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Abstract

We examined the eVects of cotton aphid honeydew and buckwheat Xoral nectar on the lifespan and body carbohydrate nutrient
levels of the phorid Xy, Pseudacteon tricuspis (Diptera: Phoridae). Compared to Xies provided with water only, cotton aphid honey-
dew modestly but signiWcantly increased longevity of female and male P. tricuspis by about 1 day, with signiWcant increases in the
body levels of fructose, total sugars, and glycogen. Age had a positive eVect on the levels of total sugars and glycogen in honeydew-
fed Xies. However, sex and mating had no signiWcant eVect on longevity and body nutrient levels. Body size (as measured by wing
length) was positively correlated with glycogen levels in males, with larger males accumulating more glycogen from honeydew than
smaller males. P. tricuspis Xies were observed foraging on buckwheat Xowers. However, no signiWcant eVects of buckwheat nectar on
phorid Xy longevity and body nutrient levels were detected. These results may suggest that buckwheat Xorets are morphologically
incompatible with the mouthparts of phorid Xies, or the possibility of innate behavioral characteristics of phorid Xies that limit nect-
ivory. Alternatively, buckwheat nectar may be quantitatively or qualitatively inferior to cotton aphid honeydew or may contain com-
pounds that are mildly repellent to P. tricuspis. Future studies will investigate the mechanisms behind the observed reduced
suitability of buckwheat nectar as a food source for P. tricuspis. Conservation of naturally occurring sugar sources in the Weld,
including exposed sugar sources such as honeydew, may promote P. tricuspis lifespan and possibly, its impact as a biological control
agent against imported Wre ants, Solenopsis spp. (Hymenoptera: Formicidae).
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Many parasitoids require carbohydrate foods as an
energy source during their adult stage. In the Weld, sugar
is naturally available to parasitoids primarily in the form
of nectar (either Xoral or extraXoral) and homopteran
honeydew (Bugg et al., 1989; Evans, 1993; Jervis et al.,
1993, 1996; Rogers, 1985). Numerous laboratory and
Weld studies have reported signiWcant eVects of sugar
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feeding on longevity and/or fecundity parasitoids (Dyer
and Landis, 1996; England and Evans, 1997; Fadamiro
and Heimpel, 2001; Foster and Ruesink, 1984; Hagley
and Barber, 1992; Heimpel et al., 1997; Idris and GraWus,
1995; Jacob and Evans, 2000; Lee et al., 2004; Olson and
Andow, 1998; Olson et al., 2000). Some of these studies
also showed signiWcant increases in body nutrient
(mainly carbohydrate nutrients) levels of sugar-fed
wasps (Fadamiro and Heimpel, 2001; Lee et al., 2004;
Olson et al., 2000).

Sugar feeding may have a positive eVect on parasitoid
reproduction directly or indirectly. Parasitoids with
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synovigenic life history may beneWt directly from sugar
feeding by maturing additional eggs (Binns, 1980; Heim-
pel and Jervis, 2005; Jervis et al., 2001; Olson and
Andow, 1998). Pollen, which is often ingested with nec-
tar may also enhance reproduction in many species by
providing nutrient resources for egg production (Jervis
et al., 1996). In addition, Heimpel et al. (1997) postulated
that sugar feeding may prevent egg resorption by female
parasitoids. The increased lifespan that usually results
from feeding on sugar may indirectly enhance parasitoid
reproduction by allowing more time for location and
attack of more hosts (Heimpel and Jervis, 2005; Idris
and GraWus, 1995). Based on the demonstrated impact
of sugar feeding on the lifespan and reproduction of sev-
eral parasitoid species, and the assumption that suitable
Xoral sources are limiting in many agroecosystems, pro-
vision of artiWcial sugar supplements or planting of nec-
tar-producing Xowering plants is now commonly
recommended and utilized in biological control pro-
grams (Jacob and Evans, 1998). However, naturally
occurring homopteran honeydew may still be a key
sugar source for foraging parasitoids in agroecosystems,
and its potential utilization by diVerent species of para-
sitoids needs to be explored further.

Qualitative and quantitative diVerences are known to
exist in the composition of nectar and honeydew sugars
(Baker and Baker, 1983; van Handel et al., 1972; Wäc-
kers, 2001). Nectar and honeydew sugars contain the
same primary components, the disaccharide sucrose and
its two monosaccharide components, glucose and fruc-
tose (Baker and Baker, 1983; van Handel et al., 1972;
Wäckers, 2001). However, honeydew also contains sev-
eral disaccharides, such as maltose (Völkl et al., 1999)
and melibiose, and trisaccharides, such as melezitose,
raYnose, and erlose (Baker and Baker, 1983; Wäckers,
2001). These disaccharides and trisaccharides are rare or
missing in nectar, act as honeydew-speciWc signature
sugars, and may potentially aVect the suitability and uti-
lization of honeydew by parasitoid species. For instance,
Wäckers (1999, 2001) reported a higher feeding response
by Cotesia glomerata (L.) (Hymenoptera: Braconidae) to
monosaccharide sugars compared to trisaccharides, sug-
gesting reduced suitability of honeydew sugars. In addi-
tion, melezitose and raYnose, components of honeydew
sugars are known to form crystals within a short time,
hence reducing their availability to parasitoids (Chen
and Fadamiro, unpublished data; Wäckers, 2001). In
contrast, Beach et al. (2003) found that several honey-
dew sugars were readily accepted by the egg parasitoid,
Anaphes iole Girault (Hymenoptera: Mymaridae), sug-
gesting that diVerent species may have diVerent sugar
preferences.

