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ABSTRACT

Habitat management is a component of conservation biological control that aims to improve
the availability of resources required by natural enemies.  Access to non-host foods is a criti-
cal requirement for many natural enemies, and one that can be manipulated via habitat man-
agement.  Food sources, usually in the form of nectar (floral or extrafloral), pollen, and hon-
eydew supply natural enemies with energy for maintenance and reproduction.  These food
sources have different chemical compositions, and studies on parasitoid acceptance, survival,
and longevity have helped identify the compounds most important to parasitoids, and there-
fore, habitat management.  While pests may also exploit food sources intended for natural
enemies, recent studies have shown that careful selection of food sources can reduce this
possibility.  Therefore, detailed knowledge of the biology of the pests and natural enemies
present in the agroecosystem in question is crucial for selection of appropriate habitat man-
agement strategies.

The suitability of naturally occurring carbohydrates and a commercial food source was
determined for A.  iole.  In a gustatory response study wasps responded to all 15 of the sugars
at the highest concentration tested (2 M).  At this concentration, sucrose, glucose, maltose,
melezitose, fructose, trehalulose, and erlose all elicited >90% acceptance.  Raffinose, treha-
lose, mannose, galactose, melibiose, rhamnose, stachyose, and lactose led to <50% gustatory
response by the wasps at 2 M.  Eliminade™ a commercial food supplement, was readily ac-
cepted (92%) by A. iole.  With respect to gustatory response to nectar and honeydew sugars,
A. iole differs markedly from other hymenopterans that have been studied in that this parasi-
toid accepted all the naturally occurring sugars with which it was tested.  Moreover, for many
of the sugars tested, this parasitoid had lower acceptance thresholds than other hymenopter-
ans.  Wasp survival varied depending on food source and temperature.  Provision with su-
crose led to the greatest increase in longevity over controls.  Honeydew sugars were highly
variable in their effect on survival.  Results from sugar digestion trials were consistent with



Second International Symposium on Biological Control of Arthropods

Williams et al. ________________________________________________________________________________

410

those from gustatory discrimination and longevity trials, and suggested the presence of inver-
tase in A. iole guts.

The broad and sensitive range of gustatory perception, coupled with enhanced longev-
ity afforded by some sugars, might be helpful in the development of a food source for A. iole
that is not exploited by Lygus.

INTRODUCTION

Many adult parasitic wasps require food to satisfy energy needs (Quicke 1997).  Nectar (floral
and extrafloral) and honeydew excreted by homopteran insects are rich sources of carbohy-
drates that satisfy energy and maintenance requirements (Jacob and Evans 1998; Jervis et al.
1993; Longley and Jepson 1996; Rogers 1985).  Provisioning parasitoids with carbohydrates
generally increases longevity and subsequent rates of parasitism (Azzouz et al. 2004; Baggen
and Gurr 1998; Fadamiro and Heimpel 2001; Stapel et al. 1997; Wäckers 2001).  Therefore,
provisioning parasitoids with an adequate food source is an important component of habitat
management strategies aimed at enhancing the effectiveness of biological control agents (Berndt
and Wratten 2005; Evans and Richards 1997; Landis et al. 2000; Wratten and Gurr 1999).

Successful foraging by parasitoids depends on the availability of a suitable food source
at the time of foraging.  Most parasitoids readily accept sucrose, fructose, and glucose (Jervis
et al. 1993; Jervis et al. 1996), the most common components of most nectar and honeydew
(Baker and Baker 1983a).  However, other carbohydrates occur in nectar and honeydew as
well (Baker and Baker 1983b; Davidson et al. 1994; Hendrix and Wei 1994; Koptur 1994).
Spatial and temporal variability in the sugar composition, i.e. suitability, of nectar and honey-
dew can limit successful foraging by parasitoids.  With the exception of the predominant
carbohydrates, little is known about the suitability of most sugars present in nectar and hon-
eydew for parasitic Hymenoptera.  The gustatory response of Cotesia glomerata (L.) (Hy-
menoptera: Braconidae) wasps exposed to individual nectar and honeydew sugars varied greatly
(Wäckers 1999), and was positively correlated with longevity (Wäckers 2001).  Romeis and
Wäckers (2000, 2002) demonstrated differences in sugar utilization patterns between C.
glomerata and its host, Pieris brassicae L. (Lepidoptera: Pieridae).  The parasitoid utilized
several sugars to which the host did not respond.  These findings have practical relevance for
pest control, because they suggest that certain natural or artificial food sources might be used
to benefit natural enemies to a greater extent than the pest.

