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ABSTRACT
We examined gustatory responses of the larval parasitoid Microplitis
croceipes to determine whether the adults discriminate among
common sugars, including fructose, glucose, maltose and sucrose,
found in plants. When given single sugar solutions of sucrose,
glucose, fructose and maltose at concentrations of 0.008–2.0 mol l−1,
the estimated concentrations at which 50% of wasps initiated feeding
ranged between 0.054 and 0.085 mol l−1 for sucrose, glucose and
fructose, which was significantly lower than for maltose. Wasps
showed a strong decrease in feeding time for maltose or fructose
following a brief exposure to other sugars, suggesting that wasps can
distinguish maltose and fructose from the other sugars tested. The
higher acceptance threshold and short feeding time in the case of
maltose appears adaptive in light of the relatively poor nutritional
quality of the sugar in the longevity trial. The pronounced feeding
inhibition seen for fructose following exposure to other sugars is not
linked with lower nutritional performance. This feeding inhibition was
even seen in wasps that had fed on glucose at the lowest acceptance
threshold (0.031 mol l−1) and persisted for 24 h. This study is the first
to show feeding inhibition of otherwise phagostimulant sugars such
as maltose and fructose after gustatory stimulation on other sugars.

KEY WORDS: Feeding inhibition, Gustatory responses, Sugar
feeding

INTRODUCTION
There is a large variation in sugar composition among natural sugar
sources, such as nectar and honeydew (Percival, 1961; Kunkel and
Kloft, 1977; Baker and Baker, 1983; Nemec and Starý, 1990;
Wäckers, 2005). Floral nectars have been categorized according to
their nectar composition as sucrose-rich or hexose (glucose/fructose)-
rich (Baker and Baker, 1983), and insect groups often show a
tendency to visit nectars of a certain carbohydrate composition (Baker
and Baker, 1982). However, in many groups of nectar feeders, it
remains unclear whether the observed insect–flower associations are
directly driven by nectar sugar preferences, or whether this is based
on other factors, such as flower architecture (Jervis, 1998; Olson et
al., 2005; Wäckers and van Rijn, 2012).

Parasitoid feeding responses to different nectar and honeydew
sugars can vary widely; while several sugars fail to elicit any feeding
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response in food-deprived parasitoids, other sugars stimulate feeding
at concentrations as low or lower than 0.016 mol l−1 (Wäckers, 1999;
Beach et al., 2003). At equal concentrations, adult parasitoids
consume larger quantities of high-quality sugars such as glucose,
fructose and sucrose as compared with low-quality sugars (Wäckers,
2001; Beach et al., 2003; Williams and Roane, 2007). Because the
parasitoid feeding response is often correlated with the nutritional
suitability of the carbohydrates tested (Wäckers, 2001), the variation
of parasitoid feeding responses to different sugars could be
explained by optimal foraging theory, which predicts that foragers
should choose diet items to maximize their net energy intake or net
fitness benefits (Charnov, 1976; Stephens and Krebs, 1986; Sih and
Christensen, 2001). Parasitoids are known to adapt their preference
for hosts of different quality in accordance with their host encounter
rates and their own physiological states (van Alphen and Vet, 1986).
As natural sugar sources are vital for their survival and reproduction,
parasitoids can be expected to have a preference for high quality of
sugars and adapt their preference in accordance with feeding
experiences. While parasitoid gustatory responses to individual
sugars have been tested, the impact of prior experience and the
relative preference for individual sugars remains unknown.

The preference of nectar feeders for various nectar components
has been investigated in several vertebrates and invertebrates. The
methods used to assess such preferences vary among studies. The
most direct way to investigate the ability and propensity of an
animal to discriminate and select foods is to present it with two or
more types of food simultaneously, observe its behavior and/or
measure the quantity of food eaten (Dethier, 1976). These methods
require that the test organism shows repeated feeding bouts, and an
inclination to sample the food source. In the case of social
Hymenoptera, both of these conditions are met, as the foragers
continuously collect food to cover the needs of the entire colony.
This has facilitated the study of food preferences in ants and
honeybees. The tests used to determine feeding preferences in
honeybees typically assess the relative consumption in choice
experiments (Wykes, 1952; Waller, 1972; Inouye and Waller, 1984;
Alm et al., 1990). An alternative method makes use of the fact that
bees exhibit a typical ‘bee dance’ to recruit additional foragers (von
Frisch, 1934). As bees communicate food source quality through the
turning frequency, this parameter can also be used as an indicator of
how bees valuate a previously visited food source (Waller and
Bachman, 1981; Barron et al., 2009). In the case of ants, the relative
intensity with which scouts recruit nestmates to food alternatives is
also used as a method to establish preferences in choice
experiments. These studies typically count the number of ants
visiting the different food alternatives (Lanza and Krauss, 1984;
Lanza, 1988; Lanza et al., 1993; Völkl et al., 1999).