Despite the relatively large volume of literature on
sugar feeding by hymenopteran parasitoids, little is
known on sugar utilization by non-hymenopteran para-
sitoids. Recently, we demonstrated sugar feeding by a
dipteran parasitoid, the phorid Xy, Pseudacteon tricuspis
Borgmeier (Diptera: Phoridae) (Chen et al., 2005; Fad-
amiro et al., 2005). Because of their high host speciWcity
and suYcient impact on imported Wre ants, Solenopsis
spp. (Hymenoptera: Formicidae), Pseudacteon phorid
Xies are considered promising biocontrol agents of
imported Wre ants in the United States (Feener and
Brown, 1992; Gilbert, 1996; Porter, 1998). Since the last
decade, two species of phorid Xies, P. tricuspis and Pseu-
dacteon curvatus, have been continuously released in
many parts of southern United States (Graham et al.,
2003; Porter et al., 1999, 2004), and attempts are cur-
rently being made to monitor parasitoid establishment
and impact (Morrison and Porter, 2005). Although sev-
eral aspects of the behavior and biology of Pseudacteon
phorid Xies have been investigated (Morrison, 2000; Por-
ter, 1998), little is known about the nutritional ecology
and foraging behavior of phorid Xies in nature. Adult
phorids are presumed to be generalist feeders on plant
nectar, sap, or honeydew (Morrison, 2000), and there are
a few casual observations of water drinking or sugar
feeding by some Xy species in the family Phoridae (Dis-
ney, 1994; Pesquero et al., 1995; Porter et al., 1997).
Apart from these few anectodal reports, we are not
aware of any previously conducted systematic studies to
demonstrate potential sugar feeding by phorid Xies in
the Weld.

Having demonstrated in earlier studies that adult
P. tricuspis are capable of feeding on artiWcial sugar
sources (sucrose solution), and that sugar feeding
resulted in signiWcant increases in longevity and accumu-
lation of body carbohydrate nutrients (Chen et al., 2005;
Fadamiro et al., 2005), we became interested in investi-
gating potential utilization of naturally occurring sugar
sources by phorid Xies in the Weld. In the current study,
we examined the suitability of aphid honeydew and
Xoral nectar as food sources for P. tricuspis, and com-
pared the eVects of both sugar sources on the lifespan
and nutrient accumulation in adult Xies.

2. Materials and methods

2.1. Food sources

We compared the suitability of nectar from buck-
wheat Xowers, Fagopyrum esculentum Moench and hon-
eydew produced by cotton aphid, Aphis gossypii Glover
(Homoptera: Aphididae) as sugar sources for P. tricu-
spis. Buckwheat was selected primarily because of its
accessible nectar, and also because it is commonly uti-
lized in similar studies and in habitat manipulation pro-
grams (Lee et al., 2004; Nicholls et al., 2000; Stephens
et al., 1998). We tested cotton aphid honeydew because
of its prevalence in agroecosystems in the southern
United States where cotton production remains
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widespread. Due to its widespread abundance and the
proximity of phorid Xy release sites to cotton Welds, cot-
ton aphid honeydew is perhaps the most likely honey-
dew to be encountered by foraging phorid Xies released
for biological control of imported Wre ants in southern
United States. Cotton aphid honeydew was obtained by
rearing Weld collected cotton aphids on cotton plants,
Gossypium hirsutum L. Cotton plants were grown on
Pro-Mix medium in 20.3-cm diameter plastic pots in a
greenhouse at about 27 § 1 °C, »70% r.h., and a photo-
period of L16:D8. The cotton variety utilized was Sure-
Grow 747, a ‘Round-Up Ready’ conventional cultivar
with minimal production of extraXoral nectar plants.
Buckwheat plants were also grown in the greenhouse
under similar conditions. All plants were grown using
standard greenhouse practices and were watered every
three days and fertilized every two weeks. Fresh buck-
wheat Xowers were maintained throughout the test
period by sowing buckwheat twice every week.

2.2. Parasitoids

Adult P. tricuspis used in this study were supplied by
the Wre ant rearing facility of the USDA-ARS, Center
for Medical, Agricultural and Veterinary Entomology,
Gainesville, FL, USA. The phorid Xies were reared at
this facility on workers of red imported Wre ant, Solenop-
sis invicta Buren using the methods described by Porter
et al. (1997), and shipped to us as parasitized Wre ant
worker heads. Parasitized Wre ant worker heads were
received in batches and kept in a plastic jar (25 £ 13 cm)
with a lid until emergence. Emerging Xies did not have
access to food or water in the jar. Newly emerged Xies
were removed promptly with an aspirator and sexed
immediately under a dissecting microscope using pres-
ence or absence of the distinct female ovipositor.

2.3. Parasitoid longevity

The survivorship of adult female and male P. tricuspis
was compared across four feeding treatments: (1) water
only (starved), (2) a bundle of buckwheat Xowers with
nectar, (3) a cotton leaf infested with cotton aphids pro-
ducing honeydew, and (4) a clean (uninfested) fresh cot-
ton leaf. The uninfested cotton leaf constituted an
additional control treatment to examine if phorid Xies
could obtain extraXoral nutrients from cotton leaves.
ExtraXoral nectaries are known to occur on the leaves of
several plants (Wäckers, 2002), including various cotton
cultivars such as the one utilized in this study. Water was
provided in all treatments by Wlling a 0.5 ml microcentri-
fuge tube with distilled water and threading a cotton
string through a hole in the cap of the tube, and water
tubes were reWlled as needed. Flowers used in the buck-
wheat nectar treatment were inserted in water-Wlled
tubes. We also tested the eVect of mating (mated vs.
unmated) on survivorship of female and male P. tricu-
spis. The various combinations of food and mating sta-
tus resulted in a total of 8 treatment combinations for
each sex. Newly emerged Xies were placed in groups of
two individuals either of the same sex (unmated treat-
ments) or of opposite sex (mated treatments) in a 15-cm
diameter plastic Petri dish with the presence of diVerent
food sources. Petri dishes were kept in a growth chamber
at 25 § 1 °C, 75 § 5% r.h., and a photoperiod of L14:D10.
Saturated brine was used to maintain constant relative
humidity in the chamber. Female and male P. tricuspis
emerging on the same day were distributed evenly across
the treatment combinations. At least 12 Xies of each sex
were tested for each diet and mating combination. Petri
dishes were checked once daily for survival and dead
Xies were promptly removed. To ensure availability of
fresh sugar sources, Xowers were replaced in the Petri
dishes every other day, while cotton leaves were replaced
every day. EVects of diet, sex, and mating status on survi-
vorship were evaluated using proportional hazard mod-
eling (SAS Institute, 1998). This model also allowed
testing for any signiWcant two-way or three-way interac-
tions among the three variables. Survivorship data for
each sex were analyzed separately by using analysis of
variance (ANOVA) followed by the Tukey–Kramer
HSD test for multiple comparisons of means at P < 0.05
(SAS Institute, 1998).

