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Abstract

Wing-polymorphic insects are excellent models for asking questions about trade-offs in physiology and life-history because of
the existence of multiple morphs exhibiting numerous strategies living in one environment. We measured activities of select key
enzymes in oxidative metabolism (citrate synthase), glycolysis (hexokinase, pyruvate kinase) and fatty acid oxidation (ß-hydroxyacyl
CoA dehydrogenase, HOAD) in flying and non-flying long-winged bugs from two populations (ancestral and derived) of the wing-
polymorphic soapberry bug (Jadera haematoloma). In the ancestral population, flyers had significantly greater activities of citrate
synthase, hexokinase, pyruvate kinase, and HOAD than non-flyers. In contrast, in the derived population, flyers and non-flyers
showed no significant differences in the activities of any of the enzymes tested. There were no significant differences in activities
of citrate synthase as a function of adult age (3–20 d) for either population. Short-winged bugs in the derived population had
significantly lower citrate synthase activities than either of the two derived, long-winged morphs, however, they were analogous
to the ancestral long-winged non-flyer. These results suggest an evolution of alternative flight strategies between the two populations.
 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The evolution, development, and persistence of wing
polymorphism in insects have received much attention
over the past twenty years, with extensive reviews cover-
ing the ecology, genetics, physiology, and endocrinology
of morph determination (Pener, 1985; Roff 1986, 1990;
Roff and Fairbairn, 1991; Denno, 1994; Dingle, 1996;
Zera and Denno, 1997). The term wing polymorphism
encompasses two separate phenomena, external wing
polymorphism and flight muscle polymorphism. Exter-
nal wing polymorphisms include a short-winged or
apterous morph, which is flightless, and a long-winged,
flight-capable morph. For flight muscle polymorphism,
external morphs tend to look similar, but there are flight-
capable and flightless morphs as a result of variation in
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flight muscle, often as a result of de-alation and second-
ary histolysis of flight muscles (Pener, 1985; Roff and
Fairbairn, 1991; Tanaka, 1994; Gomi et al., 1995; Din-
gle, 1996; Zera and Denno, 1997).

Questions about the potential costs and benefits of a
given life-history strategy can be asked by examining
multiple wing morphs coexisting in one environment.
Comparisons between flight capable (long-winged) and
flightless (short-winged or wingless) morphs in timing
of first oviposition, fecundity and adult longevity suggest
some “cost” of flight capability (Zera, 1984; Dingle,
1985; Roff, 1986; Denno et al., 1989). The links between
flight muscle histolysis (breakdown) and increased egg
production (Nair and Prabhu, 1985; Tanaka 1993, 1994),
the differential allocation of nutrients towards biomass
(Mole and Zera, 1993), differences in the biosynthesis
of tryglycerides, a presumptive flight fuel (Zera et al.,
1994), and differences in flight muscle characteristics
between morph types (Zera et al., 1997) suggest a cost
of maintaining wing morphs. These studies have focused
primarily on two species of crickets, and there is a pauc-
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ity of data on the physiological costs associated with
wing polymorphism in other taxa.

Soapberry bugs,Jadera haematoloma(Hemiptera:
Rhopalidae), are a particularly useful species for study-
ing the physiology underlying many life history trade-
offs, as they have both wing and flight muscle polymor-
phism. There is a short-winged flightless morph and mul-
tiple long-winged morphs which consist of individuals
which retain the flight muscles throughout life, those that
eclose without flight muscles (flightless) and those which
histolyze the flight muscles at some point during the
adult stage (generally pre-oviposition, Dingle and Win-
chell, 1997). The existence of multiple long-winged
morphs allows comparisons to be made between morphs
to better understand the mechanism of control and evol-
ution of flight polymorphism.

