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Abstract 
 
 
 

Natural enemies, such as Pseudacteon parasitic flies, have the potential to provide 

sustainable suppression of imported fire ants, Solenopsis species. Multiple releases of various 

species of these flies have been made across the Southeastern United States for biological control 

of imported fire ants. Five species (P. cultellatus, P. curvatus, P. litoralis, P. obtusus, and P. 

tricuspis) have been released in Alabama, and P. curvatus is one of the established species in the 

state. Much research is being conducted on these flies, but very little is known about some aspects 

of their nutritional ecology and life-history strategies, which are essential for conservation 

biological control. The goal of the study was to address some important questions related to the 

nutritional ecology and life-history strategies of Pseudacteon phorid flies.  

In chapter II, a series of biochemical tests (i.e. anthrone tests) were used to test if P. 

curvatus utilizes sugar and lipid sources in the field, by comparing the nutrient levels in flies from 

three treatments: i) field-collected, ii) sugar-fed laboratory-reared (positive control), and iii) sugar-

starved laboratory-reared (negative control) flies. Field-collected flies showed similar levels of gut 

sugars, body sugars and glycogen as sugar-fed laboratory-reared flies. When compared with sugar-

starved laboratory-reared flies, field-collected flies showed marginal (but insignificant) increase in 

levels of gut sugars, body sugars and glycogen. Field-collected flies showed significantly higher 

lipid levels than both sugar-starved and sugar-fed laboratory-reared flies. The ecological 

significance and practical implications of these results are discussed.  

In chapter III, the effects of sugar feeding on the longevity of three phorid fly species, P. 

cultellatus, P. curvatus, and P. obtusus, were investigated. The timing of egg maturation and 
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ovigeny of P. obtusus was also determined. The results showed significant and positive effect of 

sugar feeding on the longevity of all three species when compared with sugar-starved individuals. 

Comparing species, the largest-sized species, P. obtusus, lived the longest, with almost twice the 

lifespan of the smallest species, P. cultellatus. The ovaries of all specimens of newly emerged P. 

obtusus analyzed by light microscopy showed only post-vitellogenic oocytes, suggestive of a pro-

ovigenic life history strategy. The ecological significance and practical implications of these results 

are discussed. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Fire ants 

Imported fire ants, Solenopsis spp. (Hymenoptera: Formicidae), are invasive pests that 

are native to the flood plains of Argentina and Brazil in South America (Vander Meer & Lofgren 

1990). Both the black imported fire ant, Solenopsis richteri Forel, and the red imported fire ant, 

Solenopsis invicta Buren, were accidentally introduced into the United States. The black 

imported fire ant was first identified in the United States in 1929 (Löding 1929) and is thought to 

have been introduced through the port of Mobile, Alabama, around 1918 (Creighton 1930). The 

red imported fire ant was first discovered in Mobile, Alabama, in the 1930s (Vinson 1997). The 

two fire ant species do not readily hybridize in their native South America, likely due to limited 

geographical overlap between the species (Tshinkel 2006). However, the species are in continual 

contact with one another in the U.S., which allows for frequent hybridization (Palmer 2014). 

Like many other non-native insect species that are liberated from the regulatory effects of natural 

enemies in their native range, imported fire ants pose a significant ecological, economic and 

medical threat to invaded areas (Lofgren 1986, Porter et al. 1992).  

Since their introductions, the populations of the two species have undergone an explosive 

dispersal and range expansion across the gulf-coast and eastern seaboard states of the U.S. 

Imported fire ants continue to spread approximately 2.4 million ha per year (Callcott 2002). 

Today, approximately 172 million ha of the southeastern U.S. have been infested by these 
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species, including much of Texas, and parts of Oklahoma, New Mexico and California (Imported 

Fire Ant eXtension Community of Practice 2014). 

Populations of imported fire ants pose serious health and economic risks in areas where 

they are established. Fire ants cause approximately $7 billion in loss in the United States each 

year (Lard et al. 2001). These costs are associated with damage, repair and control of the 

invasive pests. Damage is known to occur to electrical equipment (Drees 1998), agricultural 

equipment such as hay cutters (Lard et al. 2006), and to turf with the general upheaval of dirt 

caused by the creation of the fire ant’s mound (Lard et al. 2006). In addition, approximately 1% 

of human population in the United States is highly allergic to fire ant venom and could 

potentially die when stung (Adams 1968). Fire ants are known to be highly aggressive and will 

defend their colony by biting and stinging intruders when their mound is disturbed (Tshinkel 

2006). This is a successful way for the ants to defend their colony against predators; however, 

this defensive mechanism can be quite painful and even deadly when disturbed by humans. This 

makes fire ant control especially important in sensitive environments such as hospitals and 

schoolyards (Palmer 2014).  