2.4. Body nutrient analyses

Daily changes in the amounts of fructose, total sug-
ars, and glycogen were quantiWed for phorid Xies placed
in each of the Wrst three treatments described in the lon-
gevity experiment: water only (starved); buckwheat
Xowers with nectar; and a cotton leaf infested with cot-
ton aphids producing honeydew. The test protocols were
similar to those described by Fadamiro et al. (2005).
Female and male P. tricuspis emerging on the same day
were placed in groups of two individuals of the same sex
within 15-cm diameter plastic Petri dishes, and randomly
assigned evenly to the three treatments. Live Xies from
each treatment were collected, frozen at ¡20 °C, and
assayed daily from ages 1 to 4 days in the honeydew and
nectar treatments. Because sugar-starved Xies rarely
lived beyond 3 days under our test conditions, nutrient
assays were conducted only for 1- to 3-day-old Xies in
the water only treatment. Forewing length was used to
estimate Xy size. One forewing was pulled from each fro-
zen Xy, slide mounted and measured to the nearest
0.05 mm on a dissecting microscope. The amount of each
nutrient obtained from newly emerged unfed (day 0) Xies
was regarded as the teneral amount present in female
and male Xies at emergence. At least 10 females and 8
males were bioassayed daily for each diet treatment.

The amounts of fructose, total sugars, and glycogen
in individual Xies were quantiWed using a series of



76 H.Y. Fadamiro, L. Chen / Biological Control 34 (2005) 73–82
standard biochemical tests originally developed for mos-
quitoes (van Handel, 1965), modiWed for parasitoid
wasps (Fadamiro and Heimpel, 2001; Lee et al., 2004;
Olson et al., 2000), and recently adapted for phorid Xies
(Fadamiro et al., 2005). The methodology and protocols
used in the current study to quantify body nutrient levels
in phorid Xies have been described in detail by Fadamiro
et al. (2005). Lipid levels of Xies used in this study were
not analyzed since adult P. tricuspis are not capable of
converting dietary sucrose to lipids (Fadamiro et al.,
2005).

Nutrient data were analyzed by using multiple regres-
sion analysis to test the eVects of diet, age, diet £ age
interaction, and wing length on nutrient levels. In the
Wrst analysis, we compared nutrient levels among the
three diet treatments. In the second analysis, we com-
pared nutrient levels between nectar-fed and honeydew-
fed Xies only. Each sex was analyzed separately since
male P. tricuspis are smaller and with lower nutrient
contents than females (Fadamiro et al., 2005). Nutrient
data were checked for unequal variances, and if neces-
sary transformed using log transformation (SAS Insti-
tute, 1998) to equalize variances. Data were further
analyzed by using analysis of variance and Tukey HSD
for multiple comparisons (SAS Institute, 1998), compar-
ing nutrient levels among Xies of the same sex and age
provided diVerent diet treatments. Mean nutrient levels
were compared among the three diet treatments on days
1–3, and only between nectar-fed and honeydew-fed Xies
on day 4 since Xies provided water only rarely lived
beyond 3 days. Statistical analyses were run on absolute
nutrient amounts rather than on absorbance values.
Newly emerged Xies were not included in the statistical
analyses since they were not part of any of the diet treat-
ments.

3. Results

3.1. Parasitoid longevity

Diet had a signiWcant and positive eVect on lifespan of
adult P. tricuspis (�2 D15.6, df D3, PD0.001). However,
mating (�2 D0.06, dfD1, PD0.81) and sex (�2 D0.08,
dfD1, PD0.78) did not signiWcantly aVect longevity. Simi-
larly, no signiWcant interactions were recorded between
diet and sex (�2 D1.8, dfD3, PD0.62), diet and mating
(�2 D 0.3, dfD3, PD0.96), sex and mating (�2 D0.2, dfD1,
PD0.68), or diet, sex, and mating (�2 D1.1, dfD3,
PD0.77). Since mating had no signiWcant eVect on longev-
ity, data from unmated and mated Xies were pooled and
then reanalyzed by using ANOVA to test for the eVect of
diet on longevity of female and male Xies provided the
four diet treatments. The results also showed a signiWcant
eVect of diet on longevity of female (FD7.3, dfD3,
PD0.0002) and male (FD 2.9, dfD3, PD0.04) P. tricuspis.
When maintained continuously with open Xowers or
cotton leaves containing honeydew, adult P. tricuspis
Xies were observed foraging on the inXorescences or on
the surface of honeydew-laden cotton leaves. Female
and male P. tricuspis fed cotton aphid honeydew had a
modestly but signiWcantly greater longevity than Xies
provided water only; honeydew increased longevity by
about 1 day compared to Xies provided water only
(Table 1). However, provision of buckwheat nectar did
not increase phorid Xy longevity. Similarly, Xies pro-
vided clean (uninfested) cotton leaf had similar longevity
as water-fed Xies, suggesting that the potential availabil-
ity of extraXoral nectar on the leaves of the cotton culti-
var utilized in this experiment was not suYcient to
enhance longevity of adult P. tricuspis (Table 1). Survi-
vorship curves showing longevity of Xies fed the diVerent
diet treatments are shown in Fig. 1. The greatest survi-
vorship was recorded for Xies fed cotton aphid honey-
dew with some individual males surviving for up to 7
days, compared to the maximum longevity of 4 and 5
days recorded for males in the water only and nectar
treatments, respectively (Fig. 1).

3.2. Body nutrient analyses

Multiple regression analyses revealed a signiWcant
eVect of diet on nutrient levels of female and male
P. tricuspis fed the three diet treatments (Table 2). There
was also a signiWcant eVect of age on total sugars and
glycogen levels of female and male Xies, with levels gen-
erally decreasing with age in sugar-starved Xies while
increasing with age or remaining stable in honeydew-fed
Xies. In general, body size as measured by wing length
had no signiWcant eVect on nutrient levels, with the
exception of glycogen levels in males, with larger males
accumulating more glycogen from honeydew than
smaller males. Also, no signiWcant diet £ age interactions
were recorded on nutrient levels (Table 2). Similar
results were obtained when only buckwheat nectar and
cotton aphid honeydew were compared in the analysis
(Table 2).