In insects, ingested sugars are hydrolyzed into monosaccharide units, after which oxi-
dation via glycolysis occurs.  If not used immediately, carbohydrates in insects are sometimes
stored as trehalose or glycogen.  Boevé and Wäckers (2003) demonstrated that the rate of
sugar digestion by Myrmica rubra (L.) (Hymenoptera: Formicidae) varied depending on the
sugar ingested, and that metabolic suitability of sugars was correlated with gustatory accep-
tance.

Lygus bugs (Heteroptera: Miridae) are important pests of many crops in North America
(Wheeler 2001).  In cotton, Gossypium hirsutum L., annual losses due to L. lineolaris (Palisot
de Beauvois) and L. hesperus Knight can exceed $75 million (Williams 1999).  Historically,
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Lygus populations in cotton have been controlled largely by broad-spectrum insecticides
aimed at several pests.  However, the acceptance of transgenic cotton and the success of the
boll weevil eradication program (Hardee et al. 2001) might lead to an overall reduction in
insecticide use in the cotton belt of the United States.  In turn, this may create a scenario in
which biological control has greater potential for controlling Lygus in cotton (Ruberson and
Williams 2000).

Anaphes iole Girault (Hymenoptera: Mymaridae) is an egg parasitoid that attacks Lygus
and other mirids in North America (Huber and Rajakulendran 1988; Udayagiri et al. 2000).
Anaphes iole is pro-ovigenic and adults do not require a food source in order to mature eggs
(Jervis et al. 2001).  Nevertheless, foraging by adult A. iole is important because increased
longevity would allow the wasp more time to search for and parasitize hosts, thus leading to
a possible increase in realized fecundity.  An increase in longevity afforded by sugar foraging
is especially important when host densities are low and parasitoids must spend considerable
time searching.  Adult A. iole does not host feed, and field observations of feeding by this tiny
wasp are lacking.  Under laboratory conditions, longevity of A. iole wasps is limited to <3
days in the absence of food, but can exceed 10 days when honey is provided (Jones and Jack-
son 1990).  However, nothing is known about the suitability of individual sugars for A. iole.
A better understanding of nutritional ecology of A. iole may facilitate the development of
natural or artificial food sources that confer greater benefit to this parasitoid than to L. lineolaris.

Our objectives were to characterize and describe the effect of carbohydrate food sources
on gustatory discrimination, longevity, and utilization by A. iole.

METHODS AND MATERIALS

INSECTS

Anaphes iole used in this study were obtained from a laboratory colony maintained on L.
hesperus eggs at the USDA-ARS Biological Control and Mass Rearing Research Unit, Mis-
sissippi State, MS.  Wasps were held in Plexiglass cages (26 x 26 x 20 cm) at 27±1°C, 65-85%
RH, and 14:10 L:D photoperiod until experimentation.

GUSTATORY RESPONSE AND ACCEPTANCE THRESHOLD

Acceptance thresholds for the following 15 sugars were determined for A. iole:  sucrose, fruc-
tose, glucose, maltose, melezitose, erlose, trehalulose, raffinose, trehalose, mannose, galac-
tose, melibiose, rhamnose, stachyose, and lactose.  With the exception of lactose, all the sug-
ars tested are known to be associated with plants (e.g., nectar) or insects (e.g., honeydew or
bee honey).  Lactose was included as a control sugar that A. iole is unlikely to encounter in
nature.  A 2 M concentration of each sugar was prepared with distilled water.  This concentra-
tion approximates that found in nectar and honeydew (Baker and Baker 1983a).  Serial dilu-
tions were then made from the stock solution in a geometric progression (i.e., 1 M, ½ M, ¼ M,
etc.) for each sugar.