The soapberry bugs that we studied comprise an
ancestral and a derived population. The ancestral popu-
lation from the Florida Keys feeds on the seeds of a
native host plant (balloon vine,Cardiospermum
corindum) that bears limited amounts of fruit asynchro-
nously year round. The derived population from Central
Florida evolved from the ancestral with an estimated 30–
60 year time of separation (Carroll and Boyd, 1992); it
feeds on seeds of the introduced goldenrain tree
(Koelreuteria elegans) which produces abundant fruit
synchronously but for only part of the year (Carroll and
Boyd, 1992). Both populations include individuals rep-
resenting all possible wing/flight morphs, but the fre-
quency of the long-winged morph, and especially of
those with flight muscles, is higher in the ancestral popu-
lation (Dingle and Winchell, 1997, and unpublished
data). In addition to wing morph frequencies, the ances-
tral and derived populations differ in the length of the
feeding stylets and in overall shape (Carroll and Boyd,
1992; Carroll et al. 1997, 1998); in life history traits such
as development time, egg, and clutch sizes (Carroll and
Boyd, 1992; Carroll et al., 1998); and in preference for
and performance on different host plants (Carroll et al.,
1998). Sampling at locations within the geographic dis-
tributions of the two forms fails to reveal any differences
within areas occupied by each. Thus, there are conspicu-
ous differences between Central Florida (derived) and
the Florida Keys (ancestral) populations of the soapberry
bug, but no evidence for variation within their respective
distributions. Because of the absence of differences
within the populations, in this paper we focus on one
sample from each of the derived and ancestral types.

We present an analysis of some key enzymes in gly-
colysis (hexokinase, pyruvate kinase), oxidative metab-
olism (citrate synthase), and fatty acid oxidation (ß-hyd-
roxyacyl CoA dehydrogenase) to address three
questions:

1. Are there quantitative biochemical differences

between the two long-winged morphs or are differ-
ences in flight ability/tendency strictly behavioral?

2. Are there enzymatic differences between short
winged bugs and the flying and non-flying long-
winged bugs?

3. Is there a temporal component to changes in
enzyme activities?

Collectively, these studies will address if biochemical
differences prevent some macropters from flying or if
the differences in flyers versus non-flyers are behavioral,
based on differing flight thresholds or differential
responses to environmental cues.

2. Material and methods

2.1. Insect rearing

Soapberry bugs were collected from sites in Leesburg
and Key Largo Florida in October 1996, representing
derived and ancestral populations, respectively. These
bugs were brought back to the laboratory and raised in
plastic rearing boxes (30×22×9 cm) at 28°C in a
12L:12D photoperiodic regime. Bugs that were to be
used in the experiment were removed from the stock
boxes during the fifth nymphal instar and placed in a
smaller rearing box (14×14×8 cm) with seeds and water.
These rearing boxes were checked daily for adult emerg-
ence. Upon emergence, adults were removed from the
rearing box and placed singly in a petri dish with water
and placed back in the environmental chamber. On day
three of adult life, long-winged bugs were removed from
the petri dishes and flight tested (see below for
description) while short-winged bugs were immediately
dissected. Only short-winged bugs from the Leesburg
population were assayed because we were unable to col-
lect enough short-winged Key Largo bugs during the
time period of the experiment.

The flight test consisted of throwing individual bugs
into the air three consecutive times. If the bugs opened
their wings and flapped in any one of the three trials
they were classified as “flyers”. After separation into
flyers and non-flyers bugs were dissected.

2.2. Dissection

Whole bugs were weighed before dissection. The dis-
section consisted of removal of the head, abdomen, and
legs followed by the removal of the digestive tract and
fat body. The tissue remaining in the thorax was then
blotted dry to remove any remaining lipids. Upon visual
inspection, it was not possible to classify flight muscles
as either histolyzed or non-histolyzed as a result of the
continuum between partially histolyzed to fully histo-
lyzed flight muscle between individual bugs. Previous
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observations have shown that some individuals which
have undergone partial histolysis retain the ability to fly
for a period of time (Winchell, personal observations).
Thus flight tendency was classified according to
behavior rather than the presence or absence of histo-
lyzed flight muscle. The thorax containing flight muscle
(dorsoventral and dorsolongitudinal) and cuticle was
then placed in a microcentrifuge tube, frozen in liquid
N2 and stored at280°C until the enzyme assays were
performed. All flight muscle was used for the enzyme
assays in order to determine whether differences in flight
tendency between individuals was the result of differ-
ences in muscle protein or biochemical differences of
the flight muscle. Dorsoventral and dorsolongitudinal
muscles act as antagonists in indirect flight thus, both of
these muscle types were measured.