 

1.2 Pseudacteon phorid flies 

Many species of parasitic phorid flies (Pseudacteon spp.; Diptera: Phoridae) parasitize 

workers of Solenopsis saevissima complex fire ants (including S. invicta and S. richteri) 

throughout their native South American range (Folgarait et al. 2000, Calceterra et al. 2005). 

Twenty three species of Pseudacteon are known as parasitoids of fire ants (LeBrun et al. 2012b). 

These parasitic flies can be distinguished by the morphology of their ovipositors (Porter and 

Pesquero 2001). As a part of an integrated pest management strategy to control imported fire ants 
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in the southeastern U.S., a biological control program has been implemented that includes 

Pseudacteon decapitating flies. 

Phorid flies respond to pheromones that imported fire ants emit during foraging, mound 

disturbance, or mating flights (van der Meer and Porter 2002, Morrison and King 2004, Chen 

and Fadamiro 2007). Thus, the flies become attracted to active imported fire ant workers. Female 

phorids then inject a single egg into the thorax of imported fire ant workers (Morrison et al. 

1997). Neonate larvae travel into the head capsule of the ant where they develop for a period of 

2-3 weeks (Consoli et al. 2001, Porter and Pesquero 2001). Before pupation occurs, the 

intersegmental membranes between the head and thorax of the host are chemically dissolved and 

the ant head capsule becomes separated from the body. The decapitated head serves as a 

puparium for the developing fly (Puckett 2008).  

 Host specificity is of major concern, as in any natural enemy used in classical biological 

control (Simberloff and Stiling 1996). A number of native species of fire ants exist in North 

America such as S. geminata Forel and S. xyloni McCook, as well as native ants of other genera. 

Several studies have investigated the host specificity of Pseudacteon phorid flies that parasitize 

Solenopsis saevissima complex of fire ants (Porter et al. 1995b, Porter 1998b, Gilbert and 

Morrison 1997, Morrison and Gilbert 1999, Estrada et al. 2006, Porter and Alonso 1999). These 

tests all conclude that Pseudacteon phorid flies are very host specific. Although there may be 

some concern about non-target effects, such effects are rare and would be unlikely to occur in a 

field setting. These reports show that there is little reason to expect any host shift. In addition to 

host specificity, Porter and Gilbert (2004) investigated the possibility of the flies becoming a 

nuisance. They found no significant attraction to any food or moist tissues and noted that the 

flies were never attracted to human faces or hands, thereby showing no indication of becoming 
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nuisances to people (Barrow 2014). 

 These flies are thus considered potential candidates for classical biological control of 

imported fire ants and are being released in the United States (Porter 1998a, Graham et al. 2003, 

Vogt and Street 2003, Porter et al. 2004). Thus far, five species have been released in Alabama: 

P. tricuspis, P. curvatus, P. litoralis, P. obtusus and P. cultellatus (Imported Fire Ant eXtension 

Community of Practice 2015). These parasitoids vary in size: P. cultellatus, a small species; P. 

curvatus, also a small species and P. obtusus, a medium-large species (Porter and Calcaterra 

2012). Recent surveys for the establishment of these introduced species show establishment of P. 

curvatus, P. litoralis and P. tricuspis in Alabama (Imported Fire Ant eXtension Community of 

Practice 2015).   

 Mortality of imported fire ants due to parasitization is low, only 1-3% in the field 

(Morrison et al.1997, Morrison and Porter 2005a). However, phorid flies have a greater indirect 

effect on imported fire ants rather than a direct effect of population reduction. Imported fire ants 

have developed multiple defensive responses to the attack of phorid flies. Ants exhibit reduced 

foraging (Feener 1981, Folgarait and Gilbert 1999) and mound rebuilding and often freeze in 

place to avoid parasitization (Porter and Gilbert 2004), all of which result in colonies being less 

efficient at bringing in resources. This weakens the colonies and allows native ants to compete 

for food more effectively (Mehdiabadi and Gilbert 2002). These indirect effects together with 

direct impacts may result in population-wide suppression of imported fire ants in the U. S. 