Gustatory response by A. iole was also assessed for a commercial food supplement,
Eliminade™(Entopath, Easton, PA).  Eliminade™was developed as part of a conservation
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biological control program to enhance the effectiveness of parasitoids of the southern pine
beetle, Dendroctonus frontalis Zimmerman (Coleoptera: Scolytidae) (Hanano 1996; Mathews
and Stephen 1999).  For this study, Eliminade™was prepared as recommended by the manu-
facturer.

Bioassays were setup in the following manner.  Wasps used in the gustatory discrimina-
tion experiments were <3 day old females that were water-satiated (provided with distilled
water ad lib via saturated absorbent matting and frequent misting), appeared healthy, and
were assumed mated.  Under the existing laboratory conditions, the longevity of food and
water deprived A. iole is about 3 days (Williams, unpublished).  All gustatory discrimination
experiments were conducted between 0800-1700 h CST.  Water-satiated wasps were placed
individually into a 0.5 dram glass shell vial containing a 5 ml drop of the treatment (sugar
solution or Eliminade™ in the bottom of the vial.  Wasps were observed at 50x for 5 min.
‘Acceptance’ was recorded if the wasp fed for more than 5 seconds upon contact with the
droplet, or if the total time spent feeding surpassed 5 seconds.  Otherwise, the encounter was
scored as ‘rejection’.  Each sugar-concentration combination was presented to 25 wasps in a
completely randomized design, and sugar-concentration combinations were replicated 3-8
times.  Fresh sugar solutions were prepared for each replicate.  For the bioassays using
Eliminade™ 50 wasps were included in each of two replicates.  Laboratory conditions during
the study were 24±3°C and 17-52% RH.

LONGEVITY

Longevity of newly-emerged wasps was assessed after provision with a 1 M solution of the
following sugars presented singly:  sucrose, trehalulose, maltose, melezitose, trehalose, and
rhamnose.  Eliminade™was included as an additional treatment.  Two controls, distilled wa-
ter only and no food or water, were also included.  Bioassays were setup in a randomized
complete block design with six replicates.  Each experimental unit consisted of 15 parasitized
host (L. hesperus) eggs placed into a 28 ml glass scintillation vial.  These host eggs contained
parasitoids ready to emerge within 12 h.  Organdy was placed over the top the vial and two
pipet tips (30 ml) were inserted into two small holes cut in the fabric.  One pipet tip contained
distilled water, and the other was filled with the treatment solution.  Separate trials were run
concurrently at 20 and 27°C, 65-85% RH, and 14:10 L:D photoperiod.  Wasp survival was
assessed daily with the aid of a dissecting scope, at which time pipet tips were replaced with
fresh water and treatment solutions.  Survivorship of wasps was analyzed as a function of
time.

CARBOHYDRATE UTILIZATION

Wasps used in this study were 1 day old and were food and water deprived.  About 300 wasps
were placed in a 9.5 cm-diam glass Petri dish containing two discs of filter paper (Whatman
no. 1, Whatman International Ltd., Maidstone, Kent, U.K.), one in the bottom of the dish and
one on the top.  Each piece of filter paper was saturated with a 1 M solution of sucrose,
maltose, or melezitose.  Controls were prepared using distilled water only.  Petri dishes were
then held at 25±1°C for one of three different time intervals; 15 min, 12 h, or 24 h.  This time
series allowed us to determine the digestion rate for the different sugars.  At the appropriate
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time, wasps were killed in 70% ethanol.  Thirty individuals of each gender were placed in
together in 1 ml microcentrifuge tubes with 70% ethanol and held at -20°C until analysis.
Prior to analysis, wasps were rinsed in ca. 400 ml distilled water, and were macerated for 10
min in 300 ml distilled water with glass beads (0.4 ml, 400-600 mm diam) using a dental amal-
gamator.

High-performance anion-exchange chromatography analysis with pulsed amperometric
detection (Beach et al. 2003; Byrne et al. 2003; Hendrix and Wei 1994; HPAEC) was used to
identify and quantify the major carbohydrates present in A. iole.  One hundred microliters of
each sample was analyzed by HPAEC.  Since detector response varies between individual
sugars (Larew and Johnson 1988), peaks were identified and quantified by comparing the
time of retention and peak areas of known sugar standards with unknown sugars.  Based on
daily calibration of the system, peak areas were determined using Dionex PeakNet software.

