008).
Wolbachia-induced cytoplasmic incompatibility has been implicated in reproductive
isolation and the accumulation of species differences between taxa (Werren 1998,
Bordenstein et al. 2001). Wolbachia has been found in other species of the virgifera
group of Diabrotica (Giordano and Jackson 1999, Clark et al. 2001b, Segura-León 2004).
Multiple strains of Wolbachia have been documented in the eastern part of the range of
D. barberi, and this appears to play a role in the separation of two mtDNA clades in
Illinois (Roehrdanz and Levine 2004, Roehrdanz and Levine 2007). However, to date,
Wolbachia has not been found in either D. longicornis or western populations of D.
barberi (Clark et al. 2001b, Roehrdanz and Levine 2004), but this may be due to limited
sampling (Hilgenboecker et al. 2008).
Unidirectional incompatibility could also be the result of differences in mating
behavior between D. barberi and D. longicornis. Mating behavior experiments
conducted by the author (Chapter 3) have revealed that, under lab conditions, D. barberi
males appear to be more aggressive and receptive to mating than D. longicornis males.
In addition, D. longicornis males generally had low rates of mating success with both
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conspecific and heterospecific females; D. longicornis males transferred significantly
larger spermatophores than D. barberi males did (Chapter 3). D. barberi and D.
longicornis have also been shown to have strong quantitative differences in cuticular
hydrocarbon profiles (Golden et al. 1992). Mate choice in many insects can be
influenced by species-specific cuticular hydrocarbons (Coyne et al. 1994, Ginzel and
Hanks 2003, Peterson et al. 2007), so cuticular hydrocarbons could play some role in
isolating Diabrotica species. Although there are no physical barriers to mating between
D. barberi and D. longicornis (Krysan and Smith 1987), the mating and cuticular
hydrocarbon data collectively suggest that small behavioral and physiological differences
may play a part in male or female receptivity to mating.
Unidirectional incompatibility between D. barberi and D. longicornis could also
result from some form of gametic isolation. Gametic isolation could occur by a failure of
males to successfully transfer sperm to a heterospecific female, by poor sperm storage in
the heterospecific female, or by inefficient use of transferred sperm (Price et al. 2001).
Gametic isolation could also occur because of poor gamete recognition, which would
cause a failure of fertilization (Vacquier 1998).
Color Clines
Geographic clines in color have been reported for D. barberi and D. longicornis;
both species have darker antennae, clypeus, scutellum, episternites, and tibiae in the distal
parts of their ranges, and they are most similar in color in the area of sympatry (Krysan et
al. 1983, Krysan and Smith 1987). The color scoring system used in this study clearly
distinguished the parental species; however, F1 hybrids, F2 hybrids, and backcrosses
exhibited a range of composite scores that were intermediate to the parental scores (Table
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10). The color variation obtained from introgression in this study, plus the geographic
clines, may help to explain why some individuals collected in the area of sympatry
cannot be assigned to one species with certainty (Krysan et al. 1983, Krysan and Smith
1987, Golden 1990, Golden et al. 1992, pers. obs.).
Physiological Effects of Mating
The significant effect of mating status (mated vs. virgin) on longevity suggests
that mating and the reproductive process significantly affected adult physiology in males
and females of each species. In this study, virgin females lived significantly longer than
females that mated, regardless of cross. Mating, particularly multiple mating, has
frequently been shown to reduce female longevity in insects (Maynard Smith 1958,
Fowler and Partridge 1989, Chapman et al. 1998, Wang et al. 2005). Female
reproductive costs generally fall into five categories: stress from courtship, especially for
species that mate multiple times (Fowler and Partridge 1989, Clutton-Brock and Langley
1997, Bateman et al. 2006); damage to the female from mating (Arnqvist et al. 2005,
Bateman et al. 2006); damage from accessory gland secretions if they enter the hemocoel
of the female (Gillott 2003); egg production and oviposition (Martin and Hoskin 2004);
and maternal care (Hunt et al. 2002). However, longevity costs for females often are
offset by gains in fecundity, particularly for polyandrous species (Chapman et al. 1998,
Arnqvist et al. 2005, Bateman et al. 2006). Female lifespan can also be increased if the
female gains nutrition from spermatophores or nuptial gifts (Arnqvist and Nilsson 2000).
Diabrotica females in the virgifera group generally only mate once (Hill 1975, Branson
et al. 1977, Bergman and Turpin 1986, Quiring and Timmins 1990), which reduces the
chances of damage as well as and the opportunities to gain from multiple matings.
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Therefore, longevity reduction in D. barberi and D. longicornis females most likely
would be caused by stress from courtship or egg production and oviposition.
In this study, mated males lived significantly longer than virgin males. This
pattern stands in contrast to other studies of insects, where male longevity is often
reduced as a result of energy put into multiple courtships, copulations, and
spermatophores (Partridge and Farquhar 1981, Clutton-Brock and Langley 1997, Kotiaho
and Simmons 2003, Wang et al. 2005, Ferkau and Fischer 2006). Although D. v.
virgifera males can mate with multiple females (Hill 1975, Branson et al. 1977, Quiring
and Timmins 1990), Diabrotica males in this study most likely only mated once, because
each male was paired with only one female. If the males had been allowed to mate with
multiple females, Diabrotica male longevity in this study might have been reduced.
Future Research
To further evaluate the potential of hybridization under field conditions, several
lines of additional information would be needed. The data in this study strongly suggest
that viable hybrids could occur in the area of sympatry. A parallel study examining
genetic variation in D. barberi and D. longicornis indicates that introgression between the
species is occurring in the field (Chapter 4). However, greater knowledge of the ecology
of both species would aid in determining the species status of D. barberi and D.
longicornis and the fate of hybrids. Under field conditions, habitat and host preferences
appear to be important barriers separating D. barberi and D. longicornis (Krysan et al.
1983); however, the strength of this barrier is difficult to judge without greater
knowledge of the larval and adult hosts of D. longicornis. The two species could be
isolated if females of each species have a strong fidelity to certain habitats for
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oviposition. Further information on habitat and ovipositional preferences of hybrid and
backcrossed individuals would be essential in determining the reproductive fitness and
long-term viability of the hybrids.
Habitat preference differences between the taxa could also be important in
determining whether males come into contact with heterospecific females for mating.
While males can mate multiple times, females generally only mate once (Hill 1975,
Quiring and Timmins 1990), which would limit the opportunity for females to be
receptive to any given male. D. barberi and D. longicornis beetles often occur in
neighboring habitats, and both species have been observed on the same adult hosts during
the time when mating could occur (Golden 1990; L.J. Meinke, pers. obs.). However,
females mate soon after emergence. D. barberi females emerging within a cornfield
would likely mate with D. barberi males, since many D. barberi males would be present
and D. longicornis has been observed rarely in corn. Therefore, mating between D.
barberi females and D. longicornis males in the field would be a rare event because of
habitat choice, regardless of the fitness of offspring. D. barberi males might have greater
opportunities to mate with D. longicornis females, because D. barberi males exhibit a
great deal of trivial movement between habitats (Cinereski and Chiang 1968, Naranjo
1991b, Campbell and Meinke 2006).
In addition, fitness attributes of wild populations from within the area of sympatry
should be examined to determine the relationship between fitness values in the lab versus
in the area of sympatry. It is possible that D. barberi and D. longicornis populations in
the area of sympatry exhibit greater divergence in life history characteristics than those in
allopatry.

46
Conclusions
This study adds to our knowledge about the basic biology of D. barberi and D.
longicornis and reinforces knowledge of the similarities and differences between the taxa.
Life history data confirm that the two taxa are very similar. Still, important parameters,
such as egg production per female and adult longevity, are significantly different between
taxa; these differences may differentially impact population growth of each in the field.
This work represents the first intensive study of these hybrids, and it has
confirmed the work of Krysan (1983) that hybridization is unidirectional. Hybrids from a
D. longicornis mother and D. barberi father do not incur significant fitness costs relative
to either parental species, which suggests that LONxBAR hybrids and their offspring
could be as vigorous and viable as the parental taxa under field conditions. The opposite
hybrid cross, BARxLON, could possibly survive in the field, but BARxLON hybrids
should be rare, because of potential habitat barriers among parents and poor fitness.
Future work could help to elucidate the frequency of natural hybridization and its relative
importance in the evolution of D. barberi and D. longicornis. Color in F1 hybrids and
their offspring is generally intermediate to the parental species, which helps explain why
hybrids in the field are difficult to identify.
While successful mating and potential gene flow between taxa are unidirectional,
data from this study and other sources (McDonald et al. 1985, Golden 1990, Chapter 4)
collectively suggest that natural hybridization in the area of sympatry is likely. The
fitness data presented here indicate that, if natural hybridization does occur, hybrids and
their offspring would be able to contribute to the population growth of either taxa.
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Table 1. Abbreviations for D. barberi, D. longicornis, and hybrid crosses. BAR is D.
barberi, LON is D. longicornis, and F1 is the LONxBAR hybrid cross.
Classification

Cross (♀x♂)

Parental Species

BARxBAR

D. barberi backcrosses

BARxF1
F1xBAR

F1 hybrids

BARxLON
LONxBAR

F2 hybrids
D. longicornis backcrosses

F1xF1
F1xLON
LONxF1

Parental Species

LONxLON

Table 2. Mean eggs, percentage eclosion (hatch), days to 50% hatch, percentage survival to the adult stage, and percentage
male for all crosses in 2005-2006 and 2006-2007.
Cross (♀x♂)
BARxBAR
BARxLON
LONxBAR
LONxLON

Na
12
7
8
11

P
F
df
BARxBAR
BARxF1
F1xBAR
BARxLON
LONxBAR
F1xF1
F1xLON
LONxF1
LONxLON

Nb

Eggs ± SE
271.1 ± 55.3
5.14 ± 72.3
204.8 ± 67.7
96.1 ± 57.7

a
b
ab
b

11
2
8
9

0.028
3.43
3, 34
47
17
21
21
26
32
20
20
30

238.9 ± 24.3
180.2 ± 40.4
318.1 ± 36.4
84.3 ± 36.4
224.3 ± 32.7
311.8 ± 29.5
241.2 ± 37.3
298.7 ± 37.3
182.9 ± 30.4

Percentage
Hatch ± SE
2005—2006
26.4 ± 5.67 ab
0.00 ± 13.3 b
42.1 ± 6.65 a
22.3 ± 6.27 b
0.037
3.28
3, 26

ab
bc
a
c
ab
a
ab
a
b

12
13
12
13
12
12
12
12
12

2006—2007
38.9 ± 5.43 b
54.5 ± 5.50 ab
53.1 ± 5.69 ab
4.65 ± 5.24
c
44.8 ± 5.45 ab
56.7 ± 6.28 a
41.3 ± 5.70 b
53.7 ± 5.86 ab
47.5 ± 5.25 ab

Days to 50%
hatch ± SE

Percentage survival
to adult ± SE

Percentage
Male ± SE

20.1 ± 1.08
18.0 ± 1.23
21.4 ± 1.15

58.2 ± 4.87
72.0 ± 5.52
66.0 ± 5.16

43.6 ± 6.36
62.3 ± 7.22
51.2 ± 6.76

0.15
2.05
2, 21

0.19
1.8
2, 21

0.18
1.88
2, 21

18.2 ± 0.68
17.3 ± 0.71
19.0 ± 0.72
15.9 ± 1.61
16.8 ± 0.71
16.9 ± 0.80
15.9 ± 0.74
15.6 ± 0.74
17.0 ± 0.65

ab
abc
a
c
bc
bc
c
c
bc

74.7 ± 4.92
76.4 ± 5.17
77.7 ± 5.19
22.2 ± 11.6
79.0 ± 5.14
66.0 ± 5.80
67.8 ± 5.38
74.3 ± 5.37
69.4 ± 4.72

a
a
a
b
a
a
a
a
a

59.9 ± 5.10
53.7 ± 5.37
52.0 ± 5.38
75.7 ± 17.1
48.2 ± 5.33
36.9 ± 6.03
43.7 ± 5.58
54.1 ± 5.58
39.4 ± 4.89

a
ab
abc
a
abcd
d
bcd
ab
cd

P
<0.0001
<0.0001
0.022
0.0025
0.015
F
4.62
8.88
2.40
3.30
2.56
df
8, 225
8, 99
8, 85
8, 85
8, 84
Means presented are least-squares means (LSMEANS). Means followed by the same lower-case letter within columns and year are not significantly different (P
> 0.05).
a
N represents the number of male-female pairs for each cross.
b
N is the number of male-female pairs for each cross. In 2005-2006, all eggs were used. In 2006-2007, eggs from 12 pairs were subsampled to 35 eggs for each
cross. Exceptions were: BARxF1, 13 pairs with a mean of 34.4 eggs each; LONxBAR, 12 pairs with a mean of 34.8 eggs each; and BARxLON, 13 pairs with a
mean of 40.5 eggs each. All BARxLON eggs were used because of low viability observed in 2005-2006.
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Table 3. Mean development time, in days, for males and females in 2006.

Cross (♀x♂)
BARxBAR
LONxBAR
LONxLON

N
321
261
134

Female
Development Time
35.4 ± 0.13 a A
33.7 ± 0.15
b A
34.0 ± 0.21
b B

N
279
303
118

Male
Development Time
35.2 ± 0.14
a
A
33.9 ± 0.14
c A
34.6 ± 0.22
b A

Means presented are least-squares means (LSMEANS). Interaction between cross and gender was
significant (F = 2.98, df: 2, 1410, P = 0.051). Within columns, means followed by the same lower-case
letter are not significantly different. Within rows, means followed by the same upper-case letter are not
significantly different (P > 0.05).
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Table 4. Mean development time, in days, for individuals in 2007.
Cross (♀x♂)
BARxBAR
BARxF1
F1xBAR
BARxLON
LONxBAR
F1xF1
F1xLON
LONxF1
LONxLON

N
110
179
183
13
154
169
126
174
141

Development Time
35.7 ± 0.22
b
35.6 ± 0.16
b
35.1 ± 0.16
a
38.6 ± 0.72
c
35.5 ± 0.18
ab
35.4 ± 0.17
ab
35.4 ± 0.20
ab
35.1 ± 0.17
a
35.5 ± 0.19
ab

Means presented are least-squares means (LSMEANS). Effect of cross was significant (F = 3.84, df: 8,
1219, P = 0.0002). Within columns, means followed by the same lower-case letter are not significantly
different (P > 0.05).
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Table 5. Mean longevity in days, by cross and gender, for mated individuals in
2006.
Cross (♀x♂)
BARxBAR
LONxBAR
LONxLON

Gender N
136
123
130
♂
♀

191
198

Days ± SE
42.5 ± 1.47 c
52.1 ± 1.54 b
60.2 ± 1.50 a
54.1 ± 1.24 a
49.1 ± 1.22 b

Means presented are least-squares means (LSMEANS). Effect of cross was significant (F = 35.47, df: 2,
383, P < 0.0001). Effect of gender was also significant (F = 8.26, df: 1, 383, P = 0.0043), but the
interaction of gender and cross was not significant (F = 1.16, df: 2, 383, P = 0.31). Within cross and
within gender comparisons, means followed by the same lower-case letter are not significantly different (P
> 0.05).
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Table 6. Mean longevity in days, by cross and gender, for virgin individuals in 2006
and 2007.
Cross (♀x♂)
BARxBAR
LONxBAR
LONxLON
BARxBAR
BARxF1
F1xBAR
BARxLON
LONxBAR
F1xF1
F1xLON
LONxF1
LONxLON

N

♀ Days ± SE

218 51.4 ± 2.16
160 83.5 ± 2.52
41 74.8 ± 4.98
20
68
68
3
54
82
55
60
50

49.8 ± 9.74
74.0 ± 5.28
77.2 ± 5.28
23.0 ± 25.2
83.5 ± 5.93
81.5 ± 4.81
87.0 ± 5.87
95.7 ± 5.62
95.7 ± 6.16

N
2006
b A
a A
a A
2007
c A
b A
b A
c A
ab A
ab A
ab A
a A
a A

♂ Days ± SE

174 37.0 ± 2.42
200 48.6 ± 2.25
32 55.0 ± 5.64
63
80
88
7
68
53
48
84
59

32.5 ± 5.49
29.6 ± 4.87
35.2 ± 4.64
15.1 ± 16.5
64.5 ± 5.28
48.5 ± 5.98
40.2 ± 6.29
50.6 ± 4.75
66.2 ± 5.67

b
a
a

B
B
B

e
e
de
e
ab
cd
cde
bc
a

A
B
B
A
B
B
B
B
B

Means presented are least-squares means (LSMEANS). Interaction between cross and gender was
significant both years (2006: F = 9.48, df: 2, 819, P < 0.0001; 2007: F = 1.78, df: 8, 992, P = 0.077).
Within columns, means followed by the same lower-case letter are not significantly different; within rows,
means followed by the same upper-case letter are not significantly different (P > 0.05).

61
Table 7. Mean head capsule widths (in mm), by cross and gender, for individuals in
2006.

Cross (♀x♂)
BARxBAR
LONxBAR
LONxLON

N
52
51
57

♀ Head capsule
width (mm) ± SE
1.1131 ± 0.0084 a
1.1354 ± 0.0080 a
1.1302 ± 0.0085 a

A
B
B

N
48
49
43

♂ Head capsule
width (mm)
1.1358 ± 0.0088 c
1.1926 ± 0.0093 a
1.1567 ± 0.0087 b

A
A
A

Means presented are least-squares means (LSMEANS). Interaction between cross and gender was
significant (F = 2.38, df: 1, 294, P = 0.094). Within columns, means followed by the same lower-case
letter are not significantly different; within rows, means followed by the same upper-case letter are not
significantly different (P > 0.05).
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Table 8. Mean head capsule widths (in mm), by cross and gender, for individuals in
2007.

Cross (♀x♂)
BARxBAR
BARxF1
F1xBAR
BARxLON
LONxBAR
F1xF1
F1xLON
LONxF1
LONxLON

Gender N
30
25
30
5
30
29
30
29
30
♀
♂

121
117

Head capsule width
(mm) ± SE
1.1526 ± 0.0084
1.1892 ± 0.0094
1.1760 ± 0.0084
1.0671 ± 0.0257
1.1990 ± 0.0084
1.1652 ± 0.0085
1.1889 ± 0.0084
1.1733 ± 0.0085
1.1716 ± 0.0084

c
ab
abc
d
a
bc
ab
bc
bc

1.1497 ± 0.0063 b
1.1798 ± 0.0046 a

Means presented are least-squares means (LSMEANS). Effect of cross was significant (F = 4.93, df: 8,
220, P < 0.0001); effect of gender was also significant (F = 14.71, df: 1, 220, P = 0.0002). The interaction
of cross and gender was not significant (F = 1.28, df: 8, 220, P = 0.25). Within cross and within gender
comparisons, means followed by the same lower-case letter are not significantly different (P > 0.05).

Table 9. Net reproductive rate (R0) and intrinsic rate of population increase per day (rm) for each cross, based on proportion
of individuals that survived to emergence and 10 d post-emergence.

Cross (♀x♂)
BARxBAR
BARxF1
F1xBAR
BARxLON
LONxBAR
F1xF1
F1xLON
LONxF1
LONxLON

R0 ± SE
71.4 ± 18.2
81.7 ± 22.8
101.1 ± 23.5
1.74 ± 1.70
84.9 ± 18.0
152.5 ± 26.6
105.9 ± 19.7
93.5 ± 26.1
52.8 ± 14.0

Emergence
rm ± SE
bc
0.12 ± 0.017 ab
bc
0.14 ± 0.011 a
abc
0.10 ± 0.008 bc
d
0.028 ± 0.021
e
bc
0.096 ± 0.010 bcd
a
0.12 ± 0.009 ab
ab
0.10 ± 0.005 bc
abc
0.078 ± 0.007
d
c
0.086 ± 0.006 cd

10 d post-emergence
R0 ± SE
rm ± SE
68.7 ± 17.8 bc
0.13 ± 0.017 ab
78.4 ± 23.3 bc
0.14 ± 0.011 a
94.9 ± 22.5 ab
0.099 ± 0.008 bc
1.34 ± 1.31
d
0.020 ± 0.021
e
79.7 ± 17.0 bc
0.095 ± 0.010 bcd
151.8 ± 26.4 a
0.12 ± 0.009 ab
93.4 ± 16.8 ab
0.097 ± 0.005 bc
89.0 ± 25.6 abc
0.077 ± 0.008
d
49.0 ± 12.9 c
0.085 ± 0.007 cd

Within columns, parameters followed by the same lower-case letter are not significantly different (P > 0.05).
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Table 10. Mean color scores from each cross for antennae, clypeus, scutellum,
episternites, and tibiae.

Cross (♀x♂)

Antennae

BARxBAR
LONxBAR
LONxLON

1.95 ± 0.08
2.23 ± 0.08
3.20 ± 0.08

P
F
df

BARxBAR
BARxF1
F1xBAR
BARxLON
LONxBAR
F1xF1
F1xLON
LONxF1
LONxLON

c
b
a

<0.0001
75.54
2, 87

1.93 ± 0.07
2.23 ± 0.08
2.17 ± 0.07
2.00 ± 0.17
2.20 ± 0.07
2.47 ± 0.07
2.87 ± 0.07
2.87 ± 0.07
3.07 ± 0.07

P
<0.0001
F
30.32
df
8, 232
Continued on next page.