While these methods are effective in establishing preferences in
social Hymenoptera, they are unsuitable for the study of food
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preferences in solitary organisms, such as adult parasitoids.
Moreover, parasitoids can consume sugar meals of up to a third of
their body mass at a time during ad libitum feeding, which restricts
the number of their feeding events. Upon encountering a food source
of sufficient quantity and quality, a food-deprived parasitoid will
typically fill its gut, rather than sample the food site and continue
foraging for alternative sugar sources. Few methods have been
developed to investigate sugar preferences for solitary arthropods or
individuals of social species. Some studies have inferred sugar
preferences on the basis of sugar consumption when provided access
to one particular sugar source (Barker and Lehner, 1974; Boevé and
Wäckers, 2003). However, this method only provides an indirect
measure of preference, as insects are not experiencing alternatives.
In several butterflies, preferences for nectar constituents have been
investigated by dipping the tip of the proboscis alternately into two
drops of alternative test solutions. A preference can be inferred if
butterflies imbibe one solution after rejecting the previously
experienced alternative (Erhardt, 1992; Romeis and Wäckers, 2000).
Bachman and Waller (Bachman and Waller, 1977) conducted a
similar test for individual honeybees. They alternately offered bees
small amounts of two sugar solutions. A preference was observed
only when bees accepted one solution after rejecting the other
solution.

Here we use a different method to determine feeding preferences in
solitary organisms. In this method, an individual wasp is first briefly
exposed to one food source, before being allowed to feed ad libitum
on the alternative. The total amount of consumption is then compared
with that of a control group, whose initial experience involved the
same sugar as the one offered in the ad libitum feeding. As this
method allows individuals from the first group to modify their sugar
intake based on complete information on both alternatives, it could
provide a more appropriate assessment of preference.

Microplitis croceipes (Cresson 1872) (Hymenoptera: Braconidae)
is an endo-larval parasitoid of Helicoverpa and Heliothis species
(Lewis and Burton, 1970; King and Coleman, 1989; Knipling and
Stadelbacher, 1983; Hoang and Takasu, 2005). Microplitis croceipes
was chosen for this study because it does not host feed (Takasu and
Lewis, 1993) or feed on pollen (Jervis, 1998), and therefore it
represents the large group of parasitoids whose diet is restricted to
sugar sources, such as nectar and honeydew (Takasu and Lewis,
1993; Takasu and Lewis, 1996; Stapel et al., 1997; Röse et al., 2006;
Wäckers et al., 2006; Zhou et al., 2012). Additionally, this parasitoid
had been used in previous sugar feeding studies (Wäckers et al.,
2002; Nafziger and Fadamiro, 2011), and both male and female
adults can also learn to associate odors with various sugars and
subsequently respond to the learned odors (Lewis and Takasu, 1990;
Takasu and Lewis, 1995; Takasu and Lewis, 1996; Stapel et al.,
1997; Wäckers et al., 2002; Wäckers et al., 2006). In associative
conditioning of food odors by M. croceipes, glucose, sucrose,
fructose and melezitose are effective as unconditional stimuli
(Wäckers et al., 2006). Here we examined innate feeding responses
of food-naïve and food-experienced male and female adults of M.
croceipes to four major sugars found in plants: sucrose, glucose,
fructose and maltose. This was to determine whether the parasitoids
are able to discriminate between individual sugars. Subsequently, we
examined whether feeding responses to sugars changed after a
feeding experience with the same or other sugars. Differences in
sugar feeding responses between our laboratory strain that had been
maintained for more than 10 years in Japan (Kyushu strain) and its
stock culture from the USA (Tifton strain) were also tested. The
changes of feeding response are discussed in terms of sugar
nutritional suitability, i.e. their ability to sustain adult longevity.