RESULTS

GUSTATORY RESPONSE AND ACCEPTANCE THRESHOLD

All 15 of the sugars tested elicited a response by A. iole, although marked differences were
observed.  At the 2 M concentration gustatory response partitioned into two groups.  Su-
crose, glucose, maltose, melezitose, fructose, trehalulose, and erlose evoked >90% acceptance
at this concentration.  These sugars were considered to be ‘highly stimulatory’.  The accep-
tance threshold for these sugars was 1/256 M, with the exceptions of glucose, maltose, and
trehalulose, which was 1/16, 1/512, and 1/1024 M, respectively.  Response curves of these
sugars declined in a relatively linear manner.

The remaining sugars (raffinose, trehalose, mannose, galactose, melibiose, rhamnose,
stachyose, and lactose) led to <50% gustatory response by the wasps.  These sugars were
categorized as ‘moderately stimulatory sugars’.  The acceptance threshold for these sugars
did not exceed 1/4 M, except for raffinose, which was 1/256 M.  Response curves for these
sugars were also relatively linear, with the exception of raffinose, which displayed an irregu-
lar response and never exceeded 30% gustatory acceptance between 2 and 1/512 M. Eliminade™
a commercial food supplement, was readily accepted (92%) by A. iole.

LONGEVITY

Wasp survival varied depending on food source and temperature.  For the trial conducted at
27°C, average survivorship was lowest (ca. 3 days) when wasps were held without food or
water, or were provisioned with only water, or with rhamnose.  Provision with trehalose or
melezitose increased survival only to a slight degree (ca. 4 days).  However, wasps provided
with sucrose, trehalulose, maltose, and Eliminade™had the greatest longevity (maltose, ca. 8
days; sucrose, ca. 15 days).  Temperature was also an important factor; longevity of wasps was
significantly greater at 20°C than at 27°C.  For example, average survival of wasps fed sucrose
was nearly 2x at 20°C than at 27°C.
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CARBOHYDRATE UTILIZATION

Results of HPAEC analysis indicated that trace amounts of glucose and fructose were found
in control wasps fed only distilled water.  Sugars fed to wasps could be clearly detected within
15 min.  However, the rate of digestion appeared to vary depending on the sugar that was
ingested.  For example, within 15 min of sucrose ingestion, glucose, fructose, trehalose, and
sucrose were detected.  These sugars were also present at 12 h, with the exception of sucrose.
However, at 24 h sugar levels were comparable to controls.  In contrast to sucrose, melezitose
was still detected 24 h after ingestion.  Trace amounts of other carbohydrates were also present
in some samples.

DISCUSSION

Female A. iole wasps responded to all the carbohydrates tested.  The parasitoids were most
sensitive to seven sugars present in nectar (sucrose, glucose, and fructose), honeydew (glu-
cose, trehalulose, melezitose, erlose, and fructose), and bee honey (maltose and erlose).  Of
these sugars, A. iole was most sensitive to sucrose, and it is interesting that this parasitoid was
significantly more sensitive to sucrose than to its components, glucose and fructose.  These
sugars are usually the primary components of nectar (Baker and Baker 1983a), an important
food source for parasitoids (Jervis et al. 1993).  Sucrose is the most widely found disaccharide
in nature, and is the primary form in which fixed carbon and energy are translocated in plants.
The acceptance thresholds for sucrose and other highly stimulatory sugars were much lower
than the concentrations (10-50% w/v) at which they naturally occur (Baker and Baker 1983a).
High sensitivity to these carbohydrates by A. iole would enable this wasp to exploit sources
with low concentrations of these sugars.  The remaining sugars were moderately stimulatory
(<50% acceptance at 2 M).  These sugars are found in bee honey (mannose, trehalose, raffi-
nose, and melibiose), honeydew (trehalose, raffinose, and stachyose), plant seeds (raffinose,
galactose, stachyose, and rhamnose), and phloem sap (raffinose, melibiose, and stachyose)
(Baker and Baker 1983a,b; Donner 1991; Hendrix et al. 1992; Kuo et al. 1988; Nakajima et al.
1980; Wei et al. 1996).  Our results suggest that A. iole can detect a wide range of potential
food sources, some of them at very low concentrations.  In particular, it appears that nectar
and honeydew are natural sources of sugars that A. iole can perceive, even if the sources have
been diluted by precipitation or dew.