Clypeus
2006
1.57 ± 0.07
c
1.87 ± 0.07 b
2.53 ± 0.07 a
<0.0001
54.15
2, 87

e
d
d
de
d
c
b
b
a

2007
1.63 ± 0.06
e
1.69 ± 0.07
de
1.82 ± 0.06
cd
1.80 ± 0.15
cde
1.93 ± 0.06
c
1.90 ± 0.06
c
2.17 ± 0.06 b
2.30 ± 0.06 b
2.83 ± 0.06 a
<0.0001
34.92
8, 232

Episternite
1

Scutellum
1.98 ± 0.09
2.43 ± 0.09
3.03 ± 0.09

c
b
a

<0.0001
36.08
2, 87

1.97 ± 0.07
2.29 ± 0.08
2.27 ± 0.07
2.10 ± 0.18
2.50 ± 0.07
2.55 ± 0.07
3.03 ± 0.07
3.00 ± 0.07
3.03 ± 0.07
<0.0001
26.62
8, 232

1.07 ± 0.03
1.30 ± 0.03
1.48 ± 0.03

c
b
a

<0.0001
39.14
2, 87

e
cd
d
de
bc
b
a
a
a

1.25 ± 0.04
1.40 ± 0.05
1.40 ± 0.04
1.50 ± 0.11
1.50 ± 0.04
1.52 ± 0.04
1.70 ± 0.04
1.70 ± 0.04
1.82 ± 0.04
<0.0001
15.90
8, 232

c
b
b
b
b
b
a
a
a
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Table 10. (cont’d).
Cross
(♀x♂)

Episternite
2

BARxBAR
LONxBAR
LONxLON

1.12 ± 0.04
1.47 ± 0.04
1.78 ± 0.04

P
F
df

BARxBAR
BARxF1
F1xBAR
BARxLON
LONxBAR
F1xF1
F1xLON
LONxF1
LONxLON

Episternite
3
c
b
a

1.93 ± 0.06
2.37 ± 0.06
2.93 ± 0.06

<0.0001
62.42
2, 87

1.25 ± 0.04
1.42 ± 0.05
1.40 ± 0.04
1.50 ± 0.11
1.43 ± 0.04
1.52 ± 0.04
1.57 ± 0.04
1.65 ± 0.04
1.78 ± 0.04

Tibiae
2006
c
b
a

<0.0001
67.67
2, 87

e
d
d
cd
d
cd
bc
b
a

2.10 ± 0.08
2.38 ± 0.08
2.27 ± 0.08
2.60 ± 0.19
2.77 ± 0.08
2.67 ± 0.08
3.03 ± 0.08
3.03 ± 0.08
3.17 ± 0.08

1.50 ± 0.08
2.48 ± 0.08
3.83 ± 0.08

Total
c
b
a

<0.0001
211.34
2, 87
2007
d
c
cd
bc
b
b
a
a
a

1.54 ± 0.09
1.70 ± 0.10
1.78 ± 0.09
1.50 ± 0.22
1.89 ± 0.09
2.05 ± 0.09
2.80 ± 0.09
2.95 ± 0.09
3.43 ± 0.09

11.12 ± 0.29
14.14 ± 0.29
18.80 ± 0.29

c
b
a

<0.0001
175.06
2, 87

e
de
de
de
cd
c
b
b
a

11.68 ± 0.28
13.13 ± 0.30
13.10 ± 0.28
13.00 ± 0.69
14.23 ± 0.28
14.68 ± 0.28
17.17 ± 0.28
17.47 ± 0.28
19.13 ± 0.28

e
d
d
cde
c
c
b
b
a

P
<0.0001
<0.0001
<0.0001
<0.0001
F
12.86
22.30
52.59
74.95
df
8, 232
8, 232
8, 232
8, 232
Means presented are least-squares means (LSMEANS). Sample size for all crosses in 2006 and 2007 is 30,
except for 26 BARxF1 and 5 BARxLON. Within columns, means followed by the same lower-case letter
are not significantly different (P > 0.05).
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CHAPTER 3:
PHEROMONE RESPONSE, MATING BEHAVIOR, AND SPERMATOPHORE
TRANSFER IN DIABROTICA BARBERI, DIABROTICA LONGICORNIS, AND
THEIR HYBRIDS (COLEOPTERA: CHRYSOMELIDAE)

Introduction
Diabrotica barberi Smith and Lawrence, the northern corn rootworm, and D.
longicornis (Say) are considered to be sister taxa, based on morphological (Krysan et al.
1983), allozyme (McDonald et al. 1982, Krysan et al. 1989), and molecular data (Clark et
al. 2001). The two species are very similar morphologically, with similar male genitalia,
female spermathecae, and egg chorion sculpturing (Krysan and Smith 1987). Both
species are typically pale green to yellow-green, but D. longicornis has darker tibiae,
tarsi, clypeus, and antennae throughout most of its range (Krysan et al. 1983; Chapter 2).
Despite their overall similarities, previous authors found enough evidence to
consider them separate species (Smith and Lawrence 1967, Krysan et al. 1983). The
ranges of the two species only overlap in eastern and central Nebraska and Kansas (Smith
and Lawrence 1967, Krysan et al. 1983, Golden 1990). Additionally, the two species
appear to differ in habitat preferences. Both larvae and adults of D. barberi are
commonly found in corn, Zea mays L., throughout the U.S. Corn Belt (Krysan et al.
1983, Krysan and Smith 1987). In contrast, D. longicornis rarely utilizes corn as an adult
or larval host (Krysan et al. 1983, Krysan and Smith 1987), even though under lab
conditions, D. longicornis has been reared from larva to adult on corn roots (Golden and
Meinke 1991).
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Interspecific cross and pheromone preference data were also used as two major
lines of evidence to separate D. barberi and D. longicornis as species (Krysan et al.
1983). Interspecific mating of a D. barberi female with a D. longicornis male resulted in
low rates of insemination, although interspecific crosses in the opposite direction were
more likely to result in insemination (Krysan et al. 1983). Under field conditions, males
of D. barberi and D. longicornis each have demonstrated a strong preference for their
own pheromone (Krysan et al. 1983). D. barberi and D. longicornis utilize different
stereoisomers of the sex pheromone 8-methyl-2-decyl propanoate (MDP), and the
stereoisomer that attracts one species can have some inhibitory effect on the other species
(Guss et al. 1985, Krysan et al. 1986b, Dobson and Teal 1987).
Although D. barberi and D. longicornis exhibit some behavioral differences,
results from several studies provide evidence that mating and pheromone preferences are
unlikely to fully isolate the two taxa in the field. D. longicornis females and D. barberi
males readily hybridize under lab conditions (Krysan et al. 1983, Golden 1990), but less
is known about whether hybrids are reproductively fit. Although allopatric populations
of D. barberi and D. longicornis have cuticular hydrocarbon profiles that are often
diagnostic (Golden et al. 1992), individuals from some sympatric populations in
Nebraska exhibit composite cuticular hydrocarbon scores that are intermediate to parental
scores, similar to lab-created hybrids (Golden 1990). Additionally, allozyme data of D.
barberi populations from Nebraska and Kansas have been shown to be substantially
different from other D. barberi populations, possibly because of gene flow with D.
longicornis (McDonald et al. 1985).
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Research on mating behavior within Diabrotica has mostly focused on two pest
species: D. virgifera virgifera LeConte, the western corn rootworm (Lew and Ball 1979,
Sherwood and Levine 1993, Hammack and French 2007, Kang and Krupke 2009), and D.
undecimpunctata howardi Barber, the spotted cucumber beetle or southern corn
rootworm (Tallamy et al. 2000, Tallamy et al. 2002, Tallamy et al. 2003, Brodt et al.
2006). D. v. virgifera, like D. barberi and D. longicornis, is a member of the virgifera
species group of Diabrotica (Krysan and Smith 1987), and D. u. howardi is a member of
the fucata species group (Branson and Krysan 1981, Krysan 1986). Both D. v. virgifera
and D. barberi exhibit protandry; males begin emerging 2-10 d before females (Bergman
and Turpin 1986, Quiring and Timmins 1990). D. v. virgifera males are not sexually
mature until approximately 5 d post-emergence (Guss 1976), but D. v. virgifera females
tend to call (release pheromone) and mate soon after emergence (<24 h) (Quiring and
Timmins 1990, Hammack 1995, Marquardt and Krupke 2009). D. v. virgifera males may
mate multiple times, but females generally only mate once (Hill 1975, Branson et al.
1977, Quiring and Timmins 1990).
Additional information is needed on mating behavior and general reproductive
fitness of D. barberi and D. longicornis to help clarify relationships between these
species in sympatric and allopatric areas. Therefore, the objectives of this study were to
compare pheromone response, mating behavior, and spermatophore transfer rates among
D. barberi, D. longicornis, and their hybrids to determine: 1) if differences exist among
the parental species in reproductive traits, and 2) if general reproductive fitness of F1
hybrids is comparable to the parental species.
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Materials and Methods
D. barberi, D. longicornis, and hybrid colonies
D. barberi colonies originated from 2004 collections from first-year cornfields
near Pipestone (Pipestone Co.), Minnesota. D. longicornis colonies originated from 2004
collections from buffalo gourd (Cucurbita foetidissima HBK) near Lewellen (Garden
Co.) and near Rock Creek State Recreation Area (Dundy Co.), Nebraska. The collection
sites for this study were located in geographic areas where these species are allopatric
(Krysan et al. 1983, Krysan and Smith 1987) to reduce the potential of collecting from
introgressed populations, but near enough to the area of sympatry to provide a realistic
picture of hybrid behavior within the sympatric zone.
Eggs from these females were obtained, and, in 2005 and 2006, their offspring
were mated to maintain parental lines and to form F1 hybrids of D. longicornis females
and D. barberi males. Individual females were placed in oviposition boxes with soil
using a modification of the box design by Boetel and Fuller (1997) (Chapter 2, Appendix
1). Females were maintained on a diet of sweet corn until death, and eggs were collected
by washing the oviposition soil through a 60-mesh sieve (Appendix 1). To facilitate
diapause development and termination, eggs were maintained at 22 ºC for 1 to 2 mo after
oviposition, 10 ºC for approximately 30 d, 5 ºC for approximately 6 mo, and 22 ºC until
eclosion of neonate larvae. In a method modified from Golden and Meinke (1991),
larvae were reared individually in 5.9 cm3 plastic cups with lids (SYSCO, Houston, TX,
and Sweetheart (Solo), Highland Park, IL) and corn seedlings (Appendix 1). Pioneer
Brand 31G66 (Johnston, IA) corn, treated with fungicides Fludioxonil and Mefenoxam,
was used for rearing. Peat moss was used as the soil medium to maintain corn growth
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and to provide an environment for pupae. All larvae were reared together at room
temperature, approximately 22 °C. Adult gender was determined using morphological
characters described by White (1977). Until used in experiments (see below), beetles
were maintained individually in fresh plastic cups on a diet of sweet corn ears and lettuce,
Lactuca sativa L.
Pheromone Response
Glass Y-tube olfactometers (Analytical Research Systems, Gainesville, FL) were
used to test pheromone response of D. barberi, D. longicornis, and F1 hybrids. Y-tube
olfactometers had an interior diameter of 15 mm. Ultra high pure air (Linweld, Lincoln,
NE) was pumped to each of four Y-tubes. Air flow through each arm of each Y-tube was
controlled by aluminum float flowmeters (Cole-Parmer, Vernon Hills, IL), and air flow
was set to 100 ml/min, based on the results of preliminary trials.
One male was used per Y-tube in each trial, and four trials were conducted at a
time. In each set of four trials, at least one male of D. barberi, D. longicornis, and the F1
hybrid (i.e., crosses) was tested. Male beetles were allowed to acclimate in cages sealed
at one end with Parafilm M (Pechiney Plastic Packaging, Menasha, WI) for at least 30
min, and these cages were then attached to the Y-tubes. Males were given 15 min to
move throughout the Y-tubes; in preliminary trials, males either made no choices or
moved randomly after 15 min. To be conservative in distinguishing male choices from
random movement, the choice point was set at a glass joint mid-way up each arm of the
―Y‖, approximately 4.5 cm from the separation of the arms of the ―Y‖. Males that did
not reach the choice point were termed unresponsive. Male pheromone response was
assessed between 0800 and 1900 h and at 22.5-27 °C. Males ranged in age from 8 to 50
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d post-emergence. Trials were conducted in August 2006, May 2007, October 2007, and
May 2008. After each trial, the Y-tubes and any tools were rinsed with distilled water
and then with acetone (Fisher Scientific, Pittsburgh, PA) and were allowed to dry before
being used again.
To test male pheromone response, pure, synthesized pheromone was obtained
from the USDA-ARS Center for Medical, Agricultural, and Veterinary Entomology
(CMAVE, Gainesville, FL) and the USDA-ARS North Central Agricultural Research
Laboratory (NCARL, Brookings, SD) for both D. barberi and D. longicornis. The 2R,8R
isomer of MDP acts as a sex pheromone for D. barberi (Guss et al. 1985, Dobson and
Teal 1986). D. longicornis males are attracted by the 2S,8R isomer of MDP and do not
respond to the 2R,8R isomer (Krysan et al. 1986). Two μg of pheromone (concentration
2 μg/μL) was inserted into a 1.5 x 1.5 cm section of cotton roll, which had previously
been washed with acetone to remove any scent and then dried prior to use. Each
pheromone cotton roll section was used for no more than four trials, because male
response to the pheromone diminished after four trials. In the first experiment, to ensure
that males would respond to their own pheromone, D. barberi and D. longicornis males
had the choice of a pure version of their species pheromone versus a cotton roll with no
pheromone. In the second experiment, D. barberi, F1 hybrid, and D. longicornis males
had a choice of D. barberi pheromone or D. longicornis pheromone. Different males
were used for each experiment, and males were never reused.
Courtship and Mating Behavior
To examine differences in mating behavior among the three crosses, D. barberi,
D. longicornis, and F1 hybrid males and females were paired in watch glasses (3 cm inner

72
diameter, 1.5 cm inner depth), covered with a plastic Petri dish. Each male was paired
with either one or two females. Beetles were provided with lettuce during observations,
and temperature was between 22 to 25 °C, with approximate 16:8 h light:dark. Courtship
and mating behavior was studied in April-May 2007 and September-October 2007.
Courtship and mating behavior were observed with a TableScope TS-230 videoscope
(Innovative Data Communications, Cincinnati, OH), and videos were captured and
recorded using Instant VideoMPX (ADS 2004, Cerritos, CA) and Ulead Video Studio
(Ulead 2004, Torrance, CA). Videos were later reviewed using Windows Media Player
(Microsoft 2006, Redmond, WA).
Several behaviors were documented from the videos. A mating attempt was
defined as the male mounting the female and rapidly antennating the head and antennae
of the female. If the male was already mounted on the female, later episodes of antennal
stroking were also included as mating attempts. Mating attempts were usually of short
duration and often included the male attempting to insert his aedeagus into the female.
Mate guarding duration and episodes were also recorded. When mating occurred, mating
duration and behaviors during mating were documented. If a male was paired with two
females, only the female that the male attempted to mate with or successfully mated was
included in data analyses. If a male was paired with two females and never attempted
mating, one of the two females was randomly chosen for data analyses. One D. barberi
male did mate with both females; in this case, the second mating was excluded from
analyses (see Results for more information). The transitions from one courtship behavior
to another were also recorded. Pairs were frozen after mating observations. Females
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used for mating behavior were later dissected and examined for the presence of a
spermatophore (see below).
For all beetles, age at the time of pairing (days post-emergence) as well as total
duration of pairing were documented. Males ranged from 3-43 d old, with a mean of
15.7 ± 0.75; females ranged from 2-36 d old, with a mean 9.39 ± 0.61. Additionally, all
head capsule widths were measured. Head capsule widths have been previously used as
an indication of larval fitness (Branson et al. 1988), because larval conditions, i.e., diet
(Ellsbury et al. 2005), temperature (Woodson and Jackson 1996), or crowding (Branson
and Sutter 1985, Naranjo 1991), can influence adult head capsule width. For this study,
adult head capsule widths were used as an index of overall beetle size and were used to
document the relative size of males and females. Head capsules were measured across
the widest part of the head (from the outside edge of each eye) on a dissecting
microscope (Wild Heerbrugg) with an ocular lens of 20X and an objective lens at 12X.
The eyepiece on the scope was calibrated using a 2 mm micrometer (Ward’s Natural
Science Establishment, Inc., Rochester, NY).
Spermatophore Transfer
To examine the possibility that D. barberi and D. longicornis males may mate at
different rates with heterospecific and conspecific females, individuals of both species
were paired for different lengths of time, ranging from 1 - 11 d, in the spring of 2008.
Pairs were frozen, and females were examined for the presence of a spermatophore.
Because of low sample sizes and low spermatophore transfer rates, beetles from the
mating behavior study were included. Females were dissected by removing the
metathoracic legs and making a longitudinal cut in the ventral portion of the abdomen.
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The ovipositor and bursa copulatrix could then be removed. The bursa of a mated female
was often much larger than that of a virgin female and was generally brown or orange in
color. The bursa of a virgin female was usually white or ivory colored; therefore, mated
and virgin females could be clearly distinguished.
Spermatophores in Diabrotica are composed of two parts: a solid structure
encapsulated in a membrane, and a gelatinous portion. D. v. virgifera males initially
transfer a milky-colored gelatinous substance, the spermatophore, into the anterior lobe
of the bursa, followed by a pinkish-brown secretion into the posterior lobe (Lew and Ball
1980, Tallamy et al. 2003). In mated females, the anterior portion of the spermatophore
could be separated and removed from the bursa. The spermatophores were elliptical
ovoids or spherical, and spermatophores were measured at the longest and widest points
to the nearest 0.042 mm, using a dissecting microscope (Wild Heerbrugg) with an ocular
lens of 20X and an objective lens at 12X. Volume of each elliptical spermatophore was
calculated as:
4  length  width 
Volume ellipsoid   


3  2  2 

2

Volume of each spherical spermatophore was calculated as:
4  diameter 
Volume sphere =  

3 
2


3

Male and female ages at the time of pairing were recorded, and beetle head capsule
widths were also measured as described above. Lastly, because of spermatophore size
differences (see Results), the aedeagi of 10 D. barberi males, 10 F1 hybrids, and nine D.
longicornis males were removed by dissection and measured as described in Krysan et al.
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(1980) to confirm that there were no significant morphological differences in male
genitalia between the two species (Krysan et al. 1983). For each cross, half of the
dissected males were virgin, and half had transferred a spermatophore.
Data Analyses
The effect of cross (D. barberi, D. longicornis, or F1 hybrid) on male pheromone
choice was analyzed with a chi-square analysis using PROC FREQ in SAS version 9.1
((2003) Cary, NC). Crosses were also compared using odds-ratios calculated in SAS
PROC LOGISTIC. The odds-ratio analysis was modeled on the choice of D. barberi
pheromone. The probability of male choice of each pheromone was predicted with a
logistic regression model using PROC LOGISTIC in SAS. The effects of temperature
and male age on choice and the effect of time of day on responsiveness were analyzed
with analysis of variance (ANOVA) using PROC MIXED in SAS.
Courtship and mating behaviors, beetle age, and head capsule widths were
analyzed using ANOVA by PROC MIXED in SAS. Specific courtship and mating
behaviors evaluated are described in the Results. For each behavior, the number of
episodes, the total duration of episodes, the duration of the behavior per episode, and the
frequency of episodes were analyzed.
For spermatophore transfer, male age, female age, male and female head capsule
widths, spermatophore volumes, and aedeagus measurements were analyzed using
ANOVA with PROC MIXED in SAS, with cross as the effect and incorporating beetle
gender as an effect where appropriate. The probability of spermatophore transfer was
predicted with a logistic regression model using PROC LOGISTIC in SAS and was based
on the proportion of males that transferred a spermatophore. The effect of male cross
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was also compared using odds-ratios calculated in SAS PROC LOGISTIC. The oddsratio analysis was modeled on successful spermatophore transfer.
For analysis of variance, means were separated using Fisher’s protected LSD test.
If interactions were significant at the P < 0.10 level, treatment combination (cell) means
were used to summarize the results. If interactions were not significant at the 0.10 level,
factor level (marginal) means were used to summarize the results. In either case, a
significance level of P < 0.05 was used to separate means in all analyses. Least-square
means and standard errors were obtained from the LSMEANS statement in the PROC
MIXED procedure (Littell et al. 2006).