RESULTS
Effect of sugars on feeding time and sugar intake
As feeding time increased, the amount of sugar consumed increased.
Linear relationships were found between feeding time (s) and the
amount (μg) of sugar consumed for the four sugars (Fig. 1). However,
there was a significant difference among slopes for the four sugars
(ANCOVA: interaction between feeding time and sugar type,
F3,220=5.15, P<0.0001). The slopes of linear regressions for sucrose,
glucose and fructose were not significantly different (F2,165=1.15), but
each was significantly different from that for maltose (F1,230=11.89;
Bonferroni procedure for multiple comparisons, P<0.05).

Innate feeding response to single sugars
As the concentration of the sugar solution decreased, the percentage
of wasps that accepted the sugar solution decreased (Fig. 2). All of
the wasps tested rejected glucose at 0.016 mol l−1 and maltose at
0.063 mol l−1, and the two other sugars were rejected at 0.008 mol l−1

(Fig. 2). The Probit analysis estimated that the EC50 (the effective
concentration at which at least 50% of the wasps tested accepted a
sugar) was significantly higher for maltose compared with sucrose,
glucose and fructose (Table 1). Analysis of covariance using sugar
as the group variable and log concentration as a covariate showed
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sugar solution consumed by Microplitis croceipes females. Linear
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that there was a significant difference among the sugars in the
percentage of wasps that accepted the sugars (ANCOVA:
F3,31=68.06, P<0.0001).

Feeding time for all sugars decreased as sugar concentration
decreased (Fig. 3). Feeding time on maltose was significantly lower
than on other sugars at 0.5 mol l−1 (Steel–Dwass test: d.f.=3,
H=36.50, P<0.0001), 0.25 mol l−1 (Steel–Dwass test: d.f.=3,
H=28.71, P<0.0001) and 0.125 mol l−1 (Steel–Dwass test: d.f.=3,
H=18.23, P=0.0004; Fig. 3).

Effect of previous experience on feeding response to sugars
Prior feeding by male and female M. croceipes (Kyushu strain) on
1 mol l−1 solutions of glucose or sucrose did not affect their subsequent
feeding time on either of those sugar solutions (Steel–Dwass tests:
female, d.f.=3, H=4.73, P=0.193; male, d.f.=3, H=6.50, P=0.089;
Fig. 4A). However, prior feeding on the glucose or sucrose solutions
significantly reduced subsequent feeding time on the maltose solution
(Steel–Dwass tests: glucose, female, d.f.=3, H=56.11, P<0.0001;
male, d.f.=3, H=48.15, P<0.0001; sucrose, female, d.f.=3, H=61.13,
P<0.0001; male, d.f.=3, H=71.49, P<0.0001; Fig. 4B,C).

Similarly, feeding time on the 1 mol l−1 fructose solution was
significantly reduced after wasps had fed on the glucose solution
(Steel–Dwass tests: female, d.f.=3, H=61.69, P<0.0001; male,
d.f.=3, H=71.06, P<0.0001; Fig. 4D) or on sucrose (Steel–Dwass
tests: female, d.f.=3, H=58.91, P<0.0001; male, d.f.=3, H=63.97,
P<0.0001; Fig. 4E).

Prior feeding by male and female M. croceipes on a 1 mol l−1

fructose solution did not affect subsequent feeding on the maltose
solution, but prior feeding by M. croceipes males on the maltose
solution significantly reduced subsequent feeding time on the
fructose solution (Steel–Dwass test: d.f.=3, H=21.34, P<0.0001;
Fig. 4F). Feeding time on the fructose solution by M. croceipes
females after feeding on the maltose solution was not different from
feeding time on the maltose solution (control) alone, but was
significantly lower than feeding time on the fructose solution alone
(control) (Steel–Dwass test: d.f.=3, H=27.58, P<0.0001).