2.3. Enzyme assays

Bug thoraxes were removed from the280°C freezer
and homogenized on ice in 1 ml of solution containing
50 mM Hepes (pH 7.4), 1 mM EDTA, and 0.25% Triton
X-100. Enzyme assays were modified from Moyes et al.
(1997), for use on 96 well plates. Enzymes were assayed
using a Molecular Devices Spectromax 250 at 25°C.
Rates of change in absorbance were measured at either
340 nm (hexokinase, pyruvate kinase, HOAD) or 412
nm (citrate synthase).

2.3.1. Citrate synthase (CS)
Homogenate (10µl) was loaded into wells and the

reaction begun with 250µl of reagent (50 mM Tris (pH
8.0), 0.1 mM dithio-nitro-benzoic acid, 0.3 mM acetyl
CoA and 0.5 mM of oxaloacetate). Oxaloacetate was
omitted in control wells. Enzyme assays were conducted
in triplicate under conditions in which the change in
absorbance was linear for at least 6 min.

2.3.2. Hexokinase (HK)
Homogenate (15µl) was added to 200µl of the fol-

lowing reagent: 20 mM Hepes (pH 7.4), 4 mM ATP, 2
mM NAD+, 5 mM MgCl2, 1.0 unit glucose-6-phosphate
dehydrogenase, 5 mM glucose, and 0.1% Triton X-100.
No activity was detected in the absence of glucose.

2.3.3. Pyruvate kinase (PK)
Homogenate (15µl) was added to 200µl of the fol-

lowing reagent: 50 mM Hepes, pH 7.4, 5 mM ADP, 100
mM KCL, 10 mM MgCl2, 0.15 mM NADH, 5 mM phos-
pho enol pyruvate, 1 unit lactate dehydrogenase.

2.3.4. ß-hydroxyacyl CoA dehydrogenase (HOAD)
HOAD levels were detected through the addition of

10 µl of the homogenate (described above) to 200µl
of the following reagent: imidazole (pH 7.0), 0.15 mM

NADH, 0.1 mM acetoacetyl CoA, and 0.1% Triton X-
100.

2.4. Protein assays

Protein concentration was determined using the
Biorad reagent, with bovine serum albumin as standard.

2.5. Sample sizes and statistical methods

Twenty-six long-winged bugs from Key Largo (15
flyers, 11 non-flyers) and 18 long-winged bugs from
Leesburg (11 flyers and 7 non-flyers) were assayed for
all enzymes. Comparisons were made between flyers and
non-flyers in both Key Largo and Leesburg using a two-
way ANOVA. Flight character (F vs NF) and population
(ancestral versus derived) were the main effects, and we
also tested for an interaction of these two factors. Our
primary interest was in differences in enzyme rates
between flyers and non flyers (main effect 1) and in the
interaction of flight characteristic and population. When
interaction effects were significant, post hoc (Tukey–
Kramer) comparisons between group means were carried
out to determine specific differences between group
means (Sokal and Rohlf, 1995) both within and between
the two populations.

Thirteen short-winged bugs from the derived popu-
lation were assayed for CS to determine whether these
levels were analogous to non-flyers from the ancestral
and/or derived populations. A single factor ANOVA was
run to compare CS levels per mg bug and per unit tissue
between Leesburg short-winged, Key Largo non-flyers,
and Leesburg non-flyers.