Pseudacteon tricuspis emerged with less than 1 �g
(»0.58�g) of fructose as measured by the cold anthrone

Table 1
Mean longevity (days § SE) of female and male P. tricuspis provided
diVerent diet treatments

Means within the same column having diVerent letters are signiWcant
(Tukey–Kramer HSD, P < 0.05).

Diet Females Males

Water only 3.4 § 0.2 bc 3.2 § 0.2 b
Buckwheat nectar 3.9 § 0.1 ab 3.7 § 0.3 ab
Cotton aphid honeydew 4.3 § 0.2 a 4.2 § 0.3 a
Clean cotton leaf 3.2 § 0.2 c 3.5 § 0.2 ab
F 7.3 2.9
P 0.0002 0.03
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test in this study. Therefore, fructose levels greater than
1 �g may indicate sugar feeding by P. tricuspis (Fadam-
iro et al., 2005). Expectedly, fructose levels in Xies pro-
vided water only did not increase beyond 1 �g
throughout their lifespan (Fig. 2). Fructose levels of
females fed buckwheat nectar averaged >2 �g on day 1
but declined rapidly to <1 �g on day 2, remaining at this
very low level throughout their lifespan. This may indi-
cate some degree of sugar feeding by 1-day-old nectar-
fed female Xies. Fructose levels in nectar-fed male Xies
were consistently lower than 1 �g, suggesting the absence
of sugar feeding. In contrast, fructose levels detected in
female and male Xies fed cotton aphid honeydew were
consistently greater than 1 �g throughout their lifespan,
indicating sugar feeding (Fig. 2). SigniWcantly greater
fructose amounts were detected in honeydew-fed females
on day 2, compared to nectar-fed females, or to females
provided water only. For males, slightly higher fructose
levels were generally recorded for honeydew-fed Xies,
but fructose levels in honeydew-fed males were signiW-
cantly greater than levels in nectar-fed males only on day
4 (Fig. 2).

Adult P. tricuspis emerged with »5 �g of total sugars
(Fig. 3). This moderate teneral level of total sugars was
maintained for one day in Xies provided water only, but
declined gradually thereafter. The emergent level of total
sugars (5 �g) was maintained in nectar-fed Xies through-

Fig. 1. Survivorship curves for female (A) and male (B) P. tricuspis
provided water only, buckwheat nectar, cotton aphid honeydew, or
clean (uninfested) cotton leaf. Dashed line at 0.5 survivorship indicates
median longevity for each treatment.
out their lifespan with no signiWcant increases in total
sugar levels (Fig. 3). However, female P. tricuspis fed
honeydew signiWcantly increased their total sugar levels
on the Wrst day of feeding by »10 �g and maintained this
relatively high level of total sugars throughout their life-
span. Total sugar levels in honeydew-fed females were
signiWcantly greater than levels in nectar-fed females on
days 1, 2, and 4, and greater than levels in females pro-
vided water only on days 1 and 2. For honeydew-fed
males, »10 �g of total sugars was detected on the Wrst
day of feeding, increasing to »20�g on day 3. SigniW-
cantly greater levels of total sugars were detected in hon-
eydew-fed males on days 2 and 4, compared to males in
the nectar treatment, and on days 2 and 3, compared to
males provided water only. Endpoint (day 4) total sugar
levels were signiWcantly greater in honeydew-fed female
and male Xies than in their nectar-fed counterparts (Fig.
3).

Emergent level of glycogen in female and male P. tric-
uspis used in this study was about 4 �g (Fig. 4). This low
teneral glycogen level was maintained over the lifetime
of Xies provided water only and in nectar-fed Xies (Fig.
4). SigniWcant increases in glycogen levels were, however,
recorded for female and male Xies fed honeydew (Fig. 4).
One day of honeydew feeding resulted in a signiWcant
increase in glycogen level (»6 �g) in male Xies, whereas
only a slight increase in glycogen level was recorded in
honeydew-fed females on day 1. Glycogen levels
detected in honeydew-fed female Xies were signiWcantly
greater than levels in females provided water only on
day 3, and greater than levels in nectar-fed females on
day 4 (Fig. 4). Also, glycogen levels on days 2 and 3 were
greater in honeydew-fed males than in males provided
water only, and greater on days 3 and 4 in honeydew-fed
males than in nectar-fed males (Fig. 4). Endpoint glyco-
gen levels in honeydew-fed Xies were about two times
higher than in nectar-fed Xies.

4. Discussion

The results of this study showed that adult P. tricuspis
were capable of feeding on cotton aphid honeydew with
signiWcant increases in longevity and body carbohydrate
nutrient levels. Adult phorid Xies were frequently
observed foraging on cotton leaves with aphid honey-
dew, but rarely observed foraging on honeydew-free cot-
ton leaves. However, the longevity and nutrient levels of
Xies fed buckwheat nectar were not signiWcantly diVerent
from those of Xies provided water only. Previous studies
on the relative eVect of Xoral nectar and homopteran
honeydew on parasitoid longevity have produced con-
Xicting results. Several authors have reported a greater
eVect of honeydew on parasitoid longevity compared to
Xoral nectar (Foster and Ruesink, 1984; Hagley and Bar-
ber, 1992). For instance, adult Bathyplectes curculionis
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(Thompson) (Hymenoptera: Ichneumonidae) reportedly
had a 50% increase in longevity when fed aphid honey-
dew or sugar solution (England and Evans, 1997), com-
pared to the slight (about 14%) increase in longevity
recorded for wasps that had access to dandelion Xowers
in another study (Jacob and Evans, 2000). Wäckers and
Steppuhn (2003) reported that the majority (80%) of
Cotesia glomerata (L.) collected from Welds with abun-
dant Xoral nectar had fed on honeydew, while only 11%
fed solely on nectar, indicating signiWcant utilization of
honeydew even in the presence of nectar. In contrast,
many studies have reported the superiority of Xoral nec-
tar over homopteran honeydew as sugar sources for sev-
eral species of hymenopteran parasitoids (Avidov et al.,
1970; Lee et al., 2004; McDougall and Mills, 1997).