The Tifton strain showed similar results. Here as well we see that
prior feeding on a 1 mol l−1 sucrose, glucose or maltose solution
significantly reduced subsequent feeding time on the fructose
solution (Steel–Dwass tests: sucrose, d.f.=3, H=28.15, P<0.0001;
glucose, d.f.=3, H=47.24, P<0.0001; maltose, d.f.=3, H=21.28,
P<0.0001; Fig. 5).

Persistence of fructose feeding inhibition following glucose
experience
When wasps were provided with 1 mol l−1 glucose and fructose
solutions in sequence, feeding time on fructose increased gradually
as the interval between exposures to those sugars increased
(Fig. 6A). Nevertheless, feeding time on the fructose solution
following 5 s feeding on the glucose solution was significantly
reduced relative to the control treatments for all time intervals
(Steel–Dwass tests: 30 s, d.f.=3, H=46.02, P<0.0001; 30 min, d.f.=3,
H=49.02, P<0.0001; 1 h, d.f.=3, H=45.71, P<0.0001; 6 h, d.f.=3,
H=46.08, P<0.0001; 12 h, d.f.=3, H=39.14, P<0.0001; Fig. 6).
Similarly, feeding time on the fructose solution 18 h after feeding on
the glucose solution for 50 s was significantly reduced relative to the
control treatments (Steel–Dwass test: d.f.=3, H=46.69, P<0.0001;
Fig. 6B).

Effect of glucose concentration on subsequent fructose
feeding inhibition
When female wasps were provided with various concentrations of
glucose, their subsequent feeding time on 1 mol l−1 fructose was
significantly reduced at all concentrations of glucose tested
(Steel–Dwass tests: 0.5 mol l−1, d.f.=3, H=41.90, P<0.0001;
0.25 mol l−1, d.f.=3, H=55.00, P<0.0001; 0.125 mol l−1, d.f.=3,
H=45.02, P<0.0001; 0.063 mol l−1, d.f.=3, H=41.24, P<0.0001;
0.031 mol l−1, d.f.=3, H=36.33, P<0.0001; Fig. 7).

Effect of sugars on longevity
Survival curves for both sexes differed significantly among the four
2 mol l−1 sugar solutions (female: d.f.=4, χ2=126.02, P<0.0001;

Table 1. Probit analyses of innate feeding responses to four sugar solutions by Microplitis croceipes females
Sugar Regression Chi-square (d.f.=7) (P-value) EC50 (mol l–1) (95% CI) 

Sucrose y=0.858x+7.501 7.1 (0.418) 0.054 (0.039–0.073)a

Fructose y=1.196x+8.404 13.8 (0.054) 0.058 (0.045–0.075)a

Glucose y=1.019x+7.505 5.5 (0.598) 0.085 (0.065–0.113)a

Maltose y=1.173x+6.486 5.4 (0.617) 0.282 (0.217–0.366)b

y, probit acceptance; x, natural log of sugar concentration.
Values with the same superscripted letters within the EC50 column are not significantly different (likelihood ratio test: P=0.05).
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male: d.f.=4, χ2=172.39, P<0.0001; Fig. 8). For both sexes,
longevity of wasps that fed on the maltose solution was significantly
shorter than that of those that fed on the other sugar solutions.
Longevity of females given different sugar solutions was
significantly higher than that of males (d.f.=1, χ2=24.36, P<0.0001).

DISCUSSION
Relationship between sugar feeding time and consumption
Feeding time is often recorded as a measure of insect gustatory
response and food consumption (Wäckers et al., 2006), with the
assumption that there is a positive relationship between sugar
feeding time and consumption. However, feeding time on a sugar
solution may not always reflect consumption of the solution because
of different feeding speeds due to different viscosities of the sugars
(Siekmann et al., 2001; Wäckers, 2001; Wäckers et al., 2006; Faria

et al., 2008; Wyckhuys et al., 2008). In the present study, we found
positive linear relationships between feeding time and consumption
for 1 mol l−1 in all four sugars, suggesting that at this concentration,
feeding time is a good indicator of gustatory responses and
consumption in all sugars tested.