(Morrison et al. 1997).  
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1.3  Parasitoid nutrition and its benefits 

 Many adult insect parasitoids are obligate consumers of plant-derived foods, including 

sugar-rich solutions such as nectar and homopteran honeydew (Wäckers 2005). Parasitoids 

derive multiple benefits from sugar sources. Parasitoids use sugar sources to cover energetic 

needs (Jervis et al 1993, Steppuhn and Wäckers 2004). Sugar feeding may enhance the longevity 

and fecundity of parasitoids (e.g., Heimpel et al. 1997, Lewis et al. 1998, Wäckers 2001, 

Costamagna and Landis 2004). In laboratory studies, sugar feeding significantly increases the 

lifespan of P. tricuspis (Fadamiro et al. 2005, Chen et al. 2005, Fadamiro and Chen 2005, Chen 

and Fadamiro 2006). However, the ability to utilize sugar does vary among species of the same 

genus (Ferreira et al. 1998, Wäckers 2001), and this may be the case in Pseudacteon species. 

Carbohydrate consumption also affects other aspects of parasitoid reproductive success such as 

egg maturation (Azzouz et al 2004). These effects show that availability of sugar sources can 

potentially be important in the fitness of parasitoids in host suppression.   

 The extent to which parasitoids benefit from dietary sources such as sugars partly 

depends upon the degree of provisioning of oocytes in teneral adults (O’Brien et al. 2004)  which 

is correlated with the ovigeny index, defined as the proportion of the potential lifetime egg 

complement that is mature upon adult emergence (Jervis et al. 2005a, Bernstein and Jervis 2008). 

Species that have all of this complement mature upon emergence are termed 'pro-ovigenic', while 

those that do not are termed 'synovigenic’ (Jervis et al. 2001).  A synovigenic female parasitoid 

stands to gain future oviposition opportunities from dietary sources, due to the potentially 

positive effects the dietary nutrients will have on her life expectancy and on her rate of egg 

manufacture (Bernstein and Jervis 2008). On the contrary, a pro-ovigenic parasitoid rarely 

manufactures more eggs after eclosion, therefore benefiting from dietary nutrients only through 
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the potential increment in her life span. The state of egg maturation of a number of Pseudacteon 

species have been reported on (Wasmann 1918, Zacaro and Porter 1997, Cônsoli et al. 2001, 

Zacaro and Porter 2003). However, there is no report about the egg maturation state in newly 

emerged Pseudacteon parasitic flies.  

 Floral nectar, extra-floral nectar, and honeydew are widely available in the field and 

regularly exploited by parasitoids (Elliott et al. 1987, Idoine and Ferro 1988, Gilbert and Jervis 

1998, Jervis 1998, Singh et al. 2000, Heimpel et al. 2004, Lee et al. 2006). The suitability of food 

depends on species-specific degrees of gustatory acceptance and metabolization of consumed 

compounds (Ferreira et al. 1998, Baggen et al. 1999, Olson et al. 2000, Hausmann et al. 2005, 

Wäckers 2005, Winkler et al. 2005, Chen and Fadamiro 2006, Wyckhuys et al. 2008). 

 Sugar feeding substantially affects the levels of body sugar, glycogen, and lipid 

parasitoids (Olson et al. 2000, Lee et al. 2004, Fadamiro and Chen 2005, Chen and Fadamiro 

2006). In contrast to lipids, which apparently cannot be synthesized by Hymenoptera (Giron and 

Casas 2003), carbohydrate (sugar and glycogen) levels consistently increase upon consumption 

of sugar-rich foods and are considered indicative of parasitoid nutritional status (Fadamiro and 

Heimpel 2001, Lee et al. 2004). As fructose levels are typically very low in unfed insects, this 

sugar has clear potential value as a marker for sugar feeding (van Handel 1984, Olson et al. 

2000). Certain biochemical assays, e.g., anthrone tests, have been developed to characterize 

carbohydrate metabolism in insects (Jervis et al. 1992, Heimpel et al. 2004a, Fadamiro et al. 

2005, Wyckhuys et al. 2008). 
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1.4 Justification of the study 

 In the past few decades, studies on natural history of Pseudacteon parasitic flies have 

received significant attention. Pseudacteon parasitic flies are promising biocontrol agents of 

imported fire ants that can be incorporated into Integrated Pest Management (IPM) programs. 