Several insect- and plant-related factors may account
for the lack of utilization of buckwheat nectar by
P. tricuspis recorded in the current study. Flowering
plant species vary considerably in Xoral morphology,
Xower attractiveness, and nectar accessibility with the
potential for variable eVects on parasitoid foraging and
lifespan (Jervis et al., 1996; Patt et al., 1997; Wäckers,
2004). Wäckers (2004) evaluated the suitability of 11
Xowering plants as food sources for several parasitoid
species and demonstrated that Xower attractiveness was
not strictly correlated with nectar accessibility. Similarly,
Jacob and Evans (2000) reported that adult B. curculionis
did forage readily on dandelion Xowers, but that foraging
wasps had diYculty entering into and piercing Xorets to
obtain nectar. In the present study, we observed adult P.
tricuspis foraging on buckwheat Xowers, but apparently
with minimal utilization of the nectar. This may suggest
that buckwheat Xorets are morphologically incompatible
with the mouthparts of P. tricuspis, as has been reported
for other insects (Jervis, 1998; Jervis et al., 1993), or the
possibility of innate behavioral characteristics of phorid
Xies that limit nectivory.

It is possible that parasitoids with short mouthparts,
such as phorid Xies, are likely to utilize exposed sugar
sources, such as honeydew and extra Xoral nectar more
Table 2
Multiple regression analyses testing for eVects of diet, age, the interaction between diet and age, and wing length on nutrient levels of female and male
P. tricuspis

In the Wrst analysis, three diet treatments (water vs. buckwheat nectar vs. cotton aphid honeydew) were compared. In the second analysis, only buck-
wheat nectar and cotton aphid honeydew were compared.

df Females Males

MS F P MS F P

Fructose (3 diet treatments: water only vs. nectar vs. honeydew)
Diet 2 12 9.0 0.0003 6.3 4.9 0.01
Age 1 0.4 0.31 0.58 0.01 0.01 0.96
Diet £ Age 2 0.01 0.003 0.99 2.4 1.9 0.16
Wing length 1 0.02 0.02 0.89 0.03 0.02 0.88

Fructose (nectar vs. honeydew)
Diet 1 17.9 14.5 0.0003 9.7 8.9 0.005
Age 1 0.6 0.47 0.49 0.6 0.55 0.46
Diet £ Age 1 0.01 0.01 0.99 4.1 3.8 0.06
Wing length 1 0.11 0.09 0.76 0.4 0.41 0.53

Total sugars (3 diet treatments: water only vs. nectar vs. honeydew)
Diet 2 16.5 18.6 <0.0001 12.7 25.3 <0.0001
Age 1 5.5 6.2 0.02 3.0 6.0 0.02
Diet £ Age 2 1.3 1.5 0.23 3.8 7.4 0.001
Wing length 1 0.8 0.85 0.36 1.7 3.3 0.07

Total sugars (nectar vs. honeydew)
Diet 1 23.7 25.5 <0.0001 15.2 28.3 <0.0001
Age 1 1.1 1.2 0.28 0.04 0.08 0.77
Diet £ Age 1 0.05 0.06 0.81 1.9 3.6 0.06
Wing length 1 0.3 0.28 0.60 0.08 0.15 0.70

Glycogen (3 diet treatments: water only vs. nectar vs. honeydew)
Diet 2 4.7 8.5 0.0004 6.8 17.2 <0.0001
Age 1 5.0 9.1 0.003 1.5 3.9 0.05
Diet £ Age 2 1.5 2.8 0.07 0.3 0.6 0.55
Wing length 1 1.2 2.2 0.14 3.4 8.6 0.004

Glycogen (nectar vs. honeydew)
Diet 1 8.1 17.5 <0.0001 12.4 31.1 <0.0001
Age 1 2.9 6.3 0.01 0.54 1.4 0.25
Diet £ Age 1 2.6 5.6 0.02 0.08 0.20 0.65
Wing length 1 0.02 0.06 0.80 2.2 5.4 0.02
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than Xoral nectar, as sugar sources in the Weld (Gilbert
and Jervis, 1998; Jervis, 1998). Gilbert and Jervis (1998)
indeed, reported a strong association between proboscis

Fig. 2. Mean amounts (microgram § SE) of fructose in female (A) and
male (B) P. tricuspis that were provided water only, buckwheat nectar,
or cotton aphid honeydew. Means for the same Xy age having diVerent
letters are signiWcant (Tukey–Kramer HSD, P < 0.05).

Fig. 3. Mean amounts (microgram § SE) of total sugars in female (A)
and male (B) P. tricuspis that were provided water only, buckwheat
nectar, or cotton aphid honeydew. Means for the same Xy age having
diVerent letters are signiWcant (Tukey–Kramer HSD, P < 0.05).
length and the type of food sources visited by tachinid
parasitoid Xies (Diptera: Tachinidae); Xies with long
(>height of head) or moderately long ( D height of head)
proboscis tended to visit Xowers only, while Xies with
short proboscis length (<height of head) were observed
visiting honeydew and extraXoral nectaries, as well as
Xowers. The authors concluded that the possession of
short proboscis in Tachinidae and many other parasi-
toid Xies is likely associated with feeding on honeydew
and exposed nectaries. The short and Xeshy proboscis
with teeth-bearing labella commonly found in many
phorid Xies (Gilbert and Jervis, 1998) may indeed be an
adaptation for collecting honeydew from surfaces, such
as leaves (Disney, 1994). Sexual dimorphism in mouth-
part structure is also known to occur in Phoridae (Gil-
bert and Jervis, 1998), however, we did not observe any
notable diVerences in the feeding behavior or eVects of
speciWc diets on the lifespan and nutrient levels of female
and male P. triscuspis. Apart from mouthpart structure,
other morphological structures such as head width may
also limit accessibility of Xoral nectar to parasitoids.
Wasps with relatively greater head width will need to
possess modiWed mouthparts with concealed nectar
extraction apparatus (CNEA), such as modiWed labial
and maxillary structures in order to obtain nectar from
relatively short tubular corollas (Jacob and Evans, 2000;
Jervis, 1998). However, it is highly unlikely that the small
head width of P. triscuspis (»0.3–0.35 mm wide for males
and 0.35–0.4 mm wide for females at the mesonotum)
will limit its access to Xoral nectar.