Similar feeding studies conducted with other hymenopterans allow us to put our results
with A. iole into perspective.  For half of the sugars tested, A. iole exhibited lower acceptance
thresholds than for any hymenopteran tested to date (see Beach et al. 2003).  Moreover, A.
iole was the only hymenopteran tested that accepted all the sugars.  Differences in sensitivity
and range of carbohydrates detected by parasitoids may be a function of the insect’s repro-
ductive physiology.  Like many egg parasitoids, A. iole is pro-ovigenic and produces eggs that
rely on the host egg’s protein for nourishment (Quicke 1997).  Conversely, the parasitoid
studied by Wäckers (1999), C. glomerata, is synovigenic, meaning that female wasps emerge
with a limited number of nutrient-rich eggs (Quicke 1997).  When provided with a protein-
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rich diet, synovigenic wasps can mature additional eggs.  In the absence of food, these wasps
sometimes resorb their eggs and utilize the resources for self-preservation.  Therefore, pro-
tein may not be an important component in the diet of a pro-ovigenic wasp that emerges with
a full complement of matured eggs.  Carbohydrates, which provide a source of quick energy
for locomotion, may play a more important role in the nutritional ecology of A. iole than
proteins.  Nevertheless, A. iole readily accepted Eliminade™ a protein-rich commercial food
supplement developed for synovigenic parasitoids.  Its acceptance by A. iole suggests that this
wasp is capable of utilizing complex food sources that include proteins and other compounds
that are not required for its survival.  Reliance on carbohydrates may explain the high sensi-
tivity and range of perception to sugars by A. iole.  Future studies with other pro-ovigenic
and synovigenic parasitoids are necessary to better understand the relationship between gus-
tatory response and reproductive physiology in parasitoids.

Our studies demonstrate the importance of food source and temperature on the longev-
ity of A. iole.  Several food sources were not suitable for wasp survival (rhamnose, trehalose,
and melezitose), while others were beneficial (Eliminade™, maltose, trehalulose, and sucrose).
Sucrose is common in nectar, suggesting that plant resources are important for A. iole survival
in the field.  However, rhamnose, another component of nectar, was unsuitable for A. iole,
and acted as a feeding deterrent to this wasp when mixed with maltose (Beach et al. 2003) and
to C. glomerata when mixed with glucose (Wäckers 2001).  These findings indicate the im-
portance of understanding the chemical composition of nectar and its effects on beneficial
insects when developing habitat management strategies for biological control.  The three hon-
eydew sugars tested (trehalose, melezitose, and trehalulose) had variable effects on survival of
A. iole, suggesting that honeydews differ in their suitability to this wasp.  Increased longevity
at the lower temperature, 20°C, may be a function of reductions in behavioral activity and
metabolism.  Longevity of A. iole was relatively consistent with results from gustatory dis-
crimination.  The exception was melezitose, which was readily fed on (ca. 75% acceptance at
1 M concentration), but was a poor source of nutrition.

Results from the HPEAC analysis suggested that A. iole hydrolyzes some sugars more
efficiently than others.  This was clearly observed in the comparison between sucrose, which
was readily metabolized, and melezitose, which was not.  These results are consistent with
those in the gustatory discrimination and longevity studies.  Our results suggest the presence
of invertase, which hydrolyzes sucrose, in the gut of A. iole.  However, this does not preclude
the presence of other enzymes, and further studies of sugar digestion by A. iole are underway.

The ability of A. iole to detect and utilize a broad range of food sources has practical
implications for the development of a food supplement for this parasitoid.  However, it must
be remembered that L. lineolaris might also utilize a food supplement intended for A. iole.
The presence of nectar can benefit pest herbivores (Adjei-Maafo and Wilson 1983; Belcher et
al. 1984) as well as their natural enemies (Bugg et al. 1989).  Therefore, knowledge of the
nutritional ecology of L. lineolaris as well as A. iole is critical for the development of a selec-
tive food source.  Use of foods that benefit the biological control agent to a greater extent than
the pest herbivore may have broad potential in other biological control programs (Cortesero
et al. 2000; Lewis et al. 1997).
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