Results
Pheromone Response
When D. barberi and D. longicornis males had the choice of their own
pheromone versus a control, 65.0% of males overall chose their own pheromone (Fig. 1).
There were no significant differences among crosses in the ratio of males that chose their
own pheromone versus those that did not (χ2 = 0.011, df: 1, P = 0.92, Fig. 1). Overall,
males did not respond 30-57% of the time.
When males had the choice of D. barberi or D. longicornis pheromone, overall
choice of pheromone differed only marginally by male cross (χ2 = 4.76, df: 2, P = 0.093,
Fig. 2). Results of regression analyses, modeled on the choice of D. barberi pheromone,
indicate that D. barberi males chose their own pheromone with a probability of 0.68,
while D. longicornis chose D. barberi pheromone with a probability of 0.48, and F1
hybrid males chose D. barberi pheromone with a probability of 0.37. From the odds-
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ratio analysis, male D. barberi were 2.3 times more likely than D. longicornis males and
3.6 times more likely than hybrid males to choose D. barberi pheromone. Hybrid males
were 0.63 times as likely than D. longicornis males to choose D. barberi pheromone;
therefore, hybrids were less likely than D. longicornis males to choose D. barberi
pheromone. Temperature and male age had no significant effect on choice (F = 1.64, df:
1, 74, P = 0.20; F = 0.00, df: 1, 74, P = 0.97, respectively). Overall, males were
responsive 48 – 57% of the time.
Although this study was not specifically designed to test diurnal patterns of
response, male response to both pheromones did vary by species throughout the day (χ2 =
15.81, df: 6, 122, P = 0.015). Only trials conducted from 1000-1800 h were included in
the analysis, because of low sample sizes at other times of day. D. barberi response to
either pheromone was highest between 1000-1400 h, while D. longicornis responsiveness
was greatest between 1200-1600 h (Table 1). F1 hybrid response to pheromone appeared
high between 1000-1400 h, but it was not significantly different from the response at
other times. D. longicornis had significantly lower response than D. barberi or F1
hybrids during 1000-1200 h but had significantly greater response than D. barberi during
1400-1600 h (Table 1).
Courtship and Mating Behavior
Courtship within D. barberi, D. longicornis, and F1 hybrids consisted of only a
few steps. Males demonstrated interest in a female by mounting her and rapidly
antennating the head and antennae of the female, the antennal stroking behavior
described by Tallamy et al. (2002, 2003). The antennal stroking sessions usually lasted
no more than 10-15 s, during which the male often tried to insert his aedeagus into the
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female. The female generally would not be receptive on the first mating attempt or even
subsequent mating attempts; she would either raise her abdomen or simply not respond.
Antennal stroking was most often followed by mate guarding for all male crosses. Very
few antennal stroking events resulted directly in mating (Fig. 3). If antennal stroking was
unsuccessful, a male would mate-guard the female for a variable length of time and often
try to mate on subsequent occasions (Fig. 3). Unsuccessful males also frequently
dismounted but would re-mount females and exhibit antennal stroking (Fig. 3). Some
males never attempted mating, and others only chased the female or bit her metathoracic
legs.
Overall analysis of variance results for the different mating behaviors are
presented in Table 2. Specific behaviors are discussed in greater detail below.
The total number of mating attempts (mounting and antennal stroking) was
significantly affected by the interaction of male cross and female cross (Table 2). D.
barberi males made significantly more courtship attempts with D. longicornis females
than with F1 hybrid or D. barberi females (Table 3). D. barberi males also made
significantly more courtship attempts with D. longicornis females than F1 hybrid or D.
longicornis males did (Table 3). Although not significant, D. barberi males also courted
more frequently than D. longicornis males (Table 4). D. longicornis females were
courted significantly more frequently than D. barberi females (Table 4).
The number of mate-guarding episodes differed by female cross (Tables 2, 5),
with D. longicornis females undergoing significantly more mate-guarding than other
females (Table 5). Total mate-guarding duration differed by female cross (Tables 2, 5),
but not by male cross or the interaction of male and female cross (Table 2). D.
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longicornis were guarded for significantly longer durations than D. barberi or F1 hybrids
(Table 5). Mate guarding duration per episode did not differ significantly by male or
female cross (Table 2). Mean mate guarding duration per episode was 47.3 ± 15.2 min
(range: 0-500 min, N = 39).
Females did not differ significantly by cross in terms of head capsule width
(mean: 1.117 ± 0.007173 mm, range 0.96-1.25 mm, N = 65), nor did males (mean:
1.140 ± 0.006152 mm, range 1.04-1.29 mm, N = 64). Consequently, the ratio of female
to male head capsule width was also not significant by pair (Table 2), suggesting that the
relative female to male beetle size was similar for all crosses. Beetle age at the time of
pairing did not vary significantly (Table 2): female mean: 9.76 ± 0.99 d, range 2-36 d (N
= 74), and male mean: 18.3 ± 1.08 d, range: 3-43 d (N = 75).
Once copulation began, the male would cease stroking the female with his
antennae, and the female would frequently rub the lateral edge of her elytra with her
meso- and metathoracic legs and then would groom them. This behavior was so frequent
that the female would spend much of the mating supported by only three or four legs at a
time. While in copula, males moved infrequently, although they would occasionally
groom their antennae or prothoracic legs or rub the edges of the female’s elytra with the
pro- or mesothoracic legs. Males maintained position by holding on to the female elytra
with the male’s pro- and mesothoracic legs and by wrapping his metathoracic legs
underneath the tip of the female’s abdomen. Females often engaged in a side-to-side
rocking behavior, in which the female would plant all six legs on the substrate and would
rock her entire body from one side to the other. Females also engaged in a ―bouncing‖
behavior, in which the female would plant four to six legs on the substrate and move her
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abdomen rapidly up and down vertical to the substrate. Males generally rarely moved
during the side-to-side rocking or bouncing, except for one D. barberi male with an F1
hybrid female, when the female rocked so violently that the male extended his wings to
maintain position on six occasions. Females also groomed their antennae, in addition to
the meso- and metathoracic legs, and fed very briefly (usually just one occurrence) in
approximately one-third of the copulations. In about one-half of observed copulations,
toward the end of mating, the male would slowly lose alignment with the female. After
mating, slightly less than half of the males would subsequently mate-guard the female,
with about half of those males exhibiting antennal stroking and extending the aedeagus.
Post-mating mate guarding was generally brief. Although D. longicornis males
transferred spermatophores (see below), no D. longicornis males (of 32 total males)
mated during video recording.
The time to mating, after pairing, was not significantly affected by the male or
female cross (Table 6, mean 94.1 ± 25.3 min, range 4.0-427.6 min, N = 19). Total
mating duration was not significantly affected by female or male cross, but a strong trend
supporting a male cross effect was observed (Table 6). Copulations with D. barberi
males lasted a mean of 79.1 ± 7.56 min (range: 46.3 - 115.9 min, N = 13), and
copulations with F1 hybrid males lasted a mean of 105.2 ± 9.69 min (range: 79.6 – 130.0
min, N = 5).
Male and female cross had no significant effect on the side-to-side rocking
behavior (Table 6). Side-to-side rocking started at 3.18 ± 1.13 min after initiation of
mating (range: 0 - 18.8 min, N = 19), and the mean number of side-to-side rocking
episodes was 51.7 ± 9.23 (range: 4 - 145 min, N = 18). The mean total duration of side-
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to-side rocking was 137.4 ± 23.9 s (range: 5 - 337 s, N = 18), and the mean duration per
side-to-side rocking episode was 2.64 ± 0.28 s (range: 1.25 - 6.10 s, N = 18). The mean
frequency of side-to-side rocking was an episode every 3.44 ± 1.03 min (range: 0.6819.8 min, N = 18).
The time to the start of the bouncing behavior was not significant by male or
female cross (Table 6), with an overall mean of 11.2 ± 2.25 min (range: 1.53-35.8 min,
N = 18). Female cross had a significant effect on the number of bouncing episodes, and
there was a trend supporting the effect of cross on the total duration of bouncing (Tables
6, 7). D. longicornis females exhibited the bouncing behavior significantly more than F1
hybrid or D. barberi females, and there was a trend that the total duration of bouncing
was longer for D. longicornis females than D. barberi females (Table 7). The duration of
each bouncing episode was not significantly affected by male or female cross (Table 6),
with a mean of 2.37 ± 0.52 s per episode (range: 1 – 10 s, N = 18). Males had a
significant effect on bouncing frequency, the number of bouncing episodes per minutes
of mating (Table 6). Females with D. barberi males engaged in bouncing behavior every
2.34 ± 6.45 min (range: 0.88 - 26.1 min, N = 13), while females with F1 hybrid males
engaged in bouncing behavior every 31.7 ± 8.27 min (range: 0.65 - 95.1 min, N = 5).
The number of minutes to the last side-to-side rocking or bouncing episode was
not significantly different among male or female crosses (Table 6), with an overall mean
of 56.5 ± 4.50 min (range: 29.3 - 100.0 min, N = 18). The proportion of total mating
with either of these behaviors also was not significantly different among male or female
crosses (Table 6), with a mean of 0.639 ± 0.0475 (range: 0.376-0.999, N = 18).
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Spermatophore Transfer
Male beetles used in this study did not significantly differ in head capsule width
(F = 0.52, df: 2, 117, P = 0.60) or in overall age (F = 1.57, df: 2, 118, P = 0.21). D.
barberi females used in this study had significantly smaller head capsule widths than F1
hybrid or D. longicornis females (F = 3.77, df: 2, 120, P = 0.026, Table 8), but the rate of
spermatophore transfer was not significantly affected by female head capsule width (F =
0.67, df: 5, 91, P = 0.65) or by the relative size of female to male head capsule widths (F
= 0.99, df: 12, 91, P = 0.46). Rates of spermatophore transfer were not significantly
affected by male age (F = 0.94, df: 24, 30, P = 0.56), female age (F = 0.78, df: 18, 30, P
= 0.70), or the interaction of male and female age (F = 0.79, df: 44, 30, P = 0.77).
Successful spermatophore transfer was not significantly affected by the duration
of pairing (χ2 = 6.06, df: 6, P = 0.42). The effect of male cross on the rate of
spermatophore transfer was significant (χ2 = 15.77, df: 2, P = 0.0004), but the effect of
the female cross was not (χ2 = 2.00, df: 2, P = 0.37), nor was the interaction of male and
female cross significant (χ2 = 4.20, df: 4, P = 0.38). D. longicornis male mating
frequency was low with all females (Table 9) and was significantly less than that
recorded with D. barberi males. D. barberi males were 2.9 times more likely than D.
longicornis males (χ2 = 8.42, df: 1, P = 0.0037) and 2.5 times more likely than hybrid
males to successfully transfer a spermatophore, although this difference was not
significant (χ2 = 1.78, df: 1, P = 0.18).
Spermatophore volume was also significantly different among the crosses (F =
17.84, df: 2, 33, P < 0.0001), with D. longicornis transferring larger spermatophores than
hybrids or D. barberi (Table 10). Despite differences in spermatophore size, the ratios of
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aedeagus width to length were very similar among crosses (F = 0.04, df: 2, 26, P = 0.96),
with a mean ratio of 0.896 ± 0.00975. Although the spermatophore volume ranges
overlap between the two parental species (Table 10), one D. barberi male had a much
larger spermatophore than all other D. barberi. Without that male, the maximum
spermatophore volume of D. barberi was 0.333 mm3, with a mean volume of 0.268 ±
0.0121 mm3 (N = 23). However, excluding the one male did not change the overall
pattern of spermatophore size differences among crosses. Regardless of cross,
spermatophore volume was not significantly affected by male head capsule width (F =
1.13, df: 3, 19, P = 0.36), but was significantly affected by male age (F = 2.74, df: 18,
19, P = 0.017), with a general trend that older males transferred larger spermatophores,
but the effect of male age was difficult to separate from the effect of species.
Male age significantly interacted with mating status and cross (F = 2.36, df: 2,
115, P = 0.099, Table 11). Males that did not mate were not significantly different in age
by cross. However, D. longicornis males that mated were significantly older than D.
barberi males that mated (Table 11). Male age did not interact significantly with mating
status within crosses for D. barberi and F1 hybrids (Table 11), although the effect of
mating status with D. longicornis was almost significant (t = -1.94, df: 115, P = 0.055).
Only one D. barberi male mated with two females. The first mating with a D.
barberi female occurred similarly to other copulations, with a duration of 68.6 min. The
male mounted an F1 hybrid female approximately 10 min after completing mating with
the D. barberi female and mated with the hybrid female almost immediately. With the
second female, mating continued for approximately 24 h. In the first mating, the D.
barberi male transferred a normal-sized spermatophore (0.301 mm3), but, in the second
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mating, he transferred two very small teardrop-shaped spermatophores with a combined
volume of 0.0985 mm3.

Discussion
Pheromone Response
As found in Krysan et al. (1983), D. barberi males in general did prefer their own
pheromone. In contrast, however, D. longicornis males did not show a strong preference
for heterospecific or conspecific pheromone (Fig. 2). F1 hybrid males actually preferred
D. longicornis pheromone to D. barberi pheromone (Fig. 2). This may suggest that male
D. longicornis preferences for their own pheromone are not as strong as Krysan et al.
(1983) observed in eastern Kansas. However, this study does support the inference that
D. barberi males prefer D. barberi pheromone in both allopatry and sympatry (Krysan et
al. 1983). A potential constraint could be that, in the close proximity of the Y-tubes,
males have difficulty distinguishing between the two stereoisomers or may be somewhat
inhibited by the presence of both stereoisomers (Guss et al. 1985, Krysan et al. 1986,
Dobson and Teal 1987).
In general, males exhibited similar response rates to pheromone, whether the
pheromone was heterospecific or conspecific (Fig. 2). Males do seem to exhibit
differential response to pheromone in general at different times of day, which suggests
that D. barberi and D. longicornis males have some ecologically relevant behavioral
differences, although these differences probably are not strong enough to cause complete
temporal isolation between the two species. Overall, pheromone response rates and the
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timing of response were similar to what has been reported for D. barberi (Dobson and
Teal 1986, Dobson and Teal 1987).
Courtship Behavior
Courtship behaviors were not significantly affected by male or female age and
size (Table 2); therefore, any differences in these behaviors could be due to inherent
differences among crosses. Many of the courtship behaviors (mating attempts, frequency
of mating attempts, mate guarding episodes, and total mate-guarding duration) were
significantly affected by the female cross or by the interaction of the female cross with
the male cross, which was unexpected, because males appear to initiate courtship and
mating. Male courtship, then, must be somehow mediated by the male’s perception of
the female. Female D. u. howardi have been shown to discriminate males from different
populations on the basis of scent (Brodt et al. 2006); males of D. barberi, F1 hybrid, and
D. longicornis may be able to do the same. Cuticular hydrocarbons may also play a role,
because D. barberi and D. longicornis beetles have distinct cuticular hydrocarbon
profiles (Golden et al. 1992). Cuticular hydrocarbons have been implicated in mate
choice in a variety of insect species (Coyne et al. 1994, Ginzel and Hanks 2003, Peterson
et al. 2007). Variation in male readiness for and female receptivity to mating may also
mediate courtship. In D. v. virgifera, even when females had recently called (released
pheromone) and were most receptive to mating, only 80% of males courted the females
(Hammack 1995).
Another possibility for the differences in courtship behavior by the female cross
(Tables 3 - 5) is that perhaps D. longicornis females are less receptive to mating in
general. Some of the differences in number of mating attempts, mate guarding, etc., were
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caused by D. barberi and F1 hybrid females mating more readily than D. longicornis
females and therefore experiencing less courtship. D. longicornis females in general
showed similar receptivity to mating over the long term (Table 9), and mating with D.
longicornis females might have occurred because of male persistence over time (Tables 3
- 5). Female size could also be important for male courtship; D. v. virgifera males prefer
larger females to smaller ones (Kang and Krupke 2009). D. longicornis females were
larger than D. barberi, based on head capsule width (Table 8); the larger size of D.
longicornis females may have resulted in their being courted more frequently.
Similar courtship behaviors, particularly antennal stroking, have been reported in
D. v. virgifera and D. u. howardi. D. v. virgifera males may court females for up to 1 h
(Lew and Ball 1979), and D. u. howardi males can engage in repeated, lengthy bouts of
antennal stroking for seconds up to several hours (Tallamy et al. 2002, Tallamy et al.
2003). Female D. u. howardi choose males based on the rate of antennal stroking or on
the basis of some trait correlated with antennal stroking (Tallamy et al. 2003). As in D. v.
virgifera (Lew and Ball 1979) and D. u. howardi (Tallamy et al. 2002, Tallamy et al.
2003), antennal tapping in this study ceased once males achieved intromission. Female
rejection of males has been reported as only 5% in D. v. virgifera (Lew and Ball 1979)
and at least 55% in D. u. howardi (Tallamy et al. 2000, Brodt et al. 2006). In D. v.
virgifera (Lew and Ball 1979), D. barberi, and D. longicornis (this study), females
demonstrated a lack of receptivity by moving away from the male, not responding,
pointing the abdomen toward the substrate, or trying to dislodge the male. In D. u.
howardi, rejected males appear to mate, but females can contract muscles in the bursa
copulatrix to keep males from achieving intromission (Tallamy et al. 2002).
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Mating Behavior
Behaviors during mating did not vary significantly among crosses, except for
bouncing. The bouncing behavior has not been previously reported for D. v. virgifera.
Lew and Ball (1979) describe the side-to-side rocking behavior being ―interrupted by less
vigorous forward and backward thrusts‖. This may not be equivalent to the bouncing
behavior described here because bouncing was always a rapid female abdominal
movement vertical to the substrate. A behavior similar to the forward and backward
thrusts described by Lew and Ball (1979) was not observed in this study. The side-toside rocking behavior described here seems similar to that described for D. v. virgifera
(Lew and Ball 1979, Hammack and French 2007). The function of the side-to-side
rocking or the bouncing behavior is unknown, although there does seem to be individual
variation in these behaviors (Table 7). Considering that the males moved very little
during mating, both behaviors seem to be controlled by the female (Hammack and French
2007), in contrast to the suggestion by Lew and Ball (1979) that the side-to-side rocking
was a male activity. Similar to D. v. virgifera females (Lew and Ball 1979, Sherwood
and Levine 1993), D. barberi and D. longicornis females groomed frequently and
occasionally fed while in copula.
Mating duration with D. barberi differed markedly from the durations reported
for D. v. virgifera. Mating by D. barberi and F1 hybrids in this study was typically
complete in 1 to 2 h, whereas mating duration in D. v. virgifera has been reported to last
2 to 4 h (Lew and Ball 1980, Sherwood and Levine 1993, Spencer et al. 2009). However,
mating may be more costly for D. barberi than D. v. virgifera. Male D. v. virgifera can
mate twice in one day and transfer spermatophores of similar size (Quiring and Timmins
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1990, Spencer et al. 2009). In this study, only one male mated twice in a 24 h period, and
the spermatophores transferred in the second mating were abnormal and small, compared
to all other matings observed here. Additionally, many D. barberi and F1 hybrid males
lost their alignment with the female at the end of mating and appeared unhealthy
immediately after mating, with bent antennae and difficulty in standing. These males
recovered within a few hours but may not have been able to mate a second time in the
same day. Similarly, male D. u. howardi require at least two days after mating to
produce a normal-sized spermatophore (Tallamy et al. 2000). Lastly, post-mating mateguarding may be common, at least in the virgifera group. D. barberi and F1 hybrid males
both engaged in mate-guarding and attempted to re-mate after mating, and similar
behavior has been reported for D. v. virgifera males (Hill 1975, Lew and Ball 1979).
Spermatophore Transfer
Rates of spermatophore transfer varied significantly by male cross (Table 9). F1
hybrid males and females were relatively successful at mating, at least compared to D.
longicornis males (Table 9). Spermatophore transfer rates with D. barberi males are
similar to insemination rates reported for D. barberi pairs (>74%) (Krysan and Guss
1978, Krysan et al. 1983). However, spermatophore transfer rates for D. longicornis
males were uniformly low, regardless of the female cross (Table 9). Insemination rates
have been previously reported to be 85% with D. longicornis paired for 24 h (Krysan et
al. 1983). It is unclear why mating rates would be so different between studies.
Laboratory conditions in this study may not have been conducive to mating, although D.
longicornis males must have mated at relatively high rates to produce healthy eggs in a
related fitness experiment (Chapter 2). D. longicornis males may need to be a little older
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to develop a spermatophore successfully (Table 11), or perhaps D. longicornis males are
more choosy than D. barberi males because of the larger paternal investment in the
spermatophore (Table 10).
The differences in spermatophore volume among male crosses (Table 10) were
unexpected, given that there are no differences in genitalia between the two species
(Krysan et al. 1980; Results). F1 hybrid males transferred spermatophores with
intermediate volume relative to either parental species (Table 10). D. longicornis males
invest in a spermatophore nearly twice the size of that of D. barberi males (Table 10).
The larger spermatophore from D. longicornis males does not result in greater egg
production relative to D. barberi (Chapter 2). Diabrotica females may gain nutrition or
longevity from a larger spermatophore (Arnqvist and Nilsson 2000). Increased fitness
could be especially important for D. longicornis females, which most likely utilize
patchily distributed food sources and oviposition sites. Alternatively, the eggs, rather
than the female, may benefit from the greater paternal investment from a larger
spermatophore. D. u. howardi males can pass cucurbitacins to females through the
spermatophore, and most of these cucurbitacins are then passed on to the eggs (Tallamy
et al. 2000), where the cucurbitacins may then help to protect the eggs from fungi
(Tallamy et al. 1998). It is possible that other compounds or nutrients are passed from
the male D. longicornis and D. barberi to their eggs.
Regardless of the size differences among crosses, spermatophore development in
Diabrotica represents a substantial paternal investment. In this study, spermatophore
width could be half as wide as the head capsule or even wider than the head capsule
(Table 10). In D. v. virgifera, male spermatophore size can be 3 to 24% of the male’s