Fig. 4. Mean amounts (microgram § SE) of glycogen in female (A)
and male (B) P. tricuspis that were provided water only, buckwheat
nectar, or cotton aphid honeydew. Means for the same Xy age having
diVerent letters are signiWcant (Tukey–Kramer HSD, P < 0.05).



80 H.Y. Fadamiro, L. Chen / Biological Control 34 (2005) 73–82
Alternatively, buckwheat nectar may be quantita-
tively or qualitatively inferior to cotton aphid honeydew
or may contain compounds that are mildly repellent to
P. tricuspis. Binns (1980) reported that the mushroom
phorid Xy, Megaselia halterata (Wood) (Diptera: Phori-
dae) preferred certain honeydew sugars, such as sucrose,
fructose, and melezitose to lactose, maltose, glucose or
D-mannitol. Studies are currently ongoing in our labora-
tory to compare utilization of speciWc nectar and honey-
dew sugars by P. triscuspis Future studies will
investigate potential mechanisms behind the observed
reduced suitability of buckwheat nectar as a food source
for P. tricuspis including an analysis of the composition
of honeydew and buckwheat nectar, and the foraging
mechanisms of phorid Xies.

In the present study, cotton aphid honeydew mod-
estly increased phorid Xy lifespan by about 1 day with
moderate but signiWcant increases in body carbohydrate
nutrient levels, whereas feeding on sucrose solution was
found in earlier studies to increase longevity by about
4–5 days with a relatively greater eVect on body nutrient
levels (Chen et al., 2005; Fadamiro et al., 2005). The
observed reduced utilization of honeydew by P. tricu-
spis compared to sucrose solution (Chen et al., 2005;
Fadamiro et al., 2005) may be related to diVerences in
sugar quality (Baker and Baker, 1983; van Handel et al.,
1972; Wäckers, 2001), or more likely, to reduced avail-
ability of honeydew solution on cotton leaves due to
rapid crystallization of some components of honeydew
sugars (Chen and Fadamiro, unpublished data; Wäc-
kers, 2001).

We recorded signiWcant and positive eVects of diet
and age on body nutrient levels of P. tricuspis, but sex
and mating status of Xies had no eVect on their longevity
and ability to accumulate body nutrients. The eVect of
body size as measured by wing length on body nutrient
levels was only signiWcant for glycogen levels in males,
with larger males accumulating more glycogen from
honeydew than smaller males. These results are, in gen-
eral, consistent with those reported in earlier studies on
P. tricuspis (Chen et al., 2005; Fadamiro et al., 2005).
Also, body nutrient levels obtained in this study were
generally similar in range to those previously reported
for P. tricuspis (Fadamiro et al., 2005), with the excep-
tion of the relatively lower glycogen levels. Female and
male phorid Xies used in the current study had a mean
glycogen level of about 4 �g at emergence, compared to
the 8.6 and 5.6 �g previously reported for female and
male P. tricuspis, respectively, under similar test condi-
tions (Fadamiro et al., 2005). The reduced glycogen lev-
els recorded in this study may reXect diVerences in
emergent nutrient reserve levels of diVerent batches of
phorid Xies. Variations in the emergent levels of nutrient
reserves of diVerent batches of phorid Xies may be
related to size diVerences at emergence, or to the quality
of hosts on which they were reared.
In conclusion, our data demonstrate that adult P.
tricuspis could potentially utilize aphid honeydew as
sugar sources in the Weld. Feeding on honeydew or other
sugar sources may potentially increase the fecundity of
P. tricuspis, as reported for the mushroom phorid, M.
halterata (Binns, 1980). In contrast, however, Zacaro and
Porter (2003) detected no oocytes in previtellogenic and
vitellogenic growth phases in the ovarioles of Pseudact-
eon wasmanni Schmitz, suggesting that oogenesis may
occur only during the pupal stage in phorid Xy species.
Future studies will determine the life history strategy
and the potential eVects of sugar feeding on fecundity of
P. tricuspis. Phorid Xies may be able to obtain nourish-
ment from certain Xoral nectars and extraXoral nectaries
in the Weld. However, there is need to identify the Xowers
that are potentially suitable to P. tricuspis in its release
areas, and to determine the potential of such foods on
phorid Xy longevity and reproductive potential. Conser-
vation of naturally occurring sugar sources in the Weld,
such as suitable Xoral plants, honeydew and other
exposed sugar sources, may promote phorid Xy lifespan
and its potential biological control impact in southern
United States.

Acknowledgments

We thank Debbie Roberts (USDA APHIS PPQ
CPHST Laboratory, Gainesville, FL, USA) for supply-
ing adult P. tricuspis used in this study, and Ebenezer
Onagbola and Elly Maxwell for assistance with grow-
ing of buckwheat and cotton plants in the greenhouse.
We also thank John Strysky for supplying cotton aphid
colonies. This research was funded partly by the
Alabama Fire Ant Management Program grant to
HYF, and by the Alabama Agricultural Experiment
Station.

References

Avidov, Z., Balshin, M., Gerson, U., 1970. Studies on Aphytis coheni, a
parasite of the California red scale, Aonidiella aurantii, in Israel.
Entomophaga 15, 191–207.

Baker, H.G., Baker, I., 1983. A brief historical review of the chemistry
of nectar. In: Bentley, B., Elias, T. (Eds.), The Biology of Nectaries.
Columbia University Press, New York, pp. 126–152.

Beach, J.P., Williams III, L., Hendrix, D.L., Price, L.D., 2003. DiVerent
food sources aVect the gustatory response of Anaphes iole, an egg
parasitoid of Lygus spp. J. Chem. Ecol. 29, 1203–1222.

Binns, E.S., 1980. Mating behaviour, fecundity and feeding in the
mushroom phorid, Megaselia halterata (Wood) (Dipt.). Entomol.
Monthly Mag. 116, 45–57.