However, the slope of the regression for maltose was significantly
steeper than those of the other three sugars. This suggests that
feeding speed is lower for maltose solutions than for the other sugar
solutions. Siekmann et al. (Siekmann et al., 2001) and Wyckhuys et
al. (Wyckhuys et al., 2008) suggest that the higher viscosity of
maltose may reduce feeding speed relative to the other sugars, but
Nithiyanantham and Palaniappan (Nithiyanantham and Palaniappan,
2013) and Chirife and Buera (Chirife and Buera, 1997) reported
equal viscosity of sucrose and maltose. Thus, it remains unclear
what properties of maltose reduce the feeding time in M. croceipes.
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Innate gustatory response to single sugars
Gustatory responses by feeding-inexperienced hymenopteran
parasitoids are known to vary between sugars (Wäckers, 1999;
Beach et al., 2003). In the present study, the acceptance thresholds
for sucrose, glucose and fructose, i.e. the lowest concentration at
which these sugars evoke a feeding response, were in the range of
0.016 and 0.031 mol l−1 (Fig. 6). This is comparable to the
acceptance thresholds for these sugars as reported for other
parasitoids (Wäckers, 1999; Beach et al., 2003) and far below the
concentrations at which those sugars naturally occur in nectars or
honeydews (Baker and Baker, 1983). This suggests that M.
croceipes should have no problem detecting these sugars in nectars
and honeydews.

However, the innate response by M. croceipes females to maltose
is less sensitive than their response to sucrose, glucose and fructose.
The EC50 was higher for maltose than for the other three sugars. At
1 mol l−1 or lower concentrations, wasps fed for a significantly
shorter time on maltose when compared with the other sugars. This
may reflect the fact that this sugar is less common in nectar and
nutritionally less suitable. Previous parasitoid studies have shown
that innate gustatory sugar responses are positively correlated with
the relative nutritional quality of the sugar in terms of metabolic
utilization and fitness (Wäckers, 1999; Wäckers, 2001; Williams and
Roane, 2007; Luo et al., 2013). Similarly, in M. croceipes, the lower
nutritional value of maltose is expressed in the substantially reduced
longevity of parasitoids fed this sugar, as compared with the other
sugars.

Gustatory discrimination between sugars
A pre-exposure to sucrose and glucose significantly reduced feeding
time in the case of maltose or fructose. This suggests that M.
croceipes adults can discriminate maltose or fructose from the other
three sugars. Although feeding discrimination against a mixture of
sugars is known in a few parasitoids (Wäckers, 1999; Beach et al.,
2003; Vollhardt et al., 2010), this is the first demonstration of the
ability of parasitic wasps to discriminate between single sugars.

While innate feeding responses were weaker for maltose than the
other sugars, prior feeding on glucose or sucrose further inhibited
feeding responses to maltose. Optimal foraging theory predicts that
when an organism is provided a choice between two types of food
that differ in quality, they should choose the higher quality food, and
reduce consumption of the lower quality food (Pulliam, 1974;
Charnov, 1976; Sih and Christensen, 2001). In the present study,
feeding inhibition to maltose following previous feeding on other
sugars could be explained in these adaptive terms, with parasitoids
refraining from feeding on the nutritionally inferior maltose, when
having experienced nutritionally superior sugars. This acquired
feeding inhibition implies that in a patch containing superior sugars
such as glucose, sucrose or fructose, parasitoids rapidly give up the
lesser quality food in favor of foraging for the nutritionally superior
sugars. Similarly, parasitoids effectively discriminate between hosts
in and among patches containing different qualities of hosts, and
they change host acceptance based on previous experience (Papaj
and Vet, 1990; Poolman Simons et al., 1992; Geervliet et al., 1998;
Duan and Messing, 1999; Fujiwara et al., 2000).
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Surprisingly, also in the case of fructose we see a pronounced
reduction in feeding time following exposure to glucose or sucrose;
this phenomenon was consistently observed in multiple experiments
and with both colonies of M. croceipes. Following exposure to the
other sugars, the wasps showed a pronounced change in behavior
when exposed to the fructose. They exhibited frequent rejections
followed by repeated return visits to the fructose solution,
suggesting that they were still hungry. Upon each contact with a
fructose droplet, the wasps repeatedly touched the fructose solution
with their mouthparts, antennae and front legs, and made several
quick turns while walking around the sugar droplet. This behavior
was not observed when wasps encountered the other sugars.
Moreover, this behavior was also not seen in wasps encountering
fructose without prior feeding on another sugar. Unlike the example