90
body weight (Quiring and Timmins 1990); similarly, in D. u. howardi, the spermatophore
is approximately 7% of the total male mass (Tallamy et al. 2000).
Hybridization between D. barberi and D. longicornis
The results of this study demonstrated that F1 hybrid males and females can be
reproductively fit. F1 hybrid males showed a preference for the pheromone of D.
longicornis (Fig. 2). Also, F1 hybrid and D. barberi males showed similar diurnal
response patterns to pheromone (Table 1). F1 hybrid males were relatively similar to
both parental species in terms of courtship, mating behavior, and spermatophore transfer
(Fig. 3, Tables 3 - 4, 9 - 10). However, copulations of F1 hybrid males lasted
significantly longer than did copulations of D. barberi males. F1 hybrid females also
seemed to be receptive to mating and attractive to males of any cross (Tables 3, 4, 9).
Additionally, F1 hybrids have been shown to produce viable offspring when crossed with
other F1 hybrids or backcrossed to either parental species (Chapter 2). Collectively, no
obvious factors prevented F1 hybrids from being reproductively viable.
These data confirm the work of Krysan et al. (1983), who reported that
hybridization is unidirectional. Hybrids from a D. longicornis mother and D. barberi
father are likely to occur under field conditions. D. barberi males mated readily with D.
longicornis females, although at a lower rate than with conspecific females (Table 9);
their offspring were fit relative to the parental species (Chapter 2). In contrast, hybrids
with a D. barberi mother and D. longicornis father are less likely. D. longicornis males
will mate with D. barberi females at low rates (Table 9), but the offspring had poor
fitness (Chapter 2). D. longicornis males might have few opportunities to mate with D.
barberi females in the field. D. barberi and D. longicornis beetles often occur in
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neighboring habitats, and both species have been observed on the same adult hosts during
the time when mating could occur (Golden 1990; L.J. Meinke, pers. obs.). However,
because females mate soon after emergence (Hill 1975, Quiring and Timmins 1990,
Marquardt and Krupke 2009), D. barberi females emerging within a cornfield would
likely mate with D. barberi males. Many D. barberi males would be present in
cornfields, and they appear to be more aggressive in courting and mating with females
than D. longicornis males (Tables 3, 4, 9).
This study suggests that there are multiple small differences (timing of
pheromone response, courtship behavior, mating behavior, mating rates, and
spermatophore volume) between the two parental species. None of these individual
differences would isolate the two species, but they could collectively help to keep D.
barberi and D. longicornis partially isolated in the area of sympatry.
Future Work
The colonies used in this study were derived from allopatric populations.
Pheromone response, courtship, and mating behavior could differ in sympatry if D.
barberi and D. longicornis exhibit reinforcement, in which natural selection would
operate to increase reproductive isolation and thereby decrease the frequency of
maladaptive hybridization (Dobzhansky 1941, Waage 1975, Noor 1995, Nosil et al.
2003). Because of the low viability of hybridization between D. barberi females and D.
longicornis males, selection would presumably act against this cross. If this is the case,
then D. longicornis males and D. barberi females in sympatry should be more
discriminatory about mates than beetles in allopatry. This could explain why Krysan et
al. (1983) observed strong preferences in both species for conspecific pheromone in
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eastern Kansas, but that a similar preference was not observed with D. longicornis in this
study. Examining pheromone preference, courtship and mating behaviors, and
spermatophore volumes from a larger geographic range could help to determine if the
two taxa are undergoing reinforcement and if mating behavior is geographically variable.
Greater knowledge of the ecology of both species would aid in determining the
taxonomic status of D. barberi and D. longicornis and the fate of hybrids. Under field
conditions, habitat and host preferences appear to be important barriers separating D.
barberi and D. longicornis (Krysan et al. 1983), but the strength of this barrier is difficult
to judge without greater knowledge of the larval and adult hosts of D. longicornis. The
two species could be isolated if females of each species have a strong fidelity to different
habitats for oviposition. Habitat and ovipositional preferences of hybrid and backcrossed
individuals would be essential in determining the reproductive fitness and long-term
viability of hybrids in this system. Habitat preference differences among taxa could also
be important in determining whether males come into contact with heterospecific females
for mating, as described above.
Conclusions
This work contributes to our understanding of the mating behavior in Diabrotica.
Although the courtship and mating behaviors of few Diabrotica species have been
studied, the courtship described for D. barberi, F1 hybrids, and D. v. virgifera, in contrast
to D. u. howardi, suggest that there may be differences in mating, in terms of courtship
and female rejection of males, between the virgifera and fucata species groups.
However, mating in more virgifera and fucata species would need to be studied to verify
differences between the two Diabrotica groups.
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While successful mating and potential gene flow between taxa are unidirectional,
data from this study and other sources (McDonald et al. 1985, Golden 1990; Chapters 2,
4) collectively suggest that natural hybridization in the area of sympatry likely occurs and
that hybrids from a D. longicornis mother and D. barberi father are reproductively fit
relative to the parental species. However, D. barberi and D. longicornis exhibit several
small differences in mating behavior, which could collectively help to maintain some
isolation between the two taxa in the field.
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No. Males

8
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Own pheromone
Control

4
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0

D. barberi

D. longicornis

Figure 1. Pheromone response of D. barberi and D. longicornis males to their own
pheromone versus a control, to confirm that males would respond to their own
pheromone under lab conditions. 2R,8R MDP is the D. barberi pheromone; 2S,8R
MDP is the D. longicornis pheromone. For D. barberi, N = 20, with six unresponsive;
for D. longicornis, N = 14, with eight unresponsive. Choice of pheromone versus control
is not significantly different between crosses (χ2 = 0.011, df: 1, P = 0.92).
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No. Males

12

2R,8R MDP
(D. barberi)
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2S,8R MDP
(D. longicornis)
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D. barberi
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Figure 2. Pheromone response to isomers of MDP of D. barberi, F1 hybrid, and D.
longicornis males. 2R,8R MDP is the D. barberi pheromone; 2S,8R MDP is the D.
longicornis pheromone. Sample sizes: D. barberi, N = 46, with 24 unresponsive; F1
hybrids, N = 47, with 20 unresponsive; D. longicornis, N = 47, with 20 unresponsive.
There was a trend for the effect of cross on pheromone choice (χ2 = 4.76, df: 2, P =
0.093).
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a)

Antennal stroking
139
(0.41)

Dismounting

0 (0.00)

124
(0.37)

Mate guarding

4 (0.012)

Mating

8 (0.024)
3 (0.009)

No mating

b)

Antennal stroking
51
(0.29)

Dismounting

8 (0.045)

36
(0.20)

Mate guarding

0 (0.00)

Mating

22 (0.12)
2 (0.011)

No mating

c)

Antennal stroking
41
(0.36)

Dismounting

3 (0.026)

24
(0.21)

Mate guarding

0 (0.00)

Mating

19 (0.17)
1 (0.009)

No mating

Figure 3. Transitions in male courtship behavior for a) D. barberi, b) F1 hybrids,
and c) D. longicornis. With each arrow is the total number of transitions; the proportion
of total transitions is in parentheses. ―Mating‖ and ―no mating‖ are terminal states. For
D. barberi, N = 21, with 16.1 transitions/individual. For F1 hybrids, N = 11, with 16.2
transitions/individual. For D. longicornis, N = 9, with 12.7 transitions/individual.

Table 1. Choice of pheromone versus no choice ± SE of D. barberi, F1 hybrids, and D. longicornis males in Y-tube
olfactometers at different times of day.
Cross
D. barberi
F1 hybrid
D. longicornis

N
1000-1200 h
12 0.75 ± 0.14 a
A
12 0.75 ± 0.14 a
A
11 0.27 ± 0.14
b B

N
1200-1400 h
5 0.80 ± 0.21 a AB
5 0.80 ± 0.21 a A
4 0.75 ± 0.24 a AB

N
1400-1600 h
12 0.25 ± 0.14
b
11 0.55 ± 0.14 ab
11 0.82 ± 0.14 a

C
A
A

N
1600-1800 h
15 0.33 ± 0.12 a BC
17 0.41 ± 0.12 a A
19 0.53 ± 0.11 a AB

1.0 represents a choice of pheromone (2R,8R or 2S,8R MDP), and 0.0 represents unresponsiveness. Means presented are least-squares means (LSMEANS).
Interaction of cross and time of day is significant (χ2 = 15.8, df: 6, 122, P = 0.015). Within columns, means followed by the same lower-case letter are not
significantly different; within rows, means followed by the same upper-case letter are not significantly different (P > 0.05).
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Table 2. Overall analysis of variance (ANOVA) for courtship behaviors, beetle head
capsule widths, and beetle age, by the effects of female cross and male cross.
Courtship behavior

Mating attempts
Frequency of mating attempts
(attempts/10 min)

Mate-guarding episodes

Total mate-guarding duration (min)

Mate-guarding duration per episode
Head capsule widths (mm)
Female head capsule width
Male head capsule width
Ratio of female to male head
capsule width
Beetle age (d post-emergence)
Female age at pairing
Male age at pairing

Effects
Female cross
Male cross
Female cross x male cross
Female cross
Male cross
Female cross x male cross
Female cross
Male cross
Female cross x male cross
Female cross
Male cross
Female cross x male cross
Female cross
Male cross
Female cross x male cross

F
6.04
2.86
2.22
3.36
2.74
1.50
4.63
0.68
0.29
5.91
0.50
0.41
1.03
0.03
0.01

df
2, 65
2, 65
4, 65
2, 65
2, 65
4, 65
2, 65
2, 65
4, 65
2, 65
2, 65
4, 65
2, 31
2, 31
3, 31

P
0.004
0.065
0.076
0.041
0.072
0.213
0.013
0.510
0.881
0.004
0.610
0.798
0.368
0.967
0.999

Female cross
Male cross

0.29 2, 62
0.88 2, 61

0.751
0.418

Female cross x male cross

1.00 4, 55

0.418

Female cross
Male cross

0.89 2, 71
1.61 2, 70

0.415
0.207

Cross is D. barberi, D. longicornis, or F1 hybrid.

Table 3. Mating attempts (male mounting and/or antennal stroking) ± SE by male and female cross.
Female
D. barberi
F1 Hybrid
D. longicornis

N
13
4
9

D. barberi
2.23 ± 1.93
1.00 ± 3.48
14.9 ± 2.32

b
b
a

A
A
A

N
5
4
7

Male
F1 Hybrid
0.80 ± 3.12 a
4.00 ± 3.48 a
5.29 ± 2.63 a

N
A
A
B

D. longicornis
5 0.00 ± 2.12
6 0.50 ± 2.85
21 2.24 ± 1.52

a
a
a

A
A
B

Means presented are least-squares means (LSMEANS). Interaction between female and male cross was significant (F = 2.22, df: 4, 65, P = 0.0760). Within
columns, means followed by the same lower-case letter are not significantly different; within rows, means followed by the same upper-case letter are not
significantly different (P > 0.05).
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Table 4. Frequency of mating attempts per 10 min of video, by male and female
cross.
D. barberi
F1 Hybrid
D. longicornis

N
23
14
37

Female Cross
0.057 ± 0.055
0.091 ± 0.065
0.22 ± 0.043

N
b 26
ab 16
a 32

Male Cross
0.20 ± 0.052
0.14 ± 0.061
0.034 ± 0.051

Cross is D. barberi, D. longicornis, or F1 hybrid. Means presented are least-squares means (LSMEANS).
Effect of female cross was significant (F = 3.36, df: 2, 65, P = 0.041), and there was a trend for effect of
male cross (F = 2.74, df: 2, 65, P = 0.072). Interaction between female and male cross was not significant
(F = 1.50, df: 4, 65, P = 0.21). Within female cross column, means followed by the same lower-case letter
are not significantly different (P > 0.05).
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Table 5. Mate-guarding episodes and duration, by female cross.

Female
D. barberi
F1 Hybrid
D. longicornis

Mate guarding
N
episodes
23 0.63 ± 0.73 b
14 0.58 ± 0.90 b
37 3.16 ± 0.61 a

Mate-guarding
duration (min)
6.15 ± 25.20
b
5.26 ± 29.80
b
101.32 ± 20.04 a

Means presented are least-squares means (LSMEANS). The number of mate guarding episodes was
significantly affected by female cross (F = 4.63, df: 2, 65, P = 0.0132), and the total duration of mateguarding was significantly affected by female cross (F = 5.91, df: 2, 65, P = 0.0044). Within columns,
means followed by the same lower-case letter are not significantly different (P > 0.05).
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Table 6. Overall analysis of variance (ANOVA) for behaviors during mating, by the
effects of female and male cross.
Mating behavior

Effects

F

Time to mating (minutes of
pairing)

Female cross
Male cross

0.76 2, 15
0.80 1, 15

0.487
0.384

Mating duration

Female cross
Male cross

0.32 2, 14
4.12 1, 14

0.728
0.062

Minutes to start of side-to-side
rocking

Female cross
Male cross

0.55 2, 15
0.07 1, 15

0.589
0.790

Side-to-side rocking episodes

Female cross
Male cross

2.38 2, 14
1.18 1, 14

0.129
0.296

Duration side-to-side rocking
(seconds)

Female cross
Male cross

2.18 2, 14
0.04 1, 14

0.149
0.839

Duration of side-to-side rocking
per episodes

Female cross
Male cross

0.48 2, 14
1.02 1, 14

0.629
0.330

Frequency of side-to-side rocking
(episodes per minutes of mating)

Female cross
Male cross

0.41 2, 14
0.36 1, 14

0.673
0.560

Minutes to start of bouncing

Female cross
Male cross

2.07 2, 14
0.65 1, 14

0.163
0.433

Bouncing episodes

Female cross
Male cross

3.78 2, 14
0.16 1, 14

0.049
0.696

Bouncing duration (seconds)

Female cross
Male cross

3.39 2, 14
0.15 1, 14

0.063
0.700

Duration of bouncing per episode
(seconds)

Female cross
Male cross

1.63 2, 14
0.03 1, 14

0.231
0.874

Frequency of bouncing (episodes
per minutes of mating)

Female cross
Male cross

2.81 2, 14
7.15 1, 14

0.095
0.018

Minutes to end of side-to-side
rocking and bouncing

Female cross
Male cross

2.65 2, 14
0.00 1, 14

0.106
0.969

Proportion of total mating with
side-to-side rocking and bouncing

Female cross
Male cross

1.17 2, 14
2.12 1, 14

0.340
0.168

Cross is D. barberi, D. longicornis, or F1 hybrid.

df

P
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Table 7. Number of bouncing episodes and total duration of bouncing (in seconds),
by female cross.
Female
D. barberi
F1 Hybrid
D. longicornis

N
10
3
5

Bouncing episodes
16.4 ± 10.83
4.58 ± 15.98
52.1 ± 13.31

Bouncing duration (s)
b 27.3 ± 16.37
b 16.7 ± 24.14
a 81.0 ± 18.59

Means presented are least-squares means (LSMEANS). The number of bouncing episodes was
significantly affected by female cross (F = 3.78, df: 2, 14, P = 0.0487), and bouncing duration showed a
trend by female cross (F = 3.39, df: 2, 14, P = 0.0629). Within bouncing episode column, means followed
by the same lower-case letter are not significantly different (P > 0.05).
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Table 8. Mean head capsule width (in mm) for females.
Female
D. barberi
F1 Hybrid
D. longicornis

N
47
20
56

Head capsule width ± SE
1.093 ± 0.00911
1.129 ± 0.0140
1.124 ± 0.00834

b
a
a

Means presented are least-squares means (LSMEANS). Head capsule widths were significantly different
by cross (F = 3.77, df: 2, 120, P = 0.0257). Means followed by the same lower-case letter are not
significantly different (P > 0.05).
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Table 9. Probability of spermatophore transfer by pair (female cross x male cross).
Pair (♀ x ♂)
D. barberi x D. barberi
F1 Hybrid x D. barberi
D. longicornis x D. barberi
D. barberi x F1 Hybrid
F1 Hybrid x F1 Hybrid
D. longicornis x F1 Hybrid
D. barberi x D. longicornis
F1 Hybrid x D. longicornis
D. longicornis x D. longicornis

N
Probability
22
0.82
4
0.75
21
0.52
6
8
5

0.33
0.75
0.40

19
8
30

0.16
0.25
0.20

Probabilities were obtained from logistic regression analysis.

Table 10. Mean spermatophore volume (mm3) ± SE, range of spermatophore volumes, and proportion of spermatophore
width to head capsule width, for each of the male crosses.

Cross
D. barberi
F1 Hybrid
D. longicornis

Spermatophore
N volume ± SE
24 0.324 ± 0.0271
10 0.450 ± 0.0401
8 0.650 ± 0.0483

c
b
a

Range in
spermatophore
volume
0.136-0.768
0.303-0.567
0.440-0.891

N
23
10
8

Proportion of
spermatophore width to
head capsule width, ± SE
0.766 ± 0.0155
0.868 ± 0.0278
0.977 ± 0.0310

c
b
a

Means presented are least-squares means (LSMEANS). Spermatophore volume was significantly different by cross (F = 17.84, df: 2, 33, P < 0.0001). The
proportion of spermatophore width to head capsule width was significantly affected by cross (F = 18.30, df: 2, 38, P < 0.0001). The proportion was determined
by measuring the spermatophore at its widest point. Means within columns followed by the same lower-case letter are not significantly different (P > 0.05).
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Table 11. Mean male age (d post-emergence), by mating status (mated or virgin)
and cross.
Cross
D. barberi
F1 Hybrid
D. longicornis

N
14
9
45

Virgin
15.93 ± 2.17 a
13.78 ± 2.70 a
15.98 ± 1.21 a

A
A
A

N
32
10
11

Mated
13.34 ± 1.43
b
17.40 ± 2.56 ab
21.27 ± 2.44 a

A
A
A

Means presented are least-squares means (LSMEANS). Interaction between cross and mating status was
significant (F = 2.36, df: 2, 115, P = 0.0987). Within columns, means followed by the same lower-case
letter are not significantly different; within rows, means followed by the same upper-case letter are not
significantly different (P > 0.05).
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CHAPTER 4:
PROBABLE FIELD INTROGRESSION OF D. BARBERI SMITH AND
LAWRENCE AND D. LONGICORNIS (SAY) (COLEOPTERA:
CHRYSOMELIDAE) BASED ON GENETIC AND MORPHOLOGICAL
CHARACTERS

Introduction
Diabrotica barberi Smith and Lawrence, the northern corn rootworm, and D.
longicornis (Say) are closely related chrysomelid beetles and are considered to be sister
species. The two species are very similar morphologically, in terms of color and size
(Krysan et al. 1983, Golden 1990, Metcalf and Metcalf 1992), male genitalia, female
spermathecae (Krysan and Smith 1987), and egg chorion sculpturing (Krysan 1987).
Allozyme data (McDonald et al. 1982, Krysan et al. 1989) and molecular data (Clark et
al. 2001a, b) also have supported a close relationship between D. barberi and D.
longicornis.
Despite their similarities, the two species exhibit some distinct differences. They
were originally considered to be the same species, D. longicornis (Say 1824, Webster
1913). Two subspecies, i.e., D. l. longicornis and D. l. barberi, were named by Smith
and Lawrence (1967) and later were elevated to species rank (Krysan et al. 1983). D.
barberi and D. longicornis have different geographic ranges, but overlap primarily in the
eastern half of Nebraska and Kansas (Krysan et al. 1983, Golden et al. 1992). D. barberi
and D. longicornis also appear to differ in habitat preference. D. barberi larvae and
adults commonly occur in corn, Zea mays L., and the larvae are an important pest of corn
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(Metcalf and Metcalf 1992). D. longicornis adults are found infrequently in cornfields
(Krysan et al. 1983, Krysan and Smith 1987). The larval host of D. longicornis is
unknown but most likely includes native prairies grasses (Krysan and Smith 1987),
although they can utilize corn as a larval host in the laboratory (Krysan et al. 1983,
Golden and Meinke 1991). D. barberi and D. longicornis also differ in pheromone
responses. Each species responds to a different stereoisomer of the sex pheromone 8methyl-2-decyl propanoate (MDP) (Guss et al. 1985, Krysan et al. 1986). D. longicornis
has darker tibiae, tarsi, clypeus, and antennae than D. barberi (Krysan et al. 1983),
although these structures are darker in both species in the more distal parts of their ranges
(Krysan et al. 1983, Krysan and Smith 1987, Golden 1990).
D. barberi and D. longicornis have the potential to hybridize under field
conditions, although no previous study has documented the occurrence of hybridization.
D. barberi and D. longicornis beetles often occur in neighboring habitats and can be
collected from the same adult hosts when mating could occur (Golden 1990; L.J. Meinke,
pers. obs.). The two species can hybridize under lab conditions, but the cross is
unidirectional; crosses of a D. longicornis female and D. barberi male are much more
viable than the opposite cross (Krysan et al. 1983, Golden 1990). D. barberi and D.
longicornis from allopatric populations have distinct cuticular hydrocarbon profiles
(Golden et al. 1992), but individuals from some sympatric populations have intermediate
cuticular hydrocarbon scores, similar to lab-created hybrids (Golden 1990). Allozyme
data from D. barberi populations in the area of sympatry are most different from other D.
barberi populations, which may have resulted from range overlap with D. longicornis
(McDonald et al. 1985)
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The extent to which D. barberi and D. longicornis interact in the field is
unknown. Krysan et al. (1983) hypothesized that, because of the differences in habitat,
the area of sympatry was simply an area where the ranges of the two species overlapped.
However, given the evidence that hybridization may occur under field conditions, the
area of sympatry could be a hybrid zone, where genetically distinct populations can
produce some offspring of mixed ancestry (Barton and Hewitt 1985, Harrison 1990).
The overall aim was to determine if introgression is occurring and what effect, if any, it
has on the taxonomic status and evolution of the two species. The objective of this study
was to examine field populations of D. barberi and D. longicornis for evidence of
introgression under natural conditions between the two species, using genetic (amplified
fragment length polymorphism, AFLP) and morphological (color and head capsule
width) data.