2.6. Time-series experiment

In order to assess whether enzyme rates (using CS as
an indicator) decrease over time, we dissected long-
winged bugs at days 3, 6, 9, 12, and 20 and assayed for
CS. Twenty-one bugs were assayed from Key Largo and
23 from Leesburg. We analyzed only the bugs that were
flyers on day 3. We determined flight character (using
the flight test) on day 3 of adult life and on the date of
dissection. This was done to determine whether flight
capability was altered as a result of time. We analyzed
the data using a two-way ANOVA to determine whether
citrate synthase levels (per mg tissue protein) changed
as a result of population type, day of dissection, and the
interactions of these two factors.

3. Results

The ancestral bugs had significantly higher citrate syn-
thase (CS) activities in flyers than in non-flyers
expressed per mg bug (Fig. 1(a)) or per mg thorax pro-



1368 R. Winchell et al. / Journal of Insect Physiology 46 (2000) 1365–1373

Fig. 1. Mean activities plus standard errors of citrate synthase (CS), hexokinase (HK), pyruvate kinase (PK) and HOAD measured per mg bug
(nmol/min/mg bug) comparing (a) Key Largo flyers (black bars) and non-flyers (grey bars) and (b) Leesburg flyers and non-flyers.

tein (Fig. 2(a)). In contrast, the derived flyers and non-
flyers did not show any differences in CS activities (Fig.
1(b)Fig. 2(b)). A two-way ANOVA looking at the
effects of flight character, population, and the interaction
of the two on CS activity per mg thorax protein (Table
1(a)) showed a significant effect of flight character and
the interaction of flight character by population. Further
post hoc comparisons (Tukey–Kramer test) showed that
ancestral non-flyers were significantly lower in CS
activity than ancestral flyers (P,0.05). Additionally,
ancestral flyers had enzyme levels (per mg bug and per
mg tissue protein) that were not significantly different
from the derived flyers and non-flyers (P.0.05). Thus
the only significant difference observed in CS activity
was the low value for the ancestral non-flyers.

The single factor ANOVA comparing CS levels in
short-winged derived bugs to non-flying ancestral and
derived bugs was significant (P,0.001, per mg bug and
per gram tissue protein). Post-hoc tests (Tukey–Kramer)
revealed that ancestral non-flyers were not significantly
different from short-winged derived bugs (P.0.05), but
both of these groups were significantly lower in terms
of CS per mg bug and CS per mg tissue protein than
derived non-flyers (P,0.05).

Hexokinase (HK) activities followed much the same
pattern seen for CS. Enzyme rates were higher per mg
bug (Fig. 1(a)) and per mg tissue protein (Fig. 2(a)) for

ancestral flyers than for ancestral non-flyers. Derived
flyers and non-flyers do not differ from each other in
terms of enzyme per mg bug (Fig. 1(b)) or per mg tissue
protein (Fig. 2(b)). The two-way ANOVA looking at HK
activities per mg tissue protein (Table 1(b)) showed a
significant effect of flight character and population, and
a marginally significant effect of the interaction term
(0.05,P,0.1). Post hoc comparisons showed that
ancestral non-flyers were significantly different from
ancestral flyers, derived flyers, and derived non-flyers
(Tukey–Kramer,P,0.05). Furthermore, ancestral flyers
did not differ from derived flyers or non-flyers (P.0.05).

Pyruvate kinase (PK) levels were higher in ancestral
flyers than in ancestral non-flyers in terms of enzyme
rates per mg bug (Fig. 1(a)) and per mg tissue protein
(Fig. 2(a)). Derived bugs did not show any differences
in PK levels between the two flight morphs. The two
factor ANOVA looking at PK levels per unit thoracic
tissue (Table 1(c)) shows that the only significant effect
is the interaction of flight character and population. The
post hoc comparisons show that ancestral non-flyers are
significantly lower than ancestral flyers and derived fly-
ers (Tukey–Kramer,P,0.05). However, ancestral non-
flyers and derived non-flyers do not differ from each
other in this case (P.0.05).