of maltose, the feeding inhibition in the case of fructose following
experience with glucose or sucrose is not explained by a lower
nutritional suitability of fructose. Actually, fructose supported adult
survival equally as well as glucose and sucrose. In addition, we did
not find any difference in oviposition behavior between fructose-fed
females and glucose- or sucrose-fed females (K.T., unpublished).
Fructose, as well as glucose and sucrose, is also an effective
unconditional stimulus for associative learning of food odors
(Wäckers et al., 2006). All of these facts suggest that fructose is
nutritionally equivalent to glucose or sucrose under the experimental
conditions. However, we do not know the effect of feeding on only
fructose on reproductive performance by M. croceipes adults in the
natural conditions. The possible function for the inhibition of
fructose feeding following exposure to the other sugars therefore

a a

a
a

a

a
a b

b

aa
a a,b

a a

b
b

c
c b

0

1

2

3

4

5

6

0.031 0.063 0.125 0.25 0.5

M
ea

n 
fe

ed
in

g 
tim

e 
(m

in
)

Concentration of first sugar (mol l–1)

G–G F–F F–G G–F

Fig. 7. Effect of glucose concentration on subsequent
fructose feeding by Microplitis croceipes. S, sucrose; F,
fructose; G, glucose; M, maltose. Error bars represent ±s.e.m.
Bars with the same letter within a concentration (mol l−1) of first
sugar are not significantly different (Steel–Dwass test: P=0.05).

0

0.2

0.4

0.6

0.8

1

0       3       6       9      12     15     18     21     24     27     30     33     36

P
ro

po
rti

on
 s

ur
vi

vi
ng

Fructose

Glucose

Sucrose

Maltose

Water

A  Female

0

0.2

0.4

0.6

0.8

1

0       3       6       9      12     15     18     21     24     27     30
Days

B  Male

Fig. 8. Survivorship curves for both sexes of Microplitis croceipes
provided with 2 mol l−1 solutions of four sugars and water.



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

1698

RESEARCH ARTICLE The Journal of Experimental Biology (2014) doi:10.1242/jeb.091843

remains to be investigated. It would be interesting to test the wasps’
responses to fructose after feeding on a mixture of glucose, sucrose
and fructose because multiple sugars are typically present in plant
nectars and honeydew.

Although it is known that the acceptance of phagostimulatory
sugars in mixtures can be inhibited by phagodeterrent sugars,
Wieczorek and Wolff (Wieczorek and Wolff, 1989) demonstrated an
inhibition of blowfly feeding on fructose when mixed with mannose
(monosaccharide) and raffinose (trisaccharide). Wäckers (Wäckers,
1999) found that sucrose mixed with mannose or raffinose inhibited
feeding by the parasitic wasp Cotesia glomerata (Hymenoptera:
Braconidae) relative to pure sucrose, and Beach et al. (Beach et al.,
2003) found that rhamnose (monosaccharide) mixed with maltose
inhibited acceptance of the latter by the parasitoid Anaphes iole
(Hymenoptera: Mymaridae). Such discrimination abilities have been
attributed to differences in response by insect gustatory receptor
cells or to nutrient unsuitability of those compounds (Stoffolano,
1973; Blaney et al., 1986; Bernays, 1995; Wäckers, 2001).
However, to our knowledge, our results present the first example of
an inhibitory interaction between two phagostimulant sugars. Future
studies will have to address the physiological mechanism(s) and
ecological implications.

MATERIALS AND METHODS
Parasitoids
Microplitis croceipes were reared at the laboratory of Bioresource and
Management, Kyushu University, Japan. The parasitoid stock culture
originated from the USDA-ARS Crop Protection and Management Research
Unit (CPMRU) in Tifton, GA, USA, and has been reared at Kyushu
University since June 2001, with no infusion with feral wasps. The
parasitoids were reared on Helicoverpa armigera (Hübner) (Lepidoptera:
Noctuidae) larvae with honey as food under a 16 h:8 h light:dark
photoperiod at 25°C (Hoang and Takasu, 2005). For the experiment, newly
emerged adults were kept in a plastic rearing cage (30×30×25 cm, length ×
width × height) and provided with distilled water only. Microplitis croceipes
that were tested at CPMRU had been reared on Helicoverpa zea
(Lepidoptera: Noctuidae) larvae with honey as food. Two-day-old adults
were used in all the experiments. Individual wasps were provided with a
droplet of water and kept individually in glass vials (diameter 1.7 cm, height
10 cm) for 30 min before each test.