Materials and Methods
Amplified fragment length polymorphism (AFLP) data presented below were
obtained from beetles collected by Thomas L. Clark, working with John Foster and Lance
J. Meinke. Thomas Clark also conducted the AFLP laboratory procedures, while Pete L.
Clark analyzed the AFLP gels. I collected the beetles used for morphological data,
conducted all of the measurements, and analyzed all of these data.
Collections of Genetic Material
Collections of D. barberi and D. longicornis were made in 1998-1999 from 22
locations in Illinois, Iowa, Minnesota, South Dakota, Nebraska, and Kansas. At two
locations (Lancaster Co. and Webster Co., NE), individuals identified to both species

116
were collected, based on the criteria provided by Krysan et al. (1983). Populations were
defined by separate collection locations and putative species. In total, 212 individuals (36
D. longicornis, 176 D. barberi) were collected from various hosts (Table 1). Beetles
were preserved in 95% ethanol or frozen at -80 °C.
Laboratory Techniques
Amplified fragment length polymorphisms (AFLP) were chosen to examine the
genetic variation in D. barberi and D. longicornis. Although AFLP bands do not directly
correlate to specific genes, AFLP polymerase chain reaction (PCR) examines genetic
variation over multiple loci (Vos et al. 1995).
DNA was extracted using a modification of Black & DuTeau’s (1997) CTAB
(hexadecyltrimethylammonium bromide) extraction protocol. The thorax and legs of
individual beetles were ground in 500 μL CTAB buffer (100 mM Tris-HCl, 1.4 M NaCl,
0.02 M EDTA (pH 8.0), 2.0% CTAB, and 0.2% β-mercaptoethanol), and 5 μL of 20 μg/
μL of proteinase K was then added to each sample. After vortexing the mixture, samples
were held at 65 °C for 1 h, with vortexing at 20 min intervals. Samples were then cooled
to room temperature before adding 15 μL of 50 μg/μL RNaseA, vortexed, and incubated
at 37 °C for 2.5 h (samples were vortexed at 30-min intervals). After incubation with
RNaseA, samples were centrifuged at 10,000 x g for five minutes at room temperature.
The supernatant was transferred to a fresh tube, where 500 μL of a chloroform:isoamyl
alcohol (24:1) was added. The mixture was vortexed and then centrifuged for 15 min at
10,000 x g. The upper aqueous layer was then transferred to a fresh tube where DNA
was precipitated with 500 μL of 100% isopropanol (-20 °C). The mixture was gently
inverted five times and placed at 4 °C for at least 2 h followed by centrifugation at 10,000
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x g at 4 °C for 30 min. The supernatant was removed and the DNA pellet was washed
twice with 700 μL of 70% and 100% ethanol (-20 °C), respectively. After the final wash
and ethanol removal, the DNA pellet was air-dried and resuspended overnight in 100 μL
of TE buffer (10 mM Tris-HCl, 1 mM EDTA (pH 7.6)).
Quantification to a known concentration of λ DNA (22.2 ng/μL) (Life
Technologies) was performed by loading 1.0 μL of DNA mixed with 1.0 μL tracking dye
to a 1% agarose gel that was electrophoresed for 30 min. Ethidium bromide stained gels
were then visualized using Advanced Quantifier version 4.0 (Genomic Solutions, Ann
Arbor, MI). DNA samples were diluted with TE buffer if concentrations were >22.5
ng/μL.
The AFLP-PCR procedure was carried out in a method modified from Vos et al.
(1995). Infrared labeled (IRD-700) (LI-COR, Lincoln, NE, USA) EcoRI primers were
used in the polymerase chain reaction. Restriction digestion and adapter-ligation were
conducted by incubating the DNA with restriction endonucleases EcoRI and MseI (New
England Biolabs, Ipswich, MA). Restriction digestion involved incubation of 7 μL of
genomic DNA (approximately 160 ng) for 2.5 h at 37 °C, in a total volume of 12.5 μL
[1.25 μL of 10X One-Phor-All buffer (Amersham Pharmacia Biotech, now GE
Healthcare Bio-Sciences Corp., Piscataway, NJ), 0.125 μL of 10 U/μL MseI enzyme
(1.25U/reaction), 0.0625 μL of 20 U/μL EcoRI enzyme (1.25 U/reaction), 0.125 μL of 10
mg/ml bovine serum albumin (New England Biolabs), and autoclaved nanopure water].
Adapter-ligation involved incubating the restriction fragments for 11.5 h at 25 °C with 5
μL ligation mixture [0.15 μL of T4 DNA ligase, 0.5 μL of 10X T4 ligase buffer (New
England Biolabs), 0.5 μL of 5 pmoles/μL EcoRI adapter, 0.5 μL of 5 pmoles/μL MseI
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adapter (Eurofin MWG Operon Technologies, Huntsville, AL), and 3.35 μL autoclaved
nanopure water]. Each ligation mixture was diluted with 1:10 with autoclaved nanopure
water. Preselective and selective primers were based on primer core sequences EcoRI 5’GACTGCGTACCAATTC-3’ and MseI 5’-GATGAGTCCTGAGTAA-3’. Preselective
PCR conditions for the ligated material consisted of 20 cycles (30 s at 94 °C, 1 min at 56
°C, and 1 min at 72 °C). Preselective amplifications were run with 1.25 μL of diluted
restriction-ligation product, 10 μL pre-amp primer mix II (contained two oligonucleotide
primers, one corresponding to the EcoRI adapted ends and one corresponding to the MseI
ends; Eurofin MWG Operon Technologies), and 1.25 μL of 10X PCR buffer containing
15 mM MgCl2 and 0.25 μL of 5 U/μL AmpliTaq DNA polymerase (1.25 U/reaction)
(Applied Biosystems, Foster City, CA). The oligonucleotide primers in the pre-amp
primer mix II were complementary to the adapter/restriction site, with the MseI primer
containing one selective nucleotide and the EcoRI primer containing no selective
nucleotide. Each preamplification product was diluted with1:20 with autoclaved
nanopure water.
Selective PCR amplifications were run with 2.0 μL of preamplified template, 4.74
μL of autoclaved nanopure water, 1.2 μL of 10X PCR buffer containing 15 mM MgCl2
and 0.06 μL of 5 U/μL AmpliTaq polymerase (Applied Biosystems), 2.0 μL of MseI
primer (Eurofin MWG Operon Technologies), and 0.5 μL of 1.0 pmoles/μL IRD-700
labeled EcoRI primer (LI-COR). EcoRI-selective and MseI-selective amplification
primers had three extra nucleotides at the 3’ ends; three EcoRI and MseI primer pairs
were used for amplification (EcoRI-AGG and MseI-CAT, EcoRI-ACT and MseI-CTA,
and EcoRI-ACA and MseI-CTC). Selective PCR conditions consisted of 1 cycle of 30 s
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at 94 °C, 30 s at 65 °C and 1 min at 72 °C; 12 cycles of 30 s at 94 °C, 30 s at 65 °C,
(subsequently lowering the annealing temperature by 0.7 °C per cycle) and 1 min at 72
°C; 23 cycles of 30 s at 94 °C, 30 s at 56 °C, 1 min at 72 °C. After selective
amplifications, reactions were stopped by adding 2.5 μL blue stop solution (LI-COR).
Samples were then denatured at 95 °C for 3 min and then cooled to 4 °C before loading
the polyacrylamide gel for electrophoresis. One μL of the sample was electrophoresed
through KBplus 6.5% ready-to-use gel matrix (LI-COR), and the infrared fluorescent
bands were then detected by a LI-COR Read IR 4200 sequencer.
Population Structure Analyses
AFLP bands were evaluated using an IRD-700 labeled 50-700bp marker as a
reference and scored using SAGA Generation 2 Software Version 3.2 (LI-COR), which is
designed to select markers for scoring AFLP data. The data set consisted of 1’s and 0’s
(presence and absence, respectively) as analyzed from each AFLP gel; 99 loci were
scored.
Hierarchical analysis of molecular variance (AMOVA) was conducted to assess
the genetic structure and genetic variance between the two species, between populations
within species, and within populations (Excoffier et al. 1992). AMOVA was conducted
in Arlequin version 3.1 (Excoffier et al. 2005) as haplotypic, co-dominant data. Arlequin
was also used to obtain expected heterozygosity estimates and pairwise differences
between populations. The number of migrants per generation (Nm) was calculated,
following McDermott and McDonald (1993), as:
Nm 

1  1

2  FST

 
  1
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The ½ adjusts the calculation for haplotypic data (McDermott and McDonald 1993).
Mantel tests examining the correlation of genetic divergence (FST) and geographic
distance (to the nearest 10 km) between populations were also conducted in Arlequin
(Mantel 1967, Smouse et al. 1986), with 10,000 permutations. Average gene diversity,
the probability that two randomly chosen haplotypes are different in the sample (Nei
1987), and the proportion of polymorphic loci for each population were also calculated
using Arlequin. Population differentiation was tested in Arlequin with pairwise
multilocus FST estimates; this procedure tested the null hypothesis of random distribution
of individuals between pairs of populations (panmixia) (Goudet et al. 1996, Excoffier et
al. 2005). The population differentiation tested was conducted with a 100,000-step
Markov chain, with significant differences at P < 0.05. Pairwise differences for
populations from Arlequin were then used to construct an unrooted neighbor-joining tree
in PAUP* version b10 (Swofford 2001). The neighbor-joining tree was visualized using
TreeView version 1.6.6 (Page 2001). AMOVA, calculations of Nm, and Mantel tests
were also conducted for each of the putative species.
The program STRUCTURE (Pritchard 2007) was used to assign genotypes to K
population clusters with a Markov chain Monte Carlo (MCMC) algorithm (Pritchard et
al. 2000). The program uses a model that attempts to find population groups by
minimizing linkage disequilibrium within populations (Pritchard et al. 2000). Although
STRUCTURE

can be used to discriminate taxa and hybrids by forcing all individuals into

two or three clusters (Pritchard et al. 2000, Beaumont et al. 2001), this method was not
used here because putative D. barberi consistently divided into two separate clusters.
STRUCTURE was run with an admixture model and correlated allele frequencies between
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populations (Falush et al. 2003), with modifications for dominant markers (Falush et al.
2007). STRUCTURE was used to test values of K from 1 to 15, with ten replications at
each value of K. Each replication at each level of K was run with a burn-in of 10,000 and
a run length of 10,000 replications; longer burn-in or MCMC lengths did not change the
results. The number of K populations was determined by the value of K with the highest
log probability scores. The method of Evanno et al. (2005) was used to examine the
variation in the log probability of K, but was not used to select K because the mean log
probability scores showed a distinct peak at K = 6, rather than a plateau or slight
increases as described by Evanno et al. (2005).
Field Collections and Lab-Rearing for Morphological Data
Collections of 478 D. barberi and D. longicornis were made from 33 counties (50
sites) in Kansas, Minnesota, Missouri, North Dakota, Nebraska, New York, Ohio,
Arizona, and Colorado (Table 2). Individuals were identified to putative species based
on the criteria of Krysan et al. (1983). Populations were defined by county and putative
species. At two locations (Lincoln Co., NE; Riley Co., KS), individuals identified to both
species were collected and were treated as separate populations. Most of the beetles were
collected during 2004-2006 (Table 2) and were stored in 70% or 95% ethanol.
Lab-reared D. barberi, D. longicornis, and F1 hybrids were also compared to
field-collected beetles. F1 hybrids were the offspring of a D. longicornis female and D.
barberi male. Lab-reared beetles originated from 2004 collections of D. barberi from
first-year cornfields in Pipestone Co., MN, and D. longicornis from buffalo gourd in
Garden Co. and Dundy Co., NE. The collection sites for this study were located outside
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of the geographic area where these species are sympatric (Krysan et al. 1983, Krysan and
Smith 1987) to reduce the potential of collecting from introgressed populations.
Individual females were placed in oviposition boxes with soil using a
modification of the box design by Boetel and Fuller (1997) (Chapter 2, Appendix 1).
Females were provided with a fresh slice of sweet corn ear every 4 to 5 d. Eggs were
collected by washing the oviposition soil through a 60-mesh sieve, then placed on milk
filters (KenAG Animal Care Group, product D110, Ashland, OH) and counted. Eggs
were then placed in Petri dishes and were partially covered with a light layer of 60-mesh
soil. To facilitate diapause development and termination, eggs were maintained at 22 ºC
for 1 to 2 mo after oviposition, 10 ºC for approximately 30 d, 5 ºC for approximately 6
mo, and 22 ºC until eclosion of neonate larvae. In a method modified from Golden and
Meinke (1991), larvae were reared individually in 5.9 cm3 plastic cups with lids (SYSCO,
Houston, TX, and Sweetheart (Solo), Highland Park, IL) and corn seedlings (Chapter 2,
Appendix 1). Over the course of its development, each larva received three fresh corn
seedlings; corn had previously been shown to be a suitable larval host for both species
(Golden and Meinke 1991). Pioneer Brand 31G66 (Johnston, IA) corn, treated with
fungicides Fludioxonil and Mefenoxam, was used for rearing. Peat moss was used as the
soil medium to maintain corn growth and to provide an environment for pupae. Larvae
were reared at room temperature, approximately 22 °C. Beetles were maintained
individually in fresh plastic cups on a diet of sweet corn ears and lettuce, Lactuca sativa
L.
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Morphological Characters
Field-collected beetles were color-scored to examine the variation of various
morphological characters between species and among populations (Krysan et al. 1983,
Krysan and Smith 1987). The antennae, clypeus, episternites, and scutellum were scored
on a 1 to 4 scale, with 1 representing yellow/testaceous, (1.5 representing dark yellow), 2
representing light brown, 3 representing dark brown, and 4 representing piceous (Krysan
et al. 1983). The tibiae were also scored on a 1 to 4 scale, with the following values
representing the colors: 1: entirely yellow/testaceous, 1.25: carina appearing dark only
at certain angles, 1.5: carina only piceous, 1.75: carina and areas adjacent to carina
piceous, 2: carina piceous, with piceousness or dark brown extending from the carina to,
or nearly to, the lateral edge and ends of the tibiae, 3: carina piceous and tibiae largely
and entirely dark brown , and 4: tibiae entirely piceous (Krysan et al. 1983). All colorscoring was conducted under a dissecting microscope (Wild Heerbrugg) at 12X with a
bright fiber optic light to minimize differences due to lighting.
Head capsule widths were measured for all beetles, and adult gender was
determined using the method of White (1977). Head capsule widths have been
previously used as an indication of larval fitness (Branson et al. 1988), because larval
conditions, i.e., diet (Ellsbury et al. 2005), temperature (Woodson and Jackson 1996), or
crowding (Branson and Sutter 1985, Naranjo 1991), can influence adult head capsule
width. Additionally, adult head capsule width generally correlates with overall beetle
size, and, unlike other structures such as the abdomen, the head width does not vary with
beetle age. In this study, head capsule widths were measured to compare D. barberi and
D. longicornis, because head capsule widths of lab-reared beetles have previously been
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shown to vary between species (Chapter 2). Head capsule widths were measured at the
widest point of the head, at the outside edge of the eyes, with a dissecting microscope
(Wild Heerbrugg) using an ocular lens of 20X and an objective lens at 12X. The
eyepiece on the scope was calibrated using a 2 mm micrometer (Ward’s Natural Science
Establishment, Inc., Rochester, NY). Head capsule widths and a sample of color scores
of lab-reared D. barberi, F1 hybrids, and D. longicornis (30 of each) were also measured
to provide a comparison with field-collected beetles.
Morphological Data Analysis
All morphological data were analyzed in SAS version 9.1.3 (SAS 2003). Color
scores for each individual morphological character (antennae, clypeus, scutellum, three
episternites, and tibiae) were summed for population analysis. The effect of population
on total color and on head capsule width were analyzed with analysis of variance
(ANOVA) using PROC MIXED. The effect of gender on head capsule width was also
analyzed. A significance level of P < 0.05 was used in all analyses. For analysis of
variance, means were separated using Fisher’s protected LSD test. Means and standard
errors were obtained from the LSMEANS statement in the PROC MIXED procedure
(Littell et al. 2006).
Principal components analysis was conducted with PROC PRINCOMP for head
capsule width and for color of the individual morphological characters. Components
with eigenvalues greater than the average eigenvalue were considered to be important for
each eigenvector (SAS 2003).
Linear discriminant analysis of color scores and head capsule width was
conducted using PROC DISCRIM. The discriminant analysis classified the field-
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collected beetles into assigned groups on the basis of color score and head capsule width.
Discriminant analysis was conducted in two ways. In the first method, the species
designation was calibrated with beetles from allopatric populations, which was then used
to discriminate beetles from sympatric populations. Allopatric populations included 119
D. barberi and 57 D. longicornis (Table 2). In the second method, lab-reared beetles
were used to calibrate the analysis and to discriminate the species assignment of all fieldcollected beetles.

Results
Genetic Data
Ninety-nine total AFLP loci were scored for each of the 212 individuals, and each
of the 212 individuals had a unique haplotype. Genetic diversity within populations was
generally high, with a large proportion of polymorphic loci (0.43 - 0.92, mean 0.69) for
each population, with a mean of 67.9 ± 11.6 (SD) polymorphic loci per population (Table
3). Mean expected heterozygosity was 0.289 ± 0.219, and total heterozygosity was 0.358
± 0.148 (mean ± SD). The Scott, KS, population had the lowest overall average gene
diversity, while the Martin, MN, population had the highest (Table 3).
Relatively little (5.33%) of the overall genetic variation could be explained by
putative species designation (Table 4). Differences among populations within species
accounted for 16.35% of the total variation, and 78.33% of the variation occurred within
populations (Table 4). None of the 276 pairwise tests for genetic differentiation of
populations, with the null hypothesis of panmixia, were significantly different (P = 1.000
for each pairwise test). The overall level of genetic differentiation was moderate, with an
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FST of 0.2168. Migrants/generation between populations, Nm, for D. barberi and D.
longicornis combined was calculated as 1.81. Genetic differentiation of the populations
showed no correlation with geographic distance (Mantel test, r2 = 0.0136, P = 0.14, mean
geographic distance: 440.1 km, range 0—1160 km; mean pairwise FST: 0.1709, range 0.0241—0.379).
Within D. barberi only, differences among populations accounted for 18.26% of
the total variation, and 81.74% of the variation was explained by variation within
populations (Table 4). Nm for D. barberi was calculated as 2.24 migrants/generation
between populations. Genetic differentiation of the populations showed no correlation
with geographic distance (Mantel test, r2 = 0.000056, P = 0.43, mean geographic
distance: 423.2 km, range 10—890 km; mean pairwise FST: 0.1697, range -0.02001—
0.3764). Within D. longicornis only, differences among populations accounted for only
8.48% of the total variation, and 91.52% of the variation was explained by variation
within populations (Table 4). Nm for D. longicornis was calculated as 5.40
migrants/generation among populations. Genetic differentiation of the populations
showed no correlation with geographic distance (Mantel test, r2 = 0.009031, P = 0.59,
mean geographic distance: 256.0 km, range 50—440 km; mean pairwise FST: 0.07173,
range -0.02409—0.1914).
The results obtained from STRUCTURE further confirm a lack of correlation
between genetic differences and geography (Fig. 1). Individuals from the 24 populations
were assigned to six genetic clusters, with most putative D. barberi assigned to five
clusters, while most putative D. longicornis were assigned to one cluster. However,
putative D. barberi from Jefferson County, NE, which is in the area of sympatry, and
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from Brookings 2, SD, which is outside the area of sympatry, primarily grouped with D.
longicornis. Even within putative D. barberi, populations grouped to the same genetic
cluster often were geographically distant, as in the case of D. barberi from Champaign
and Peoria, IL, and Lancaster, NE.
The neighbor-joining tree (Fig. 2) showed a similar pattern to the results from
STRUCTURE.