HOAD activities showed a slightly different pattern
from the three other enzymes. Figure 1(a) shows that
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Fig. 2. Mean activities plus standard errors of citrate synthase (CS), hexokinase (HK), pyruvate kinase (PK) and HOAD measured per mg thorax
tissue protein (nmol/min/mg tissue protein) comparing (a) Key Largo flyers (black bars) and non-flyers (grey bars) and (b) Leesburg flyers and
non-flyers.

Table 1
Analyses of variance evaluating the sources of variation contributing to activities (per mg thorax tissue protein) of (a) citrate synthase, (b) hexokinase,
(c) pyruvate kinase and (d) HOAD in macropters from Key Largo and Leesburg

Enzyme Sources of variation DF F ratio Prob.F

(a) Citrate synthase
Flight character 1, 40 11.27 0.002
Population 1, 40 0.99 0.326
Flight character×population 1, 40 10.84 0.002

(b) Hexokinase
Flight character 1, 40 5.71 0.002
Population 1, 40 5.10 0.030
Flight character×population 1, 40 3.03 0.089

(c) Pyruvate kinase
Flight character 1, 40 3.38 0.073
Population 1, 40 1.49 0.299
Flight character×population 1, 40 4.92 0.032

(d) HOAD
Flight character 1, 40 0.25 0.620
Population 1, 40 2.27 0.140
Flight character×population 1, 40 0.36 0.550

ancestral non-flyers have lower levels of HOAD than
ancestral flyers when comparing rates per mg bug. How-
ever, when comparing rates per mg tissue protein, there
are no observable differences between ancestral flyers

and non-flyers. Derived flyers and non-flyers show no
observable differences between enzyme rates per mg bug
and per unit tissue. A two-factor ANOVA looking at
HOAD levels per gram bug shows significant effects of
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Fig. 3. Mean activities plus standard errors of citrate synthase meas-
ured per mg tissue protein (nmol/min/mg) comparing both ancestral
and derived populations (pooled) of long-winged individuals measured
on days 3, 6, 9, 12, and 20. All individuals elicited flight on day 3.

flight character (P,0.03), population (P,0.0001) and
the interaction of the two (P,0.01). However, when a
two-factor ANOVA is run on the enzyme values per unit
tissue we see no effect of flight character, population, or
the interaction (P.0.1).

The two-factor ANOVA testing whether or not CS
levels decrease over time showed that individuals dis-
sected on days 3, 6, 9, 12, and 20 (adult) did not have
significantly different CS activities (Fig. 3). Further-
more, the two populations had analogous citrate synthase
levels over the time course tested (Table 2). The flight
performance changed over time in two of the ancestral
bugs tested (day 9 and 20) and two of the derived bugs
(day 9 and 20). These bugs showed flight behavior on
day 3 and not on the date of dissection. They were
included in the analysis to reflect any changes that
occurred in enzyme activities regardless of changes in
flight behavior. The rest of the bugs displayed flight
behavior on day 3 and the date of dissection.

Table 2
Analyses of variance evaluating the sources of variation contributing
to citrate synthase activities per mg thorax tissue protein in 3, 6, 9, 12
and 20 day old adults from Key Largo and Leesburg populations

Source DF F ratio Prob.F

Population 1, 34 1.022 0.319
Age at dissection 4, 34 1.326 0.280
Age at 4, 34 0.608 0.660
dissection×population

4. Discussion

Our primary goal in this study was to determine
whether the profiles of key glycolytic, oxidative, and ß-
oxidation enzymes differed between long-winged bugs
as a function of propensity to fly. Insects utilize lipid,
carbohydrate, amino acids, or a combination of two or
more of these as flight fuels (Rankin and Burchsted,
1992). Choice of flight fuel, however, appears to be
determined less by phylogenetic inertia in many species
but rather as a result of activity patterns, feeding ecology
and dietary regimes (Martin and Lieb, 1979; Bursell,
1975). Further, in many insects the duration of flight is
the primary determinant of fuel preference, commonly
the initial short period of flight is powered mainly by
carbohydrate then the flight fuel is switched to lipids for
sustained flight (Beenakkers et al., 1984). As a result of
the uncertainty of the flight fuel preference of soapberry
bugs, we chose to assay four enzymes which are
important in glycolysis, oxidative metabolism, and fatty
acid oxidation.