Similar to parasitoid wasps, parasitoid flies rely largely on non-host foods such as sugar-rich 

foods to meet their energetic needs, increase female life expectancy, and increase dispersal 

capacity (Bernstein and Jervis 2008). However, very little is known about some aspects of the 

nutritional ecology and life-history strategies of Pseudacteon parasitic flies, which are essential 

for conservation biological control. In particular, the following questions still remain 

unanswered: i) do Pseudacteon parasitic flies utilize sugar and lipid sources in the field? ii) what 

role does sugar feeding play in enhancing their fitness? To address these questions, the present 

study investigated the utilization of sugar and lipid sources in the field and the effects of sugar 

feeding on the fitness, timing of egg maturation and ovigeny of phorid flies.  

 With relatively few studies on the nutritional ecology and life-history strategies of 

Pseudacteon parasitic flies, further studies are required to confirm the hypothesis that these 

parasitic flies rely on sugar sources in the field to enhance their fitness to suppress the imported 

fire ant pests. Studies comparing the relative suitability and utilization of sugar sources by 

parasitoids have yielded different results for different species, even species within the same 

genus. This may be the case in Pseudacteon species. These studies may provide insights 

regarding the ecological and practical implications of sugar sources on the life-history strategies 

of Pseudacteon parasitic flies. The present study is expected to be applied in biological control 

programs in many agro-ecosystems in the form of habitat management.          

Within the context of classical biological control, an in-depth assessment is needed to 
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determine the effects of non-host foods on Pseudacteon parasitic flies’ fitness, efficacy and 

ultimately their conservation as biological control agents. Such studies can potentially address 

long-standing questions in Pseudacteon parasitic fly field ecology. These include the role of 

sugar feeding in the suppression of imported fire ant pests by the flies and the effects on realized 

lifetime reproductive success of these flies in the field. Basic information about the timing of egg 

maturation and ovigeny index in Pseudacteon flies is also important for biocontrol efforts 

because it provides answers to important questions about their fecundity.   

1.5 Thesis Goal and Outline  

 The goal of this research was to address some important questions related to the 

nutritional ecology and life-history strategies of Pseudacteon phorid flies, natural enemies of 

imported fire ants. Behavioral, biochemical and analytical techniques were used to address the 

following key questions: i) do Pseudacteon phorid flies utilize sugar and lipid sources in the 

field? ii) does feeding on such nutrient sources enhance their fitness in terms of longevity and 

egg maturation? This study followed a stepwise order in the variation of nutrient concentrations 

available to the flies in the field. In chapter II, it was tested if P. curvatus utilizes sugar and lipid 

sources in the field. In the next set of experiments in chapter III, the effects of sugar feeding on 

the longevity of P. cultellatus, P. curvatus, and P. obtusus, were investigated and compared. 

Also, the timing of egg maturation and ovigeny in P. obtusus was determined. The results of 

these experiments are discussed. 
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CHAPTER 2 

NUTRITIONAL ECOLOGY OF PSEUDACTEON CURVATUS: EVIDENCE 

SUPPORTING UTILIZATION OF SUGAR AND LIPID SOURCES IN THE FIELD  

 

2.1 Introduction 

Imported fire ants (Hymenoptera: Formicidae) are invasive pests that pose serious threats 

to public health, the economy, and the environment. Multiple releases of various species of 

Pseudacteon parasitic flies have been made across the southeastern United States for biological 

control of these pests. Pseudacteon curvatus is one of the released species, and recent surveys 

show its establishment in several parts of the southeastern United States such as in Florida 

(Porter et al. 2004, Vazquez et al. 2006), Alabama, Mississippi and Tennessee (Thead et al. 

2005), Georgia (Gardner et al. 2008), Texas (Plowes et al. 2011, Puckett et al. 2013), and 

Arkansas (Farnum and Loftin 2011). 

Most parasitoids in the field depend on plant-derived sugar sources such as extrafloral 

and floral nectar or honeydew for energy (Jervis et al. 1993, Steppuhn and Wäckers 2004). 

Variation in sugar type and quantity exists among sugar sources, however, the predominant 

sugars in nectar and honeydew are sucrose, glucose and fructose (Baker and Baker 1983, Kloft et 

al. 1985, Koptur 1992, Wäckers 2001). Parasitoids derive several benefits from feeding on sugar 

sources. One benefit is increased longevity (Fadamiro et al. 2005, Fadamiro and Chen 2005, 

Chen and Fadamiro 2006), which allows more time for host location and parasitization. 