Putative D. longicornis formed a single cluster, but D. barberi populations

from Jefferson and Brookings 2 grouped again with D. longicornis.
Morphological Data
Total color score varied significantly among D. barberi and D. longicornis
populations (Table 5). Most putative D. barberi did not have significantly different mean
color scores among populations. Mean color scores of putative D. barberi and D.
longicornis exhibited little overlap; mean total color scores for D. barberi ranged
between 10.9 and 12.1, excluding the Tompkins Co. population. Mean total color of D.
barberi from Tompkins Co., NY, was not significantly different than D. longicornis from
Scott Co., KS (Table 5). The one individual from the Scott Co., KS, population was not
significantly different from any putative D. barberi (Tables 2, 15). All other putative D.
longicornis had color scores ranging between 16.3 and 19.8 (Table 5). Although mean
color scores for populations did not overlap much between putative species, the ranges
for individual color scores did. D. barberi individuals had total color scores ranging from
9.00 to 17.0 (mean: 11.8 ± 0.06, N = 369), and D. longicornis individuals had total color
scores ranging from 13.0 to 20.5 (mean: 17.0 ± 0.16, N = 109). Each putative species
was darkest at the distal portions of its range (Table 5).
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Head capsule widths varied significantly among D. barberi and D. longicornis
populations as well (F = 2.22, df: 32, 427, P = 0.0002), but did not appear to be
associated with geographic range (Table 5). Head capsule widths ranged between 0.9583
and 1.2917 mm, with the largest mean head capsule widths in the Santa Cruz Co., AZ,
population of D. longicornis and the Gage Co., NE, population of D. barberi (Table 5).
Head capsule width was also significantly affected by gender (F = 8.79, df: 1, 427, P =
0.0032), but the interaction of population and gender was not significant (F = 0.67, df:
17, 427, P = 0.84). Male head capsule widths (1.1335 ± 0.008577 mm, N = 210) were
significantly larger than female head capsule widths (1.0857 ± 0.008197 mm, N = 268).
Head capsule width was not significantly affected by putative species (F = 2.55, df: 1,
476, P = 0.11).
The principal components analysis resulted in the first two components explaining
66.1% of the data. The first principal component axis explained 51.1% of the variation
and was determined by the color score of the antennae, clypeus, scutellum, third
episternite, and tibiae (Table 6, Figure 3). Darker color scores for the various
morphological characters resulted in greater PC1 values. The second principal
component axis explained 14.9% of the variation and was composed of the head capsule
width and the first and second episternites (Table 6, Figure 3). Larger head capsule
widths and lighter color scores for the first and second episternites resulted in greater PC2
values. While most of putative D. barberi and D. longicornis fell into two distinct
clusters, many individuals had intermediate or overlapping scores (Figure 3).
The first discriminant analysis was calibrated with beetles from allopatry, which
were then used to discriminate beetles from sympatry. Using the calibration of allopatric
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individuals for individuals in sympatry, the analysis classified 2.40% of putative D.
barberi as D. longicornis and 11.5% of putative D. longicornis as D. barberi (Table 7).
Most beetles initially identified as D. longicornis that the discriminant analysis classified
as D. barberi were from Riley and Ottawa Counties, KS, while beetles initially identified
as D. barberi and classified as D. longicornis by the discriminant analysis were collected
in Lancaster and Saunders Counties, NE, from cucurbits. The total error rate of species
classification was 6.97% (Table 7).
The second discriminant analysis was calibrated with lab-reared beetles of known
ancestry, which were then used to discriminate all field-collected beetles. Using the labreared beetles to calibrate, the analysis classified 7.32% of putative D. barberi as F1
hybrids and 1.36% as D. longicornis (Table 8). Most beetles initially identified as D.
barberi but classified by analysis as D. longicornis or hybrids were collected from corn
and cucurbits from the area of sympatry. However, some individuals initially identified
as D. barberi, but classified by discriminant analysis as F1 hybrids, were from Tompkins
Co., NY, and Pipestone Co., MN, which are in allopatry. The analysis also classified
10.09% of putative D. longicornis as F1 hybrids and 6.42% as D. barberi (Table 8). Most
putative D. longicornis that were classified as F1 hybrids or D. barberi were collected
from the area of sympatry, in Webster Co., NE, and Riley and Ottawa Counties, KS.
However, a few of the individuals initially identified as D. longicornis had been collected
from Scott Co., KS, Dundy, Co., NE, and Pueblo Co., CO, all of which are considered to
be allopatric populations (Krysan et al. 1983). The total error rate for this discriminant
analysis was 12.6%.
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Discussion
Morphological and Genetic Variation
Head capsule width has been shown to be different between D. barberi and D.
longicornis reared in the lab (Chapter 2), but this result was not found in field-collected
beetles (Table 5). Head capsule widths for D. barberi and D. longicornis are probably
influenced by local conditions in larval habitats (Branson and Sutter 1985, Naranjo 1991,
Woodson and Jackson 1996, Ellsbury et al. 2005) and most likely vary from year-to-year
within populations. However, differences in head capsule width by gender were
consistent with lab studies, with male beetles being larger than females (Woodson and
Jackson 1996; Chapter 2).
Color for D. barberi and D. longicornis has been reported to follow a bimodal
pattern, with few intermediate individuals (Krysan et al. 1983, Krysan and Smith 1987).
In this study, a similar bimodality was also observed between the putative species (Fig. 1,
Table 5), but some individuals could not be distinguished solely on the basis of color
(Fig. 3, Tables 7, 8). Discriminant analysis of color demonstrated that some individuals
were misclassified (Tables 7, 8), although both calibrations posed some difficulties.
When allopatric beetles were used to discriminate sympatric individuals, the calibration
incorporated more of the natural variability for each species. When the analysis was
calibrated with lab-reared individuals, hybrids could be identified, but the analysis overall
incorporated less variability because lab-reared beetles were derived from only three field
populations, which might explain the higher error rate. D. barberi did exhibit a
geographic cline in color (Table 5), as observed by Krysan et al. (1983), but D.
longicornis did not (Table 5). Color may be correlated with real genetic differences.
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Individuals for genetic analysis were assigned to different putative species by color, and
these were mostly assigned to the putative species cluster by STRUCTURE (Fig. 1).
The genetic data presented here also did not reliably distinguish D. barberi and D.
longicornis, although a similar result has been found in other studies. D. longicornis
males have been shown to have a unique esterase not found in D. barberi males, but no
other allozymes could be used to reliably discriminate the species (McDonald et al.
1982). Clark et al. (2001b) could find no differences between D. barberi and D.
longicornis in restriction fragment length polymorphism (RFLP) profiles of
mitochondrial cytochrome oxidase subunit I (COI).
The AMOVA results indicate that there is little distinction between putative
species (Table 4), and FST values within the individual species and among all populations
indicate that migration and therefore gene flow is occurring between populations. The
relatively high levels of genetic diversity and within-population variation in D. barberi
have been documented in other studies. Using seven polymorphic allozyme loci from D.
barberi collected across the Corn Belt, McDonald et al. (1985) found a similarly high
percentage of the total variation to be within populations (90.2% in their study). Krafsur
et al. (1993) found greater variation to be among populations (52.2%) than within
populations using 27 polymorphic allozyme loci, but sampling for that study was
restricted to four counties in northwest Iowa. However, among the northwest Iowa
counties, 78% of loci were polymorphic, and the mean genetic diversity was 0.213 ±
0.0408 (SE) among the 27 loci (Krafsur et al. 1993). Populations in northwest Iowa
exhibited even greater rates of migration (12.4 beetles/generation) than found in this
study, but that may simply be because the populations sampled by Krafsur et al. (1993)
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were geographically close, compared to the mean of 423 km among sites in this study.
Roehrdanz et al. (2003) found that D. barberi populations west of central Illinois
exhibited more variability in the ITS1 gene and in mitochondrial haplotypes than
populations east of central Illinois. In general, this study supports previous work that
populations of D. barberi in the western Corn Belt (west of central Illinois) exhibit
substantial genetic variability.
Within D. barberi, populations were not strongly differentiated, either
morphologically or genetically. D. barberi beetles typically only take short, trivial flights
(Naranjo 1990, 1994), although they are highly motile and frequently move outside of
corn habitats (Cinereski and Chiang 1968, Naranjo and Sawyer 1988, Siegfried and
Mullin 1990, Boetel et al. 1992, Krysan 1999). Additionally, D. barberi beetles rarely
make high elevation flights (< 10 m, J. Spencer, pers. comm.), in contrast to a related
virgifera group species D. virgifera virgifera LeConte, which frequently flies at 10m
above ground (Isard et al. 2004). McDonald et al. (1985) and Krafsur (1993) have
suggested that D. barberi may consist of partially isolated breeding populations because
of limited flight ability. Examinations of aldrin susceptibility in D. barberi also indicated
that variation in D. barberi could be highly localized (Ball and Weekman 1963, Hamilton
1965, Blair and Davidson 1966, Krysan and Sutter 1986). In this study, populations of D.
barberi exhibited limited isolation. The lack of population differentiation in D. barberi
could be due to frequent short-range movement by individual beetles, causing large-scale
mixing of populations over the landscape.
Within D. barberi, there did appear to be some kind of separation of putative D.
barberi into separate clusters that are not geographically related (Figs. 1, 2). Although
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they sampled different geographic populations, Roehrdanz et al. (2003) examined
variation in ITS1 and mitochondrial DNA and also found differentiation within D.
barberi unrelated to geography. The neighbor-joining tree and results from STRUCTURE
produced similar groupings; these groups may reflect real biological differences (Figs. 1,
2), even when they have no relationship to geography or putative species designation.
This suggests that populations and individuals that are close geographically may be
genetically distant.
Within D. longicornis, populations also were not strongly differentiated
morphologically or genetically (Fig. 1, Tables 4, 5). Based on cuticular hydrocarbon
analysis, Golden (1990) suggested that gene flow might be common among Nebraska
populations, which would most likely extend into the Kansas and eastern Colorado D.
longicornis populations studied here. Populations in the southwestern United States were
more isolated based on cuticular hydrocarbon profiles (Golden 1990), although the color
scores from the one Arizona population in this study were not significantly different from
populations in Nebraska (Table 5). This study strongly supports the idea that gene flow
occurs among Midwestern populations (Fig. 1, Table 4). D. longicornis movement
among habitats has not been studied, partially because potential habitat for D. longicornis
has not been defined and because flight and dispersal capabilities of D. longicornis are
unknown. However, the results of this study, in conjunction with Golden (1990), suggest
that D. longicornis beetles are at least as motile as D. barberi.
Introgression
Genetic and morphological data indicate that introgression occurs between the
two putative species. Putative D. barberi do not cluster into one group (Figs. 1, 2), and,
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as reported by the population differentiation tests, D. barberi and D. longicornis together
are acting as one panmictic group. This may also help to explain why western
populations of D. barberi, i.e. those from South Dakota, Nebraska, and Kansas, have
exhibited different genetic patterns than eastern populations (McDonald et al. 1985,
Roehrdanz et al. 2003). While these data strongly support the hypothesis that
introgression is occurring in the area of sympatry, the data do not elucidate much about
the nature of the area of sympatry. D. barberi and D. longicornis could be in the process
of speciation because of host preferences. Alternatively, the two species may have
geographically isolated prior to the widespread cultivation of corn in the Midwest and
could have recently come back into contact. D. barberi has been present in eastern
Nebraska since at least the early 1900s (NebRecs 2008), which suggests that D. barberi
and D. longicornis could have had overlapping ranges for at least 100 years. Although
100 years is insignificant in evolutionary time, these records may indicate that D. barberi
has been present in eastern Nebraska for a much longer period of time. D. barberi is less
common in the area of sympatry than in much of its range; however, the relative
abundance of D. longicornis appears to be similar in sympatry and allopatry because
populations of D. longicornis seem to be small and patchy (Krysan and Smith 1987; pers.
obs.). The relative scarcity of individuals of either species in the area of sympatry may
facilitate interspecific mating; in the absence of conspecifics, an individual may
maximize reproductive fitness by mating with an interspecific individual. Additionally,
much of the area of sympatry includes areas that are frequently affected by drought (CPC
2009). Populations of either species may contract in dry years and expand in wetter
years, which would then affect the opportunities for introgression.
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It may not be appropriate to view the D. barberi-D. longicornis area of sympatry
as a hybrid zone, since definitions of hybrid zones refer to the interactions of genetically
distinct populations (Barton and Hewitt 1985, Harrison 1990). Since D. barberi and D.
longicornis individuals most likely move only short distances, the very width of the area
of sympatry (approximately 400 km across at its widest points) may prevent it from
acting like a typical hybrid zone, which is usually fairly narrow in width (Mayr 1963,
Barton and Hewitt 1985). Hybrid zone models often assume that hybrids are less fit than
the parental species, whether over the entire zone (Mayr 1963, Barton and Hewitt 1985,
Arnold and Emms 1998), in patches dominated by parental species, or in certain habitats
within a mosaic of habitats (Arnold and Emms 1998). Only one model, the evolutionary
novelty model, assumes that certain hybrid genotypes may be fitter than parents in the
parental habitat and in unoccupied niches, which could lead to the formation of hybrid
lineages (Arnold and Emms 1998). Although hybridization is successful in one direction
(D. longicornis female x D. barberi male, Chapter 2) and might be favored by natural
selection, selection would operate strongly against hybridization in the opposite direction
(Krysan et al. 1983; Chapter 2). Therefore, the evolutionary effects of hybridization in
the area of sympatry would be mediated by the unidirectionality of hybridization.
Species Designation
The D. barberi-D. longicornis system poses some taxonomic difficulties, but the
unified species concept (de Queiroz 2007) provides a useful framework for thinking
about this system. Under the unified species concept, the only characteristic of a species
is a separately evolving metapopulation lineage. Other traditional species concepts,
including reproductive isolation, mate recognition, ecological isolation, diagnosibility,
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monophyly, genetic coalescence, or genotypic clustering, serve as lines of evidence
(secondary species properties) for recognizing lineage separation (de Queiroz 2007). The
presence of any of these secondary properties is evidence for lineage separation;
however, the absence of one of these properties does not serve as evidence against
lineage separation. If all of the secondary properties are absent, then a group is most
likely acting as a single species (de Queiroz 2007). D. barberi and D. longicornis do
exhibit differences in many characteristics, including morphology, genetics, behavior,
fitness, and habitat, but some of the differences may not be strong enough to classify the
taxa as separately evolving metapopulation lineages.
The evidence for intrinsic reproductive isolation, the traditional biological species
concept (Mayr 1963, de Queiroz 2007), is equivocal. Hybridization readily occurs under
laboratory conditions (McDonald et al. 1982, Golden 1990; Chapter 2), and hybrids and
their offspring are at least as fit as the parental species in terms of larval development
time, longevity, and fecundity (Chapter 2). However, hybridization between D. barberi
and D. longicornis is unidirectional (Krysan et al. 1983). Hybridization of D. barberi
females and D. longicornis males results in few offspring, which have poor fitness
(Chapter 2). Additionally, the two species vary in specific life history parameters, which
may reflect some intrinsic differences (Chapters 2, 3).
Evidence for mate and gamete recognition, the recognition species concept
(Paterson 1985, de Queiroz 2007), is similarly equivocal. Under lab conditions, D.
barberi males responded to their own pheromone, while D. longicornis males showed
little preference for their own pheromone (Chapter 3). However, under field conditions
in eastern Kansas, D. barberi and D. longicornis each strongly preferred their own
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pheromone (Krysan et al. 1983). Male response to pheromone, whether heterospecific or
conspecific pheromone, varied between species over the course of the day in the
laboratory (Chapter 3). Male D. barberi appeared to be more persistent in courting
heterospecific and conspecific females, when compared to D. longicornis males (Chapter
3). Additionally, D. longicornis males transferred a significantly larger spermatophore
than D. barberi males (Chapter 3).
Under phylogenetic properties (de Queiroz 2007), the available evidence does not
support lineage separation. While D. barberi and D. longicornis do exhibit limited
differentiation, they show little genetic separation (Table 4, Figs. 1-2). Previous genetic
work also revealed no strong genetic divergence between D. barberi and D. longicornis
(McDonald et al. 1982, Clark et al. 2001b).
Habitat fidelity of both described species and knowledge of D. longicornis habitat
would be instrumental in determining the level of ecological isolation (de Queiroz 2007)
between the two species. Habitat fidelity could affect ecological isolation in two
important ways: ovipositional choices made by females, and contact between males and
virgin females during the mating period. Female ovipositional selection is critical to
larval survival and would determine the host plants available to larvae, because larvae
cannot move long distances in the soil (Krysan 1999). D. barberi frequently leave corn,
but return to lay their eggs in cornfields (Cinereski and Chiang 1968, Naranjo and
Sawyer 1988, Siegfried and Mullin 1990, Boetel et al. 1992, Krysan 1999), whereas D.
longicornis are rarely found in cornfields and are presumed not to oviposit in cornfields
(Krysan et al. 1983). D. barberi and D. longicornis could be diverging if females
demonstrate distinct ovipositional choices. Contact between the two species during
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mating would depend on adult movement among habitats. In eastern Kansas, Krysan et
al. (1983) found that putative D. barberi were primarily collected in cornfields, while
putative D. longicornis were mostly collected from buffalo gourd. These two adult hosts
may significantly underrepresent the ecological niche of adults of either species. Buffalo
gourd is most likely only an adult host of D. longicornis, not a total habitat. Beyond
buffalo gourd, D. longicornis seems to be limited to habitats associated with river
drainages (Krysan et al. 1983, Krysan and Smith 1987), but little else is known about its
habitat. Both species have been collected from the same plants during times when
mating could be occurring (Golden 1990, Clark et al. 2001b; L.J. Meinke, per. obs.,
Tables 1, 2,).
Several lines of information would aid in clarifying the taxonomic status of D.
barberi and D. longicornis. First, the degree of habitat isolation between the two species
is most important in determining whether the two species hybridize substantially. More
information is needed on adult habitat for D. longicornis. Also, if the larval hosts for D.
longicornis could be identified, the habitat of D. longicornis would be defined a little
more narrowly. Second, examining the genetic and morphological variation in D.
barberi and D. longicornis throughout their entire ranges would help to determine if the
putative species are actually separately evolving metapopulation lineages (de Queiroz
2007). The major difficulty for any field study would be identifying individuals to either
putative species and recognizing hybrids if they occur.
The morphological, genetic, behavioral, fitness, and limited habitat data
collectively support that D. barberi and D. longicornis do differ in important ways.
However, the AFLP data presented in this study do not provide much support for the
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hypothesis that the taxa clearly are evolving separately (de Queiroz 2007). In light of the
currently available data, it is probably appropriate to reconsider the status of D. barberi
and D. longicornis as species (Krysan et al. 1983) and consider the taxa as subspecies, as
proposed by Smith and Lawrence (1967). Additional work on the ecology of both taxa
would help to elucidate the degree of separation between D. barberi and D. longicornis.
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Figure 1. Population assignment of D. barberi and D. longicornis to six clusters from STRUCTURE. Each color represents a different
population cluster. Black lines separate the populations; populations to the left of the heavy black line represent putative D. barberi, and
populations to the right of the heavy black line represent putative D. longicornis. Each vertical bar represents one individual and the individual’s
estimated proportion of membership in each of the clusters.
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Figure 2. Relationships between collection locations of D. barberi and D. longicornis. The tree is an unrooted neighbor-joining
tree constructed from pairwise FST differences. D. barberi are marked in black; D. longicornis are marked in blue. Branch length
corresponds to genetic distance.

Figure 3. Principal components analysis plot for D. barberi and D. longicornis from color-scoring and head capsule width
(mm) data. Filled circles represent putative D. barberi, and open circles represent putative D. longicornis. PC1 and PC2 combined
explained 66.05% of the total variation. See Table 6 for eigenvectors for principal components.