Arguments have been presented stating that the cost
of a functional flight apparatus is not accrued during the
initial development of the muscle and external wings but
rather as a result of the maintenance of the flight muscu-
lature (Roff, 1986; Tanaka, 1993; Zera and Mole, 1994;
Zera and Denno, 1997). Only indirect evidence is avail-
able to support this theory, showing individual bugs from
a wide range of species histolyzing their wings at the
onset of oogenesis, while non-histolyzing females tend
to produce fewer eggs during the period of muscle reten-
tion (review in Zera and Denno, 1997). This implies a
cost, in the form of reduced egg production, to keeping
the muscles in a form which would allow flight. We
believe the maintenance of adequate bioenergetic
capacity, as indicated by critical enzymes, reflects this
priority of maintaining flight capable morphs.

The evidence showing a trade-off in terms of flight
and fecundity illustrates the results of a physiological
trade-off (e.g., flight muscle vs. eggs). The actual ener-
getic cost associated with keeping a functional flight
musculature is, however, not so clear. What has been
shown are differences in CS levels in flight muscle tissue
between long-winged crickets pre-histolysis and post-
histolysis (Zera et al., 1997) and between male and
female cockroaches that are sexually dimorphic for flight
capability (Stokes et al., 1994). These studies show bio-
chemical differences between flight muscle tissue of
flyers and non-flyers. These differences in flight dimor-
phic species coupled with evidence linking both CS and
PK with distance running and endurance in two species
of lizards (Garland, 1984; Garland and Else, 1987) show
that an increased production of these enzymes is corre-
lated with an increased exercise capacity. Therefore, we
predicted that in soapberry bugs we would see higher
activities of these enzymes in individuals that exhibited
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flight behavior compared to those that did not. This was
shown in the ancestral population where there were sig-
nificant differences between flyers and non-flyers in
enzymatic profiles. In contrast, the derived population
showed no such differences between flight morphs.

The differences seen in CS, HK, and PK between fly-
ers and non flyers in the ancestral bugs were due to the
combined effect of more flight muscle protein per bug
(Fig. 4) and more enzyme per mg flight muscle (Fig.
2(a)). In contrast, the higher HOAD activity in flyers
was due solely to more flight muscle; activities per mg
flight muscle protein were not different. Flyers had more
of all enzymes per bug. Although flyers showed higher
enzyme activities, the quantitative relationship between
CS, HK, and PK is preserved in all morphs and popu-
lations. The regulating factors responsible for main-
taining the favorable stoichiometries are largely
unknown, but may involve shared sensitivities of the
genes to particular transcription factors (see Moyes et
al., 1998). Lower HOAD activities may reflect metabolic
fine-tuning related to flight fuel selection (lipid vs.
carbohydrate) (see Moyes et al., 1990).

The clear differences in enzyme profiles between the
ancestral flyers and non-flyers led us to believe that there
exists a flight phenotype for this population. This pheno-
type is manifest by day 3 and persists for at least 20
days without a change in enzyme levels, as evidenced
by the timeseries experiment.

This flight phenotype that we see in the ancestral
population is not evident in the derived population. The
lack of biochemical differences between derived flyers
and non-flyers might be explained by differential flight
thresholds. For example, many of the derived bugs tested
in the non-flyer group might have been flyers but the
flight test was unable to separate the two phenotypes;

Fig. 4. The amount (means plus standard errors) of thoracic protein
(mg protein per gram live bug) in flying (black bars) and non-flying
(grey bars) ancestral and derived individuals.

derived bugs might require more of an impetus for flight
than ancestral bugs (e.g., prolonged starvation, higher
temperature, crowding). If this explanation was the most
likely, we would expect to see a bimodal distribution of
enzyme activities in the derived non-flyers as a result
of lumping flyers and non-flyers into one group. This
however, proves difficult to show in this study because
of the limited sample size of the derived non-flyers.
Enzyme analyses suggest, however, that the derived
long-winged bugs might be biochemically equipped for
flight with propensity to fly having more of a neurologi-
cal or behavioral basis.