Sugars tested
The sugars used in the experiments were the disaccharides sucrose and
maltose, and the monosaccharides D-(+)-glucose and D-(–)-fructose
(Levulose) (all from Nacalai Tesque, Inc., Kyoto, Japan). Based on their
molecular weights, the sugars were diluted with distilled water to 1 mol l−1.
Fresh sugar solutions were prepared for each of the experiments.

In all experiments, a 10 μl droplet of a sugar solution was pipetted at the
center of a truncated cone-shaped plastic cup (diameter: top 12 cm, bottom
10 cm; height 6 cm). An individual wasp was allowed to walk from the glass
vial to the droplet of solution in the cup. After the wasp moved to the cup,
the cup was placed upside down on wet filter paper to avoid a concentration
increase in the test solution due to evaporation. The wasp’s feeding time on
the solution was observed and recorded. Feeding time (s) was recorded as
time during which the wasp’s mouthparts were seen to be in continuous
contact with the sugar solution. The wasps never paused once they initiated
feeding.

Effect of sugars and feeding time on sugar intake
Gustatory responses in insects are often assessed in terms of feeding time.
However, feeding time of a food item may not accurately reflect its intake
(Siekmann et al., 2001; Wäckers, 2001; Azzouz et al., 2004; Wyckhuys et
al., 2008). Therefore, we first examined the relationship between feeding
time and intake of the sucrose, glucose, fructose and maltose solutions.
Individual female wasps were placed at 5°C for 10 min to immobilize them,

and then weighed on a precision balance (GR-60 series, A & D Company
Limited, Tokyo, Japan). Thereafter, each wasp was allowed to feed
continuously on a droplet of a 1 mol l−1 solution of each sugar for either 30,
60, 90, 120 or 150 s. Immediately after feeding, each wasp was again placed
at 5°C for 10 min and re-weighed. The difference between the two weight
measurements indicated the quantity of sugar ingested by each wasp. For
each sugar feeding time, 16 wasps were tested.

Innate feeding response to single sugars
The effect of sugar concentration on the innate feeding response of female
M. croceipes was examined by providing them with single solutions of
sucrose, glucose, fructose and maltose. A 2 mol l−1 solution of each sugar
was first prepared and then serial dilutions were made in a geometric
sequence of 1, 0.5, 0.25, 0.125, 0.063, 0.031, 0.016 and 0.008 mol l−1. An
individual wasp was allowed to feed on a droplet of solution and its feeding
time (s) was recorded. If feeding lasted more than 5 s, it was regarded as an
acceptance. When a wasp stop feeding on and left the sugar solution within
5 s, this was recorded as a rejection. Probit analysis was used to estimate the
EC50 (the effective concentration at which at least 50% of the wasps tested
accepted a sugar). For each sugar concentration, 20 wasps were tested.

Effect of previous experience on sugar feeding response
This experiment was designed to determine whether male and female M.
croceipes discriminate between two sugars. Parasitoids were given two sugar
feeding bouts, either providing them with the same sugar twice (AA or BB),
or offering a different sugar during the second feeding (AB or BA). The test
was conducted with each pair of the four following sugars: sucrose, glucose,
fructose and maltose (six pairs). Each pair was tested at the four possible
sugar combinations (AA, AB, BA, BB). For each treatment, an individual
wasp was allowed to feed on one solution for 50 s. Subsequently, the sugar
source was removed. After a 30 s interval, the wasp was provided with the
second sugar source and the duration of the ad libitum feeding (s) was
recorded. The number of wasps tested was 20 for each of the four
glucose–maltose combinations, 25 for the sucrose–maltose combinations,
and 24 for the four remaining sugar combinations.