PC2: head capsule, small to large; 1st and 2nd episternites, dark to light
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Table 1. Collection sites, dates, and hosts for D. barberi and D. longicornis used for
genetic analysis.
Putative speciesa
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
a

County
Champaign
DeKalb
Peoria
Clinton
Palo Alto
Buena Vista
Benton
McLeod
Martin
Brookings
Brookings
Madison
Lancaster
Saunders
Merrick
Hall
Adams
Jefferson
Webster
Lancaster
Nuckolls
Webster
Dundy
Scott

State
IL
IL
IL
IA
IA
IA
MN
MN
MN
SD
SD
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
KS

N
7
10
10
10
10
10
10
10
10
10
9
10
10
9
10
10
10
7
4
5
8
10
4
9

Date
8/2/99
8/22/99
8/22/99
7/27/98
8/31/99
8/31/99
8/30/99
8/31/99
8/31/99
9/15/99
9/14/98
9/16/98
7/14/98, 8/18/98
7/21/98
9/10/99
9/10/99
8/25/99
7/28/98, 8/25/99
7/14/98
7/14/98
7/28/98
8/13/98
7/26/98

Host(s)b
corn
soybean
soybean
corn
sunflower
sunflower
sunflower
sunflower
sunflower
sunflower
sunflower
corn
lights, amaranth
corn
sunflower
sunflower
corn
corn
buffalo gourd
pumpkin
buffalo gourd
buffalo gourd
buffalo gourd
buffalo gourd

Species determined by morphology and collection location.
Host species are: sunflower (Helianthus annuus L., Asteraceae), corn (Zea mays L., Poaceae), soybean
(Glycine max (L.), Fabaceae), amaranth (Amaranthus sp., Amaranthaceae), buffalo gourd (Cucurbita
foetidissima HBK, Cucurbitaceae), and pumpkin (Cucurbita pepo L., Cucurbitaceae).
b

Table 2. Collection sites, dates, and hosts for D. barberi and D. longicornis used for morphological analysis.
Putative
speciesa
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi

County
Tompkins
Clark
Lafayette
Nodaway
Pipestone
Traill
Dodge

State
NY
OH
MO
MO
MN
ND
NE

Regionb
Allopatry
Allopatry
Allopatry
Allopatry
Allopatry
Allopatry
Sympatry

Latitude
(°N)
42.44
39.8667
39.00
40.4438
44.0669
47.3523
41.6331

Longitude
(°W)
76.53
83.6667
93.70
95.0822
96.2968
97.3253
96.6562

N
10
26
21
20
19
23
11

No.
Sites
1
1
1
1
1
1
1

D. barberi

Saunders

NE

Sympatry

41.11

96.68

64

4

D. barberi
D. barberi
D. barberi
D. barberi
D. barberi

Lancaster
Gage
Dixon
Polk
Howard

NE
NE
NE
NE
NE

Sympatry
Sympatry
Sympatry
Sympatry
Sympatry

40.79
40.2822
42.3518
41.176
41.1866

96.76
96.8223
96.8621
97.7714
98.3058

47
1
15
5
6

4
1
1
1
1

Date
9/16/05
9/7/06
summer 2005
8/6/05
8/12/04
8/21/06
8/16/05
7/13/88, 8/16/05,
9/12/06
7/20/85, 8/9/05,
8/24/05, 9/12/06
8/9/05
8/17/05
8/11/05
8/11/05

D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis

Hall
Sherman
Custer
Buffalo
Dawson
Frontier
Lincoln
Riley
Nuckolls
Webster
Lincoln
Dundy
Keith
Garden
Riley

NE
NE
NE
NE
NE
NE
NE
KS
NE
NE
NE
NE
NE
NE
KS

Sympatry
Sympatry
Sympatry
Sympatry
Sympatry
Sympatry
Sympatry
Sympatry
Sympatry
Sympatry
Sympatry
Allopatry
Allopatry
Allopatry
Sympatry

40.8009
41.27
41.2769
40.7866
40.8729
40.6003
41.0904
39.10
40.0732
40.0877
41.0904
40.0417
41.2575
41.3049
39.11

98.4749
98.86
99.3669
99.3854
100.1634
100.4979
100.7767
96.61
98.0684
98.6507
100.7767
101.7219
101.9607
102.1115
96.60

17
15
12
13
3
15
2
24
2
7
1
3
3
12
20

1
2
1
1
1
1
1
5
1
1
1
1
1
1
4

8/11/05
8/11/05, 9/13/06
8/11/05
8/11/05
8/26/05
8/27/05
8/26/05
8/4/05-8/5/05
8/9/05
8/2/04
8/26/05
8/6/06
7/22/07
7/23/05
8/4/05

Host(s) c
corn
corn
corn
corn
corn
corn
corn
thistle, rosinweed, corn, sunflower,
goldenrod, buffalo gourd
corn, thistle, sunflower, tall thistle,
bur cucumber
corn
corn
corn
corn
curlycup gumweed, horseweed,
goldenrod, sunflower
corn, sunflowers
corn, western ironweed, thistle
corn, sunflowers
sunflower
sunflower
pumpkin, sunflower
buffalo gourd, rosinweed, corn
buffalo gourd
buffalo gourd
pumpkin, sunflower
buffalo gourd
buffalo gourd
buffalo gourd
buffalo gourd, rosinweed

D. longicornis
Ottawa
KS
Sympatry
39.0769
97.8921 22
1
8/5/05
buffalo gourd
D. longicornis
Finney
KS
Allopatry
38.0669
100.557
4
1
7/29/05
buffalo gourd
D. longicornis
Scott
KS
Allopatry
38.6605
100.9137
1
1
7/29/05
buffalo gourd
D. longicornis
Pueblo
CO
Allopatry
38.23
104.27 32
3
7/28/05
buffalo gourd
D. longicornis
Santa Cruz
AZ
Allopatry
31.62
110.70
2
2
7/25/05
buffalo gourd
a
Species determined by morphology and collection location.
b
Region is allopatry or sympatry.
c
Host species are: sunflower (Helianthus annuus L., Asteraceae), rosinweed (Silphium sp., Asteraceae), curlycup gumweed (Grindelia squarrosa (Pursh) Dunal,
Asteraceae), horseweed (Conyza canadensis (L.) Cronquist), goldenrod (Solidago sp., Asteraceae), western ironweed (Vernonia fasiculata Michx., Asteraceae),
thistle (Cirsium sp., Asteraceae), tall thistle (Cirsium altissimum (L.) Hill, Asteraceae), corn (Zea mays L., Poaceae), soybean (Glycine max (L.), Fabaceae),
amaranth (Amaranthus sp., Amaranthaceae), buffalo gourd (Cucurbita foetidissima HBK, Cucurbitaceae), bur cucumber (Sicyos angulatus L.), and pumpkin
(Cucurbita pepo L., Cucurbitaceae).
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Table 3. Average gene diversity (± SD) and proportion of polymorphic loci for each
population.

Putative Species
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis

County, State
Champaign, IL
DeKalb, IL
Peoria, IL
Clinton, IA
Palo Alto, IA
Buena Vista, IA
Benton, MN
McLeod, MN
Martin, MN
Brookings 1, SD
Brookings 2, SD
Madison, NE
Lancaster, NE
Saunders, NE
Merrick, NE
Hall, NE
Adams, NE
Jefferson, NE
Webster, NE
Lancaster, NE
Nuckolls, NE
Webster, NE
Dundy, NE
Scott, KS

Average Gene
Proportion of
Diversity
Polymorphic Loci
0.240 ± 0.138
0.535
0.275 ± 0.149
0.687
0.301 ± 0.163
0.745
0.303 ± 0.164
0.714
0.350 ± 0.189
0.838
0.349 ± 0.188
0.808
0.273 ± 0.148
0.711
0.320 ± 0.173
0.847
0.364 ± 0.196
0.918
0.322 ± 0.174
0.808
0.289 ± 0.159
0.694
0.302 ± 0.163
0.748
0.293 ± 0.159
0.707
0.272 ± 0.150
0.647
0.300 ± 0.162
0.735
0.339 ± 0.183
0.828
0.251 ± 0.136
0.653
0.291 ± 0.166
0.626
0.251 ± 0.168
0.475
0.299 ± 0.185
0.586
0.229 ± 0.129
0.556
0.259 ± 0.141
0.636
0.246 ± 0.165
0.434
0.225 ± 0.124
0.596
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Table 4. Results from analysis of molecular variance for D. barberi and D.
longicornis combined, and for each species separately.
Source of variation
Among groups (species)
Among populations
Within populations
Total

d.f.
1
22
188
212

Sum of
squares
98.24
907.19
2724.35
3729.78

Variance
components
0.985
3.025
14.49
18.50

Percentage
of variation
5.33
16.35
78.33

D. barberi
Among populations
Within populations
Total

18
157
175

814.71
2317.87
3132.58

3.30
14.76
18.06

18.26
81.74

D. longicornis
Among populations
Within populations
Total

4
31
35

80.80
379.59
460.39

1.13
12.24
13.38

8.48
91.52
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Table 5. Mean total color scores (± SE) and mean head capsule width (in mm) of
beetle populations by county.
Putative
Species
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. barberi
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis
D. longicornis

County
Tompkins
Clark
Lafayette
Nodaway
Pipestone
Traill
Dodge
Saunders
Lancaster
Gage
Dixon
Polk
Howard
Hall
Sherman
Custer
Buffalo
Dawson
Frontier
Lincoln
Riley
Nuckolls
Webster
Lincoln
Dundy
Keith
Garden
Riley
Ottawa
Finney
Scott
Pueblo
Santa Cruz

State
NY
OH
MO
MO
MN
ND
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
KS
NE
NE
NE
NE
NE
NE
KS
KS
KS
KS
CO
AZ

Color ± SE
14.5 ± 0.36
c
12.1 ± 0.22
d
11.3 ± 0.25
d
11.5 ± 0.25
d
11.9 ± 0.26
d
11.3 ± 0.24
d
11.2 ± 0.34
d
12.0 ± 0.14
d
12.3 ± 0.16
d
11.8 ± 1.13
d
11.5 ± 0.29
d
11.9 ± 0.51
d
11.2 ± 0.46
d
11.5 ± 0.27
d
11.4 ± 0.29
d
11.3 ± 0.33
d
11.4 ± 0.31
d
11.5 ± 0.65
d
11.8 ± 0.29
d
10.6 ± 0.80
d
10.9 ± 0.23
d
17.8 ± 0.80
ab
16.9 ± 0.43
b
18.5 ± 1.13
ab
16.8 ± 0.65
b
18.0 ± 0.65
ab
17.5 ± 0.33
b
16.3 ± 0.25
b
16.7 ± 0.24
b
17.6 ± 0.56
b
13.0 ± 1.13
cd
17.3 ± 0.20
b
19.8 ± 0.80
a

Head Capsule Width
(mm) ± SE
1.079 ± 0.0270
bc
1.107 ± 0.0167
bc
1.141 ± 0.0186
b
1.100 ± 0.0191
bc
1.180 ± 0.0196 ab
1.129 ± 0.0178
b
1.102 ± 0.0257
bc
1.087 ± 0.0107
bc
1.075 ± 0.0125
c
1.250 ± 0.0853 ab
1.083 ± 0.0220
bc
1.117 ± 0.0382
bc
1.035 ± 0.0348
c
1.105 ± 0.0207
bc
1.097 ± 0.0220
bc
1.073 ± 0.0246
c
1.135 ± 0.0237
b
1.070 ± 0.0493
c
1.025 ± 0.0220
c
1.104 ± 0.0603
bc
1.111 ± 0.0174
bc
1.083 ± 0.0603
bc
1.137 ± 0.0323
b
1.125 ± 0.0853
bc
0.958 ± 0.0493
c
1.139 ± 0.0493
b
1.142 ± 0.0246
b
1.127 ± 0.0191
b
1.117 ± 0.0182
bc
1.052 ± 0.0427
c
1.083 ± 0.0853
bc
1.103 ± 0.0151
bc
1.292 ± 0.0603 a

Total color score is the sum of the individual scores for antennae, clypeus, scutellum, three episternites, and
tibiae. Greater values for color score were associated with greater degrees of piceousness for all
morphological characters. Means presented are least-squares means (LSMEANS). Effect of population
(putative species and county) was significant for total color score (F = 62.18, df: 32, 445, P < 0.0001) and
for head capsule width (F = 2.22, df: 32, 427, P = 0.0002). Within columns, means followed by the same
lower-case letter are not significantly different (P > 0.05).
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Table 6. Eigenvectors for principal components (PC) analysis.
Morphological Charactera
Antennae
Clypeus
Scutellum
Episternite 1
Episternite 2
Episternite 3
Tibiae
Head capsule width (mm)

PC1
PC2
0.24
0.41
0.41 0.046
0.40 0.031
0.31
-0.38
0.20
-0.64
0.43 0.043
0.21
0.43
0.013
0.57

Values in bold were greater than the mean of |0.33| for PC1 and the mean of |0.27| for PC2. These
components were considered important for explaining variation of each axis. The two principal
components explain a total of 66.1% of the total variation.
a
Head capsule width was measured in mm. All other morphological characters were color-scored as
described by Krysan et al. (1983) (see text).
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Table 7. Classifications of sympatric putative D. barberi and D. longicornis by
discriminant analysis, based on color scores and head capsule widths of allopatric
beetles.
Classified into:
D. barberi
D. longicornis
Total

Putative Species
D. barberi
D. longicornis
244 (97.6%)
6 (11.5%)
6 (2.4%)
46 (88.5%)
250 (100%)

52 (100%)

The first number represents the total beetles classified into a species by discriminant analysis; the number
in parentheses represents the percentage beetles classified into that species. Total represents the total
number of beetles classified by discriminant analysis. Total error rate in putative species identification was
6.97%. Allopatric beetles were used for calibration of the discriminant analysis.
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Table 8. Classifications of field-collected putative D. barberi and D. longicornis by
discriminant analysis, based on color scores and head capsule widths of lab-reared
beetles.
Classified into:
D. barberi
F1 hybrid
D. longicornis
Total

Putative Species
D. barberi
D. longicornis
337 (91.3%)
7 (6.4%)
27 (7.3%)
11 (10.1%)
5 (1.4%)
91 (83.5%)
369 (100%)

109 (100%)

The first number represents the total beetles classified into a species by discriminant analysis; the number
in parentheses represents the percentage beetles classified into that species. Total represents the total
number of beetles classified by discriminant analysis. Total error rate in putative species identification was
12.6%. Lab-reared beetles were used for calibration of the discriminant analysis.
a
F1 hybrid is the offspring of a D. longicornis female and D. barberi male.
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CHAPTER 5:
SUMMARY AND CONCLUSIONS

Diabrotica barberi Smith and Lawrence, the northern corn rootworm, and D.
longicornis (Say) are currently recognized as closely related galerucine chrysomelid
species (Krysan et al. 1983). Morphological (Krysan et al. 1983), allozyme (McDonald
et al. 1982, Krysan et al. 1989), and molecular data (Clark et al. 2001a, b) have strongly
supported the idea that D. barberi and D. longicornis are closely related, likely sister
taxa. The two taxa can successfully hybridize in lab situations, but unidirectional
incompatibility occurs (Krysan et al. 1983, Golden 1990). Cuticular hydrocarbon
(Golden 1990) and allozyme (McDonald et al. 1985) data from these taxa indicate that
hybridization could be occurring under field conditions. Additionally, although D.
barberi has been well-studied, many questions remain about its basic biology, and little is
known about the biology of D. longicornis.
The overall goal of this research was to examine if hybridization could be
playing a role in the evolution of D. barberi and D. longicornis in the area of sympatry
and to re-examine the evidence for species designation of the two taxa. The specific
objectives were designed to compare aspects of D. barberi and D. longicornis biology, to
assess the overall fitness of F1 hybrids, and to examine the potential for hybridization in
the field. These objectives included: 1) assess various life history parameters of D.
barberi, D. longicornis, and their crosses; 2) document and compare mating behavior,
pheromone response, and spermatophore transfer for D. barberi, D. longicornis, and F1
hybrids; and 3) examine genetic (amplified fragment length polymorphism, AFLP) and
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morphological (color and head capsule width) characters from field-collected D. barberi
and D. longicornis for evidence of introgression.
The fitness study (Chapter 2) is the first intensive study of the fitness of hybrids
of D. barberi and D. longicornis. Hybrids of a D. longicornis mother and D. barberi
father were as viable as individuals of either parental species; so, these hybrids and their
offspring would contribute to population growth of either taxon. In contrast, hybrids of a
D. barberi female and a D. longicornis male demonstrated consistently poor fitness. This
finding supports and expands on the observation of Krysan et al. (1983) that
hybridization between D. barberi and D. longicornis occurs and is unidirectional. The
data also indicated that D. barberi and D. longicornis are very similar for most life
history traits but differ in longevity and fecundity.
The studies of pheromone response, courtship, mating behavior, and
spermatophore transfer (Chapter 3) collectively demonstrated that F1 hybrids (D.
longicornis mother, D. barberi father) are reproductively fit. In addition, D. barberi and
D. longicornis exhibit numerous small differences in pheromone response, courtship, and
spermatophore volume. The descriptions of courtship and mating behaviors are the first
for the D. barberi-D. longicornis system. The small differences in characteristics of
reproductive behavior between the two taxa may collectively help to keep them isolated
in the area of sympatry.
The genetic data (Chapter 4) provided evidence for introgression between the two
taxa. Gene flow among populations of D. barberi and D. longicornis appeared to be
relatively high, and this gene flow seems to prevent strong differentiation of populations.
Morphological data also failed to reveal strong distinctions between the two taxa and
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supported the assertion of Krysan et al. (1983) that some individuals cannot be assigned
to one species with certainty.
In total, the research presented here demonstrates that hybridization most likely
occurs under field conditions (Chapters 2-4), and that the relative fitness of hybrids from
D. longicornis female x D. barberi male crosses is comparable to the parental taxa
(Chapters 2-3). D. barberi and D. longicornis beetles often occur in neighboring
habitats, and both species have been observed on the same adult hosts during the time
when mating could occur (Golden 1990, L.J. Meinke, unpub. pers. obs.). However,
females in the virgifera group of Diabrotica generally only mate once, soon after
emergence (Hill 1975, Quiring and Timmins 1990, Marquardt and Krupke 2009), which
would probably limit the opportunities for females to be receptive to interspecific males.
D. barberi females emerging within a cornfield would likely mate with D. barberi males
for three reasons. First, D. barberi exhibits protandry (males begin emerging before
females (Bergman and Turpin 1986). Second, D. barberi males are persistent in pursuing
a female (Chapter 3), and, third, D. longicornis has rarely been observed in corn.
Therefore, mating between D. barberi females and D. longicornis males in the field
likely would be a rare event because of habitat choice, regardless of the fitness of
offspring. D. barberi males may have greater opportunities to mate with D. longicornis
females, because D. barberi males exhibit a great deal of trivial movement between
adjacent habitats (Cinereski and Chiang 1968, Naranjo 1991, Campbell and Meinke
2006).
The unified species concept (de Queiroz 2007) defines a species as a separately
evolving metapopulation lineage. It uses previously proposed species concepts, including
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reproductive isolation, mate recognition, ecological isolation, diagnosibility, monophyly,
genetic coalescence, or genotypic clustering, as lines of evidence to delimit species (de
Queiroz 2007). D. barberi and D. longicornis demonstrate some reproductive isolation,
because hybridization is unidirectional (Chapter 2). The two taxa do differ in certain
reproductive characteristics (Chapter 3), but the available genetic and morphological data
provide little evidence for lineage separation (Chapter 4).
Ecological isolation could be important in separating D. barberi and D.
longicornis. Currently the only known larval host for D. longicornis is corn, but corn is
most likely not a natural or typical host for D. longicornis, as corn has never been
documented as a host of D. longicornis in the field (Krysan et al. 1983). D. longicornis
adults are often collected from wild buffalo gourd (Krysan et al. 1983, Golden 1990), but
adult habitat requirements are largely unknown. Therefore, habitat preferences for D.
longicornis larvae and adults are not well-defined. D. barberi generally utilizes corn as a
larval host (Krysan 1986), but adults frequently move out of corn when corn has finished
pollinating but return to corn habitats to oviposit (Cinereski and Chiang 1968, Branson
and Krysan 1981, Naranjo and Sawyer 1988, Lance et al. 1989, Boetel et al. 1992,
McKone et al. 2001, Campbell and Meinke 2006). D. barberi are very mobile and
engage in trivial flights (Naranjo 1990, 1994); D. longicornis are most likely similarly
mobile. This suggests that either taxa could move easily between habitats. If
heterospecific individuals come into contact during mating, or if females do not exhibit
strong ovipositional preferences, then the two taxa may not be ecologically isolated.
However, if habitat fidelity during mating or during oviposition is strong, as Krysan et al.
(1983) hypothesized but did not test directly, the two taxa could be diverging
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ecologically. It is also important to note that most of the geographic ranges of either
species do not overlap (Krysan et al. 1983), which could cause ecological divergence in
allopatry. Understanding the degree of habitat isolation is essential for determining the
potential for hybridization and divergence of these two taxa.
The potential for gene flow might change from year to year, depending on climate
conditions in the area of sympatry. D. longicornis population densities in the area of
sympatry have been reported to be relatively large in wetter years (Krysan et al. 1983,
Golden 1990; L.J. Meinke and T.L. Clark, pers. comm.), but D. longicornis densities
were very low in the drier years of 2004 – 2005 (CPC 2009), when most of the
collections of D. barberi and D. longicornis were made for this study (Chapters 2 – 4).
D. barberi were also more common in the area of sympatry previous to the invasion of D.
virgifera virgifera LeConte (NebRecs 2008), which outcompetes D. barberi in
continuous corn (Hill and Mayo 1980). D. barberi is becoming an increasing economic
problem in rotated corn in Minnesota, South Dakota, Iowa, and Nebraska. One
hypothesis for the greater abundance of D. barberi is the increased frequency of the
extended diapause trait (Chiang 1965, Krysan et al. 1984, Krysan et al. 1986, Levine et
al. 1992; L.J. Meinke and T. Hunt, unpub.). However, in southeast Nebraska, D. barberi
is relatively uncommon and rarely an economic problem. Climatic variation,
interspecific competition with other Diabrotica species, and other unknown factors that
may affect D. barberi densities in the area of sympatry could result in fluctuating levels
of contact between D. barberi and D. longicornis.
Hybridization between D. barberi and D. longicornis has the potential to affect
the evolution and pest status of either taxon. A favorable mutation in either taxon could
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spread among populations of both taxa. Greater knowledge of the ecology of either
taxon, plus habitat preferences of hybrids, could be important for pest management. D.
barberi is an important pest of corn in the U.S. Corn Belt (Krysan 1986), and gene flow
between D. barberi and D. longicornis could affect pest management of D. barberi or the
ovipositional preferences of D. longicornis in the area of sympatry.
D. barberi and D. longicornis were originally elevated to species status based on
known differences in larval and adult host range, geographic range, pheromone response
in the field, unidirectionality in interspecific crosses, and color differences (Krysan et al.
1983). The studies presented here support the unidirectionality observed by Krysan et al.
(1983) and also demonstrate the viability of hybrids of a D. longicornis female and D.
barberi male (Chapter 2). Additionally, pheromone response in the laboratory, courtship
and mating behavior, and spermatophore volumes demonstrate multiple small differences
between D. barberi and D. longicornis (Chapter 3). Despite these differences, the
genetic data (Chapter 4) do not support the hypothesis that D. barberi and D. longicornis
are separately evolving lineages, or full species (de Queiroz 2007). D. barberi and D.
longicornis could be isolated by their many small differences, but the two taxa overlap in
many other characteristics (McDonald et al. 1982, Krysan et al. 1983, Golden and
Meinke 1991, Golden et al. 1992, Clark et al. 2001b). Additional work on the ecology of
both taxa would help to elucidate how gene flow is occurring and the degree of
ecological separation between D. barberi and D. longicornis in the field. In light of the
currently available data, it is appropriate to question the status of D. barberi and D.
longicornis as species (Krysan et al. 1983) and to consider the taxa as subspecies, as
originally proposed by Smith and Lawrence (1967).
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APPENDIX 1:
TECHNIQUE FOR REARING INDIVIDUAL DIABROTICA LARVAE AND
ADULTS (COLEOPTERA: CHRYSOMELIDAE)