The observed enzyme differences between the ances-
tral flyers and non-flyers and the lack of differences seen
in the derived flyers and non-flyers could be a result of
divergent strategies for dealing with habitat uncertainty.
The ancestral bugs face spatial variability in terms of
resource availability with temporal variability playing a
smaller role, whereas in the derived population, the host
plant is more variable in time, with fruiting only once a
year, while spatially the plant is quite predictable as a
result of long-lived hosts (Carroll et al., 1998). We know
that the genetic mechanism for inheritance of wing
morph differs between the two populations, with derived
bugs producing a higher proportion of short-winged bugs
than the ancestral regardless of parental wing morph
(Dingle and Winchell, 1997). In the derived population,
fewer individuals are long-winged, but if they eclose into
adults with long-wings, the strategy might be to retain
the flight musculature to allow for foraging or dispersal.
The ability to fly would then be based on external wing
morph. In the ancestral population, where fewer short-
winged bugs are produced (Dingle and Winchell, 1997),
the strategy adopted might involve production of a high
proportion of macropters with variation at the level of
the production of flight muscle. Thus, the long-winged
non-flyer in the ancestral population would be func-
tionally equivalent to a derived short-winged morph.
This theory is further supported by the evidence showing
that enzyme profiles for the short-winged bugs (derived)
do not differ significantly from the ancestral non-flyers.
Both of these non-flying groups, however, have signifi-
cantly lower enzyme profiles than the derived non-flyers.

There is ample evidence for the rapid evolution of
soapberry bugs as a result of the colonization of a novel
host and environment, as evidenced by the evolution of
beak length (Carroll and Boyd, 1992), host associated
performance (Carroll et al., 1997), and phenotypic plas-
ticity in wing morph determination (Winchell and Din-
gle, unpublished data). Such evidence implies the exist-
ence of differing selective pressures and/or strength of
selection between the two populations. It is unknown,
however, whether some of the physiological parameters
involved with flight ability have undergone synchronous
changes over the period of time that the two populations
have been separated. Further analysis of populations



1372 R. Winchell et al. / Journal of Insect Physiology 46 (2000) 1365–1373

feeding on host plants with differing fruiting phenologies
would be instructive in an effort to determine whether
some of the observed enzymatic differences between the
populations could more definitively be attributed to dif-
fering ecological requirements.

We have shown differences in enzyme profiles
between flying individuals and non-flying individuals in
the ancestral Key Largo population suggesting bio-
chemical or physiological differences in the flight
musculature of these long-winged morphs. Such a find-
ing is significant, given that much of the previous work
done on wing polymorphic insects has focused on life-
history and physiological trade-offs associated with the
two external wing morphs (short and long) (Denno et
al., 1989; Kaitala and Dingle, 1993; Tanaka, 1993; Mole
and Zera, 1993; Zera and Mole, 1994; Aukema, 1995).
Important physiological and life-history trade-offs asso-
ciated with the various long-winged morphs might then
be overlooked as a result of this binary grouping. Our
findings are further complicated, however, by the results
showing no significant differences in enzyme profiles
between flying and non-flying long-winged bugs in the
derived Leesburg population. The long-winged individ-
uals in this derived population have similar enzyme pro-
files regardless of flight behavior; however, the same dif-
ferential seen between flyers and non-flyers in the
ancestral population can be seen between long- and
short-winged bugs in the derived population. These
population differences suggest an evolution of alterna-
tive strategies, presumably as a result of the differing
host plant phenologies and environments experienced by
the two populations.
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