Bugg, R.L., Ellis, R.T., Carlson, R.W., 1989. Ichneumonidae (Hyme-
noptera) using extraXoral nectar of faba bean (Vicia faba L., Faba-
ceae) in Massachusetts. Biol. Agric. Hortic. 6, 107–114.

Chen, L., Onagbola, E.O., Fadamiro, H.Y., 2005. EVects of tempera-
ture, sugar availability, sex, mating, and size on the longevity of
phorid Xy Pseudacteon tricuspis (Diptera: Phoridae). Environ.
Entomol. 34, 246–255.



H.Y. Fadamiro, L. Chen / Biological Control 34 (2005) 73–82 81
Disney, R.H.L., 1994. Scuttle Flies: The Phoridae. Chapman & Hall,
London.

Dyer, L., Landis, D.A., 1996. EVects of habitat, temperature, and sugar
availability on longevity of Eriborus terebrans (Hymenoptera: Ich-
neumonidae). Environ. Entomol. 25, 1192–1201.

England, S., Evans, E.W., 1997. EVects of pea aphid (Homoptera:
Aphididae) honeydew on longevity and fecundity of the alfalfa
weevil (Coleoptera: Curculionidae) parasitoid Bathyplectes curcu-
lionis (Hymenoptera: Ichneumonidae). Environ. Entomol. 26,
1437–1441.

Evans, E.W., 1993. Indirect interactions among phytophagous
insects: aphids, honeydew and natural enemies. In: Watt, A.D.,
Leather, S.R., Walters, K.E.F., Mills, N.J. (Eds.), Individuals, Pop-
ulations and Patterns in Ecology. Intercept Press, Andover, UK,
pp. 63–80.

Fadamiro, H.Y., Heimpel, G.E., 2001. EVects of partial sugar depriva-
tion on lifespan and carbohydrate mobilization in the parasitoid
Macrocentrus grandii (Hymenoptera: Braconidae). Ann. Entomol.
Soc. Am. 94, 909–916.

Fadamiro, H.Y., Chen, L., Onagbola, E.O., Graham, L.C. Fudd, 2005.
Lifespan and patterns of accumulation and mobilization of nutri-
ents in sugar fed phorid Xy Pseudacteon tricuspis. Physiol. Entomol.
(in press).

Feener Jr., D.H., Brown, B.V., 1992. Reduced foraging of Solenopsis gem-
inata (Hymenoptera: Formicidae) in the presence of parasitic Pseu-
dacteon spp. (Diptera: Phoridae). Ann. Entomol. Soc. Am. 85, 80–84.

Foster, M.A., Ruesink, W.G., 1984. InXuence of Xowering weeds asso-
ciated with reduced tillage in corn on a black cutworm (Lepidop-
tera: Noctuidae) parasitoid, Meteorus rebens (Nees von Esenbeck).
Environ. Entomol. 31, 664–668.

Gilbert, L.E., 1996. Prospects of controlling Wre ants with parasitoid Xies:
the perspective from research based at Brackenridge Weld laboratory.
In: Cohen, W.E. (Ed.), Texas Quail Short Course II. Texas Agricultural
Extension Service, Texas A&M University-Kingsville, pp. 77–92.

Gilbert, F., Jervis, M.A., 1998. Functional, evolutionary and ecological
aspects of feeding-related mouthpart specializations in parasitoid
Xies. Biol. J. Linn. Soc. 63, 495–535.

Graham, L.C., Fudd, Porter, S.D., Periera, R.M., Dorough, H.D., Kel-
ley, A.T., 2003. Field releases of the decapitating Xy Pseudacteon
curvatus (Diptera: Phoridae) for control of imported Wre ants
(Hymenoptera: Formicidae) in Alabama, Florida, and Tennessee.
Florida Entomol. 86, 335–340.

Hagley, E.A.C., Barber, D.R., 1992. EVect of food sources on the lon-
gevity and fecundity of Pholetesor ornigis (Weed) (Hymenoptera:
Braconidae). Can. Entomol. 124, 241–246.

Heimpel, G.E., Jervis, M.A., 2005. An evaluation of the hypothesis that
Xoral nectar improves biological control by parasitoids. In: Wäc-
kers, F., van Rijn, P., Bruin, J. (Eds.), Plant-Provided Food and
Plant–Carnivore Mutualism. Cambridge University Press, Cam-
bridge (in press).

Heimpel, G.E., Rosenheim, J.A., Kattari, D., 1997. Adult feeding and
lifetime reproductive success in the parasitoid Aphytis melinus.
Entomol. Exp. Appl. 83, 305–315.

Idris, A.B., GraWus, E., 1995. WildXowers as nectar sources for Dia-
degma insulare (Hymenoptera: Ichneumonidae), a parasitoid of
diamondback moth (Lepidoptera: Yponomeutidae). Environ.
Entomol. 24, 1726–1735.

Jacob, H.S., Evans, E.W., 1998. EVects of sugar spray and aphid honey-
dew on Weld populations of the parasitoid Bathyplectes curculionis
(Thomson) (Hymenoptera: Ichneumonidae). Environ. Entomol. 27,
1563–1568.

Jacob, H.S., Evans, E.W., 2000. InXuence of carbohydrate foods and
mating on longevity of the parasitoid Bathyplectes curculionis
(Hymenoptera: Ichneumonidae). Environ. Entomol. 29, 1088–
1095.

Jervis, M.A., 1998. Functional and evolutionary aspects of mouthpart
structure in parasitoid wasps. Biol. J. Linn. Soc. 63, 461–493.
Jervis, M.A., Kidd, N.A.C., Fitton, M.G., Huddleston, T., Dawah, H.A.,
1993. Flower-visiting by hymenopteran parasitoids. J. Nat. Hist. 27,
67–105.

Jervis, M.A., Kidd, N.A.C., Heimpel, G.E., 1996. Parasitoid adult feed-
ing and biological control—a review. Biocontrol News Inform. 17,
11N–26N.

Jervis, M.A., Heimpel, G.E., Ferns, P.N., Harvey, J.A., Kidd, N.A.C.,
2001. Life-history strategies in parasitoid wasps: a comparative
analysis of ‘ovigeny’. J. Anim. Ecol. 70, 442–458.