Introduction
All described species in the chrysomelid genus Diabrotica feed on plant roots as
larvae (Branson and Krysan 1981); species in the virgifera group are generally limited to
roots of specific grasses (Branson and Krysan 1981, Krysan 1999, Cabrera Walsh 2003),
while species in the fucata group are polyphagous (Branson and Krysan 1981, Krysan
1986). The genus Diabrotica includes important pest species of corn and other crops
(Krysan 1986).
Because larval stages are root feeders and adults feed primarily on reproductive
plant tissues (Krysan 1986), rearing these species for use in lab or field studies can be
challenging (Jackson 1986). Most available methodology focuses only on mass rearing
of pest Diabrotica species; examples include: D. virgifera virgifera LeConte, the western
corn rootworm (Branson et al. 1975, Jackson and Davis 1978, Jackson 1986, Campbell
and Jackson 1987, Branson et al. 1988), D. barberi Smith and Lawrence, the northern
corn rootworm (Dominique and Yule 1983), D. undecimpunctata howardi Barber, the
spotted cucumber beetle or southern corn rootworm (Branson et al. 1975, Marrone et al.
1985, Jackson 1986), and D. balteata LeConte, the banded cucumber beetle (Schalk
1986). Additionally, data on the survival or general quality of adults obtained from
published rearing methods are often lacking.
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To facilitate study of the sibling species D. barberi and D. longicornis (Say), the
need arose in our laboratory to efficiently rear high-quality individuals of each species.
Few papers address this need. Woodson and Jackson (1996) successfully reared
individual D. barberi larvae on corn in a sealed system without soil; however, this
method was time-intensive and required changing the food source, corn roots, daily.
Golden and Meinke (1991) reared D. longicornis larvae on corn seedlings in small
containers with peat moss as the soil medium. In our laboratory, early attempts to rear D.
barberi with existing techniques, either individually or in larger cohorts, resulted in poor
survival. Additionally, a standardized rearing technique was necessary to ensure that all
larvae received equal care. This paper reports the individual larval and adult rearing
technique that was optimized over time, and presents data on survival and quality of D.
barberi adults produced with the technique.

Materials and Methods
Egg Handling
Eggs were held in Petri dishes (100 mm diameter, 15 mm high) with a base of
moistened (about 30% moisture by volume), autoclaved silty clay loam soil pre-sifted
through a 60-mesh sieve. Eggs were partially covered with a light layer of 60-mesh soil,
and the Petri dishes were then wrapped with Parafilm M (Pechiney Plastic Packaging,
Menasha, WI) for storage. To facilitate diapause development and diapause termination,
eggs were maintained at 22 ºC for approximately two months after oviposition, 10 ºC for
approximately 30 days, 5 ºC for approximately 6 months, and 22 ºC until eclosion of
neonate larvae.
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Larval Rearing
Larvae of D. barberi were reared at a mean temperature of 22.5 °C  0.2 °C and
mean relative humidity of 66.7%  0.7%, using a modification of the method presented
by Golden and Meinke (1991). Individual larvae were reared in 5.9 cm3 (2 oz.) plastic
condiment cups with lids (SYSCO, Houston, TX, products 5318571 and 5318399, and
Sweetheart (Solo), Highland Park, IL, products UR2H and LUR2H). Six to eight small
holes were punched into lids to allow for air exchange. Pioneer Brand 31G66 (Johnston,
IA) corn, treated with fungicides Fludioxonil and Mefenoxam, was used for rearing.
Corn kernels were soaked in water for 24 hours, then allowed to germinate and grow in
covered dishes until roots were at least 1.3 cm long. One corn seedling was planted per
plastic condiment cup into approximately 2 cm (about three-quarters of the container) of
pure sphagnum peat moss with no added fertilizer (Earl May, Shenandoah, IA). The peat
moss was not autoclaved, because autoclaving caused greater problems with mold
growth. The peat moss was moistened with distilled water in large batches, with 30%
moisture by volume, prior to planting. The humidity or temperature in a given rearing
environment may dictate the necessity to modify the water content of the peat moss; an
earlier trial of this rearing process used 40% moisture by volume for larval rearing. The
peat moss retained sufficient moisture for corn seedling growth for at least two to three
weeks, particularly in the covered rearing cups; therefore, additional water was not
generally necessary. Corn seedlings were grown in the plastic cups for at least one to two
days before infestation with larvae to allow seedlings to establish (Fig. 1a).
Egg hatch from each Petri dish was monitored daily. Each neonate larva was
transferred using a fine paintbrush to a corn root in a separate plastic cup (Fig. 1). Each
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cup then was labeled with a unique identification number; using this method, each larva
could be tracked throughout its development (Fig. 1). Each cup was evaluated at ten and
fifteen days after infestation. These evaluation periods were selected based upon larval
development rates at 22.5 ºC. At ten days after infestation, most larvae had reached the
second instar, which made them easier to find in the peat moss. At fifteen days, most
larvae were in the late third instar but had generally not reached the prepupal stage. After
fifteen days, larvae were not disturbed to avoid damage to the pupal cell and the pupa.
During each evaluation, the corn seedling and peat moss were removed from the plastic
cup and examined for the presence of the larva. If the larva was found, it was transferred
to a new cup that had been prepared as described above. If the larva was not found, the
corn seedling and all peat moss were placed back into the original cup, and a fresh corn
seedling was added. Beginning approximately 25 days after infestation, all cups were
checked twice daily for adult emergence, which was defined as the time that the beetle
was found on the surface of the soil. Because immature development is temperature
dependent (Woodson and Jackson 1996), the timing of evaluations would need to be
modified at different rearing temperatures.
Mating and Oviposition
After emergence, all beetles were held individually in fresh plastic condiment
cups with sweet corn sections and lettuce until mating pairs were selected. Beetles were
randomly chosen for mating; mated pairs were retained in the plastic cups for seven to
ten days. Pairs were then transferred to oviposition boxes, which were a modification of
the design used by Boetel and Fuller (1997). The polystyrene oviposition boxes were 5.9
cm long by 5.9 cm wide by 7.8 cm high, which included a lid 0.64 cm deep (ShowMan
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box, Althor Products, Wilton, CT, Fig. 2a). Oviposition boxes were filled with
approximately 60 mL of fine 60-mesh soil (about 40% of the volume of the box) and
moistened with distilled water to about 30% by volume (Fig. 2b). The soil was then
stirred to absorb the water and remained in a clumpy, ―stirred‖ form. A food ―shelf‖
made of a rectangular piece of plastic (4.5 cm long by 2.5 cm wide by 1.5 cm high) was
attached to the lid with Velcro (Fig. 2); mated pairs were provided with a fresh slice of
sweet corn every four to five days. The food shelves could be prepared in advance, and
the Velcro shelf attachment allowed old food and the shelf to be removed quickly and
replaced with fresh food. Because they were easily removed, food shelves were also easy
to clean.
Mated pairs remained in the oviposition boxes until death. Eggs were obtained by
washing the oviposition soil through a 60-mesh sieve; eggs were then placed on milk
filters (KenAG Animal Care Group, product D110, Ashland, OH), counted, and
transferred to Petri dishes with moistened, 60-mesh soil as previously described.
Production and Quality of Adults
The rearing technique was used in 2006 to document quantity and quality of D.
barberi adults produced. D. barberi individuals were reared from field collections
originally made near Pipestone, MN. Percentage survival to adult and development time
from neonate larva to adult emergence were calculated. Eggs from fifteen randomly
chosen D. barberi male-female pairs were counted. Lastly, the head capsule widths of
100 randomly selected beetles were measured as an indication of larval fitness (Branson
and Sutter 1985, Naranjo 1991, Woodson and Jackson 1996).
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Results
With this rearing technique, survival of D. barberi to the adult stage was
relatively high, with 61.1% survival (N = 986). Mean development time to adult
emergence was 35.3  0.1 days (range: 30 to 49 days, N = 600) and mean fecundity per
female was 244.9  49.9 eggs (range: 0 to 538, N = 15). Mean head capsule widths of
males were generally larger than females (females: 1.11  0.01 mm, N = 52; males: 1.14
 0.01 mm, N = 48). Very few beetles (less than 1%) had physical deformities, which
generally were improperly developed legs or abdominal abnormalities.

Discussion
Life history parameters of beetles produced with this rearing technique were
similar to parameters of beetles produced with other lab-rearing methods or wild-type
beetles collected in the field. Percentage survival (neonate larva to adult) from this study
was either greater than or comparable to survival reported for D. longicornis (Golden and
Meinke 1991), D. barberi (Dominique and Yule 1983), and D. v. virgifera (Branson et al.
1975, Jackson and Davis 1978, Branson et al. 1988) in the laboratory. Field survival of
D. v. virgifera has been reported to be only 0.8% to 6.5% (Fisher et al. 1992). Mean
development time to adult was shorter in this study than has been reported in other
studies; neonate to adult development time has been reported as 37.3 to 47.4 days
between 21 °C and 24 °C for D. barberi (Dominique and Yule 1983, Golden and Meinke
1991, Woodson and Jackson 1996). Fecundity in this study was comparable to fieldcollected wild-type (Naranjo and Sawyer 1987, Boetel and Fuller 1997), and lab-reared
D. barberi (Dominique and Yule 1983). The mean head capsule width obtained from this
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study was slightly larger than the mean reported by Woodson and Jackson (1996) for labreared D. barberi at similar temperatures. As reported in Woodson and Jackson (1996),
the mean head capsule width of male D. barberi was larger than that of female D.
barberi. These data suggest that male D. barberi may intrinsically be larger than
females, because density-dependent conditions would not affect head capsule width in
either study.
Advantages of this rearing system include: high larval survival, production of
virgin adults, the ability to track individual development and survival, production of
healthy, high-quality adults, and reliable egg production. However, dedicating a high
level of attention to each larva is time and labor-intensive. Therefore, this technique is
probably best suited for small-scale rearing in support of experiments that involve small
or rare populations (i.e., progeny of specific crosses, genetic lines, etc.), where good
survival and high quality adults are necessary. This technique could also be used to
record individual development times to specific larval instars or to the adult stage.
This general rearing technique should be applicable to different Diabrotica species or
other Coleoptera that oviposit in the soil. The larval rearing procedure and oviposition
boxes described in this paper have been used successfully in our laboratory for D.
longicornis, D. v. virgifera, and D. u. howardi. The larval rearing method has also been
successfully scaled up for small cohorts of D. v. virgifera larvae using more corn
seedlings and a larger container (A.P. Alves, unpubl. data). Two important factors that
led to successful larval and adult rearing were maintenance of clean environments with as
little mold as possible and consistent availability of high quality food for all life stages.
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To echo Jackson (1986), successful rearing is often more dependent on the quality of care
than on the supplies used.
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Fig. 1. Larval rearing containers, a) individual rearing cup, b) arrangement of
rearing cups.
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Fig 2. Oviposition box for Diabrotica, a) box and lid, b) box with food and soil.
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APPENDIX 2:
DOCUMENTATION OF EXTENDED DIAPAUSE TRAIT IN DIABROTICA
BARBERI SMITH AND LAWRENCE AND DIABROTICA LONGICORNIS (SAY)
FROM NEBRASKA
Diabrotica barberi Smith and Lawrence, the northern corn rootworm, and
Diabrotica longicornis (Say) are considered to be sister species (Krysan et al. 1983,
Krysan et al. 1989, Golden 1990, Clark et al. 2001). The two species were separated
based on color differences, habitat preferences, morphological differences in
embryogenesis at diapause, and differences in mating behavior and pheromone response
(Krysan et al. 1983). D. barberi is a pest of corn throughout the U.S. Corn Belt, while D.
longicornis is found in grasslands in the southwestern United States and Mexico; the
ranges of the two species overlap in eastern and central Nebraska and Kansas (Krysan et
al. 1983, Krysan and Smith 1987).
As members of the virgifera group of Diabrotica, D. barberi and D. longicornis
overwinter in the egg stage (Krysan 1986, Krysan and Smith 1987, Krysan 1999), and
larvae hatch in late May to early June. In 1965, Chiang reported that a very small
percentage (0.3%) of D. barberi eggs could survive for two years in the soil. He
suggested that delayed hatching in D. barberi could account for the presence of D.
barberi in corn following soybeans but concluded that it was most likely unimportant
economically (Chiang 1965). Krysan et al. (1984, 1986) later examined extended
diapause in D. barberi and found that up to 47% of eggs hatched after two winters in the
soil. By this time, D. barberi was causing economic damage to corn in corn-soybean,
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Glycine max (L.) Merr., crop rotations (Krysan et al. 1986, Ostlie 1987, Levine et al.
1992a). The extended diapause trait seems to be present in many D. barberi populations,
but the intensity of the trait varies over the range of D. barberi (Krysan et al. 1986,
Levine et al. 1992a). Additionally, D. barberi eggs can survive in diapause for up to four
years in the soil (Levine et al. 1992a). D. longicornis was also documented to have the
extended diapause trait, with eggs hatching after two cold periods, but larval eclosion was
low after the second cold period (Golden and Meinke 1991).
The extended diapause trait has been historically inferred to occur in D. barberi
populations in northeast Nebraska, because of economic damage and proximity to areas
with documented extended diapause, but no empirical data has been collected to formally
document extended egg diapause in Nebraska. The D. barberi has been observed in
eastern Nebraska in increasing numbers over the last eight years in first-year corn and
soybeans, especially in areas where annual corn-soybean rotation is followed.
Historically, very few D. barberi were collected from emergence cages in first-year corn
at the University of Nebraska Agricultural Research and Development Center (ARDC),
near Mead, NE, during the 1990's. Dramatic increases in D. barberi emergence from
first-year corn have been recorded at the ARDC. It is currently unclear what has led to
this change, but possibilities include increased survival from a series of mild winters or a
change in frequency of extended diapause individuals in a population.
This study had two goals: to confirm that the extended diapause trait does occur
in east-central Nebraska in D. barberi, and to confirm the observations of Golden and
Meinke (1991) that the extended diapause trait is also present in populations of D.
longicornis.
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Adult D. barberi were collected from emergence cages (1.83 x 1.83 m) in firstyear corn at the ARDC in 2004 or from corn near Pipestone, MN, an area that has a
history of extended diapause. Adult D. longicornis were collected from buffalo gourd
near Rock Creek State Recreation Area, Lewellen, and Inavale, NE. Two to four mated
female D. barberi and individual female D. longicornis were placed in each oviposition
box (Table 1) and allowed to lay eggs in soil (see Appendix 1 for description). Females
were maintained on a diet of fresh corn and corn silks until death.
For Mead D. barberi, fifteen oviposition boxes that contained more than 150 eggs
each were randomly chosen to measure percentage egg hatch; for Pipestone D. barberi
and D. longicornis, all eggs were used. In 2004, 2005, 2006, and 2007, eggs were held at
22 C for up to four months (after initial oviposition in 2004, and during/after egg hatch
in 2005-2007) before they were moved to the following winter temperature regimes. In
each winter, eggs were maintained at 10 C for approximately 30 days, 5 C for
approximately six months (Chiang et al. 1972), and then 22 C to terminate diapause and
facilitate post-diapause egg development. In each spring, the number of larvae that
hatched was recorded daily. Means and standard errors for each colony were obtained
using the PROC MEANS statement in SAS (SAS 2003).
Results are presented in Table 1. Although sample sizes are not large for D.
longicornis, it is clear even with limited sampling that the extended diapause trait is
present in both species in Nebraska and that eggs can survive through at least four
simulated winters. For D. barberi, although these data only represent one Nebraska site,
the results document that the extended diapause trait is present in east-central Nebraska
as far south as Saunders County. In addition, viable eggs were present in all egg cohorts
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from the Mead, NE, and Pipestone, MN, locations after being subjected to four simulated
summer–winter temperature cycles.
These results also reaffirm that geographically distinct populations of either
species may vary widely in the frequency of extended diapause. D. longicornis from
Inavale exhibited a very low frequency of eclosion in the second year (0.33% ± 0.21),
and no remaining eggs appeared to be viable. In contrast, D. longicornis from Rock
Creek and Lewellen had much higher frequencies of eclosion in the second year (9.72%
± 1.71 and 16.3% ± 4.88, respectively); eggs from Rock Creek hatched for three years
total, and eggs from Lewellen hatched for four years total. Both populations of D.
barberi had larval eclosion for four years, but the Pipestone colony had the highest
percentage eclosion in the second year, while percentage eclosion from Mead was highest
in the first year.
Extended diapause in D. barberi and D. longicornis could serve as a way to
spread the risk for larvae. In D. barberi, the risk is larval eclosion into a non-host crop,
resulting in larval mortality (Krysan et al. 1984). For D. longicornis, the risk could be
unfavorable conditions (Golden and Meinke 1991), such as drought or fire, when the host
plants may be stressed. The differences in frequency of extended diapause may also
reflect selection for local conditions (Krysan et al. 1986). The Pipestone colony comes
from an area that has a history of strict corn-soybean rotations, which would exert a
selection pressure for D. barberi with a two-year diapause.
The results from this study suggest that variable diapause length may be an
ancestral trait in the D. barberi-D. longicornis lineage and perhaps even within the
virgifera group of Diabrotica. D. virgifera virgifera LeConte exhibits a very low
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frequency of extended diapause (<1%) (Levine et al. 1992b), and all three species have a
small percentage of eggs that hatch with a very short diapause and no cold treatment (D.
virgifera virgifera (Chiang et al. 1972, Branson 1976), D. barberi (Chiang et al. 1972),
D. longicornis (pers. obs.) (Golden and Meinke 1991).
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Table 1. Mean ± SE number of females, eggs, numbers of eggs eclosed each year,
and percentage eclosion of the total eggs for each year.
Colony
N
No. Females
Eggs
2005 Hatch
2006 Hatch
2007 Hatch
2008 Hatch

D. barberi
Mead
Pipestone
15
7
3.7
3.7
433.6 ± 56.3 491.6 ± 107.5
111.4 ± 18.4
61.4 ± 16.9
81.7 ± 13.3
124.4 ± 32.8
70.8 ± 12.0
43.7 ± 11.1
23.3 ± 6.1
9.0 ± 4.4

Rock Creek
3
1.0
100.0 ± 27.1
34.3 ± 13.9
9.0 ± 2.1
0.3 ± 0.3
0

D. longicornis
Lewellen
3
1.0
112.0 ± 53.4
21.0 ± 8.9
23.3 ± 16.4
10.7 ± 7.1
1.0 ± 1.0

Inavale
4
1.0
110.7 ± 50.2
45.5 ± 27.4
0.5 ± 0.3
-

Total Hatch

287.2 ± 38.0

238.6 ± 58.1

43.7 ± 16.2

56.0 ± 31.0

46.0 ± 27.6

25.2 ± 2.9

14.2 ± 4.1

31.7 ± 6.0

18.8 ± 5.5

37.9 ± 11.5

19.2 ± 1.8

23.1 ± 4.2

9.7 ± 1.7

16.3 ± 4.9

0.33 ± 0.21

16.9 ± 2.2

8.6 ± 1.3

0.25 ± 0.25

11.1 ± 6.4

-

5.1 ± 1.1

1.5 ± 0.6

0.00

0.47 ± 0.47

-

66.4 ± 2.3

47.4 ± 6.1

41.6 ± 6.0

46.7 ± 4.0

38.2 ± 11.5

2005
Percentage
Hatch
2006
Percentage
Hatch
2007
Percentage
Hatch
2008
Percentage
Hatch
Total
Percentage
Hatch