Early results with wasps of the Kyushu strain showed that they exhibit
feeding inhibition to fructose after having fed on other sugars. To provide a
reference for comparison, the same experiment was conducted in Tifton,
using the Tifton strain of M. croceipes. The number of wasps tested was 20
for each of the glucose–fructose combinations, and 12 for each of the
sucrose–fructose and maltose–fructose combinations.

Persistence of fructose inhibition following glucose feeding
As our first experiment showed that a brief exposure to either glucose or
sucrose drastically reduced subsequent feeding on fructose, we conducted a
further experiment designed to determine how long following glucose
feeding the inhibition of fructose intake is maintained. An individual female
wasp was first allowed to feed on a 1 mol l−1 glucose solution for 5 s, and
then removed from the solution. The wasp was then placed in a vial with
access to water only for 30 s, 30 min or 1, 6 or 12 h. Thereafter, the wasp
was provided with a 1 mol l−1 fructose solution. Because 5 s feeding on a
sugar could not sustain a wasp for more than 12 h, a separate experiment
was carried out, in which an individual female was allowed to feed on
glucose solution for 50 s. Thereafter, the wasp was placed in a vial with
access to water only for either 18 or 24 h, before being provided with the
fructose solution. In both experiments, control wasps were tested in a similar
manner as described above except that here the wasp was first provided with
fructose, followed by glucose. Another control wasp was allowed to feed on
fructose or glucose first, and then provided with the same sugar solution.
Feeding time (s) on the second sugar was recorded. A total of 20 wasps were
tested for each combination of treatment and time interval.

Effect of glucose concentration on fructose feeding inhibition
This experiment was designed to determine the lowest concentration of
glucose that could inhibit M. croceipes feeding on fructose. A 0.5 mol l−1

glucose solution was prepared and serial dilutions were made in a geometric
sequence of 0.25, 0.125, 0.063 and 0.031 mol l−1. An individual female was
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allowed to feed on one of the glucose concentrations for 5 s. After 30 s, the
wasp was provided with a 1 mol l−1 fructose solution. As a control, a
0.5 mol l−1 fructose solution was prepared and serially diluted as above. An
individual wasp was allowed to feed on one of the fructose concentrations
for 5 s and after 30 s was provided with 1 mol l−1 glucose. Another group of
control wasps was allowed to feed on a glucose or fructose concentration
for 5 s, and after 30 s was provided with 1 mol l−1 solution of the same sugar.
Feeding time (s) on the second sugar was recorded. A total of 18 wasps were
tested for each treatment with each first sugar concentration.

Effect of sugars on longevity
Longevity of M. croceipes adults was examined for males and females
provided with 2 mol l−1 solutions of sucrose, glucose, fructose and maltose.
Newly emerged wasps were individually placed in a truncated cone-shaped
plastic cup (diameter: top 12 cm, bottom 10 cm; height 6 cm) with a lid, and
provided with a 10 μl of sugar solution. Control wasps were provided with
10 μl of distilled water. Sugar solutions or water were renewed every 2 days
to avoid microbial growth and crystallization due to evaporation. Wasps
were kept under a 16 h:8 h light:dark photoperiod at 25°C, and their survival
was checked once a day. A total of 20 wasps were examined for each sugar
solution.

Statistical analyses
Data on the effect of sugar and feeding time on consumption were tested by
analysis of covariance (ANCOVA). As the slopes from the linear regressions
for amount of sucrose, glucose and fructose consumed for different feeding
times were not different, the data for these sugars were combined and a pair-
wise comparison was made between the combined slopes for the three
sugars and the slope for maltose. A Bonferroni correction was used
(P=0.05/k, where k=2 for all sugars). After natural logarithm transformation
of concentrations, EC50 was estimated by Probit analysis. The effect of
different sugars on wasp’s feeding time was analyzed by a Kruskal–Wallis
test followed by Steel–Dwass tests. Longevity was analyzed using survival
analysis. Survival curves (function of wasps surviving at a particular
moment in time) were generated and compared using Kaplan–Meier
estimates of the survival function (Lavandero et al., 2005). A Bonferroni
correction was used to account for each of the pair-wise comparisons
(P=0.05/k, where k=10 for all treatments in a log-rank test).
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