Lee, J.C., Heimpel, G.E., Leibee, G.L., 2004. Comparing Xoral nectar
and aphid honeydew diets on the longevity and nutrient levels of a
parasitoid wasp. Entomol. Exp. Appl. 111, 189–199.

McDougall, S.J., Mills, N.J., 1997. The inXuence of hosts, temperature
and food sources on the longevity of Trichogramma platneri. Ento-
mol. Exp. Appl. 83, 195–203.

Morrison, L.W., 2000. Biology of Pseudacteon (Diptera: Phoridae) ant
parasitoids and their potential to control imported Solenopsis Wre
ants (Hymenoptera: Formicidae). Recent Res. Dev. Entomol. 3, 1–
13.

Morrison, L.W., Porter, S.D., 2005. Testing for population-level
impacts of introduced Pseudacteon tricuspis Xies, phorid
parasitoids of Solenopsis invicta Wre ants. Biol. Control 33, 9–19.

Nicholls, C.J., Parrella, M.P., Altieri, M.A., 2000. Reducing the
abundance of leafhoppers and thrips in a northern California
organic vineyard through maintenance of full season Xoral
diversity with summer cover crops. Agric. Forest Entomol. 2,
107–113.

Olson, D.M., Andow, D.A., 1998. Larval crowding and adult nutrition
eVects on longevity and fecundity of female Trichogramma nubilale
Ertle & Davis (Hymenoptera: Trichogrammatidae). Environ. Ento-
mol. 27, 508–514.

Olson, D.M., Fadamiro, H.Y., Lundgren, J.G., Heimpel, G.E., 2000.
EVects of sugar feeding on carbohydrate and lipid metabolism in a
parasitoid wasp. Physiol. Entomol. 25, 17–26.

Patt, J.M., Hamilton, J.C., Lashomb, J.H., 1997. Foraging success of
parasitoid wasps on Xowers: interplay of Xoral architecture and
searching behavior. Entomol. Exp. Appl. 83, 21–30.

Pesquero, M.A., Porter, S.D., Fowler, H.G., Campiolo, S., 1995. Rear-
ing of Pseudacteon spp. (Dipt., Phoridae), parasitoids of Wre ants
(Solenopsis spp.) (Hym., Formicidae). J. Appl. Entomol. 119, 677–
678.

Porter, S.D., 1998. Biology and behavior of Pseudacteon decapitating
Xies (Diptera: Phoridae) that parasitize Solenopsis Wre ants (Hyme-
noptera: Formicidae). Florida Entomol. 81, 292–309.

Porter, S.D., Williams, D.F., Patterson, R.F., 1997. Rearing the decapi-
tating Xy Pseudacteon tricuspis (Diptera: Phoridae) in imported Wre
ants (Hymenoptera: Formicidae: Solenopsis) from the United
States. J. Econ. Entomol. 90, 135–138.

Porter, S.D., Nogueira de Sá, L.A., Flanders, K.,Thompson, L., 1999.
Field releases of the decapitating Xy Pseudacteon tricuspis
[Abstract]. Imported Fire Ant Conference, Charleston, South Car-
olina.

Porter, S.D., Nogueira de Sá, L.A., Morrison, L.W., 2004. Establish-
ment and dispersal of the Wre ant decapitating Xy Pseudacteon tric-
uspis in North Florida. Biol. Control 29, 179–188.

Rogers, C.A., 1985. ExtraXoral nectar: entomological implications.
Bull. Entomol. Soc. Am. Fall 1985, 15–20.

SAS Institute, 1998. JMP Statistics and Graphics Guide, Version 5.1.
SAS Institute, Cary, NC.

Stephens, M.J., France, C.M., Wratten, S.D., Frampton, C., 1998.
Enhancing biological control of leafrollers (Lepidoptera: Tortrici-
dae) by sowing buckwheat (Fagopyrum esculentum) in an orchard.
Biocontrol Sci. Technol. 8, 547–558.

van Handel, E., 1965. Microseparation of glycogen, sugars and lipids.
Analytical Biochem. 11, 266–271.

van Handel, E., Haeger, J.S., Hansen, C.W., 1972. The sugars of some
Florida nectars. Am. J. Bot. 59, 1030–1032.



82 H.Y. Fadamiro, L. Chen / Biological Control 34 (2005) 73–82
Völkl, W., Woodring, J., Fischer, M., Lorenz, M.W., HoVmann, K.H.,
1999. Ant–aphid mutualisms: the impact of honeydew production
and honeydew sugar composition on ant preferences. Oecologia
118, 483–491.

Wäckers, F.L., 1999. Gustatory response by the hymenopteran parasit-
oid Cotesia glomerata to a range of nectar and honeydew sugars. J.
Chem. Ecol. 25, 2863–2877.

Wäckers, F.L., 2001. A comparison of nectar and honeydew sugars
with respect to the utilization by the hymenopteran parasitoid
Cotesia glomerata. J. Insect Physiol. 47, 1077–1084.

Wäckers, F.L., 2002. It pays to be sweet: sugars in mutualistic interac-
tions. Biologist 49, 1–5.
Wäckers, F.L., 2004. Assessing the suitability of Xowering herbs as par-
asitoid food sources: Xower attractiveness and nectar accessibility.
Biol. Control 29, 307–314.

Wäckers, F.L., Steppuhn, A., 2003. Characterizing nutritional
state and food source use of parasitoids collected in Welds with
high and low nectar availability. Proceedings of the IOBC/
WPRS Study Group on Landscape Management for Func-
tional Biodiversity, Bologna, Italy. IOBC WPRS Bull. 26, 203–
208.

Zacaro, A.A., Porter, S.D., 2003. Female reproductive system of the
decapitating Xy Pseudacteon wasmanni Schmitz (Diptera: Phori-
dae). Arthropod Struct. Dev. 31, 329–337.


	Utilization of aphid honeydew and floral nectar by Pseudacteon tricuspis (Diptera: Phoridae), a parasitoid of imported fire ants, Solenopis spp. (Hymenoptera: Formicidae)
	Introduction
	Materials and methods
	Food sources
	Parasitoids
	Parasitoid longevity
	Body nutrient analyses

	Results
	Parasitoid longevity
	Body nutrient analyses

	Discussion
	Acknowledgments
	References