Parasitoids also benefit from sugar feeding through maintenance of high glycogen levels 

(Fadamiro and Heimpel 2001, Fadamiro et al. 2005). Lee and Heimpel 2008 suggested that 
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ingesting sugars/ nectar may reduce the rate of lipid decline in parasitoids. These mechanisms 

are expected to eventually enhance egg production, female fecundity, and foraging ability in 

parasitoids. Carbohydrate levels are considered a good indicator of a parasitoid’s nutritional state 

(Casas et al. 2003, Steppuhn and Wäckers 2004, Rusch et al. 2013). 

Despite the many research projects being conducted on Pseudacteon parasitic flies, very 

little is known about some aspects of their nutritional ecology (Fadamiro and Chen 2005), which 

is essential for conservation biological control. Sugar feeding was documented for P. tricuspis in 

the laboratory (Fadamiro and Chen 2005). While such laboratory study is informative about the 

nutritional ecology of Pseudacteon parasitic flies, it does not fully address questions related to 

their food use under field conditions. The overall objective of this study is to better understand 

the nutritional ecology of phorid flies by characterizing their food utilization in the field. It is 

hypothesized that P. curvatus feeds on sugar and lipid sources in the field. 

2.2 Materials and Methods 

2.2.1 Parasitoids. Females of P. curvatus were caught at mounds of red imported fire 

ants, Solenopsis invicta, in Auburn, AL, USA, during September 2014. The flies were caught 

with aspirators between 12:00 and 16:00 h. Females were then identified by the presence and 

shape of their ovipositor under a stereomicroscope. Other P. curvatus flies (laboratory-reared) 

tested in this study were reared on workers of S. invicta at the phorid fly rearing facility of the 

USDA-APHIS-PPQ-CPHST Laboratory/Florida DPI, Gainesville, FL, USA, as described by 

Porter et al. (1995). Parasitized fire ant worker heads were received in batches and kept in a 

plastic jar (25 cm × 13 cm) covered with a mesh lid until emergence in an incubator held at 25 ± 

1⁰C, 70 ± 5% RH and LD 14: 10 h photoperiod. Newly emerged female P. curvatus were 

removed daily with an aspirator and placed in groups of 2 individuals in a 6-cm diameter plastic 
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Petri dish.  Water was provided by filling a 0.5 mL microcentrifuge tube with distilled water and 

threading a cotton string through a hole in the cap of the tube and refilled as needed. For the 

sucrose-fed treatment, 25 % sucrose solution was presented in a second tube and also smeared on 

the inside of the Petri dish cover (Fadamiro et al. 2005). All flies were frozen prior to use for 

assays. 

2.2.2 Experimental design. The following three treatments were tested for this 

experiment: (1) field-collected, (2) sucrose-fed laboratory-reared (positive control), and (3) 

sucrose-starved laboratory-reared (negative control) P. curvatus. There were 11 replicates per 

treatment. 

2.2.3 Body nutrient analyses. The amounts of fructose, body sugars, glycogen and 

lipid in individual flies were quantified using a series of biochemical tests originally developed 

by van Handel (1965, 1967, 1985a, b, van Handel and Day 1988) for mosquitoes and recently 

adapted for phorid flies by our laboratory (Fadamiro and Chen 2005, Fadamiro et al. 2005, Chen 

and Fadamiro 2006). Briefly, an individual fly was crushed with a plastic pestle in a 1.5mL 

microcentrifuge tube containing 50 µL of 2% sodium sulphate solution and placed on ice. The 

dissolved nutrients were then extracted with 450 µL of chloroformmethanol (1: 2), after which 

the tube was vortexed. The tube was then centrifuged at 14,000 g for 2 min, and 200 µL of the 

resulting supernatant was transferred to a glass tube (12-mm diameter × 75-mm long) for the 

sugar assays. Another 200 µL was transferred to a similar glass tube for the lipid assay. The 

precipitate was left in the microcentrifuge tube for the glycogen assay. All tubes were heated at 

90°C until approximately 50 µL of solution was left in the sugar tube and all solution was 

evaporated from the lipid and glycogen tubes. 
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Fructose: To estimate the amount of fructose, 950 µL of anthrone reagent was added to the sugar 

tube, mixed thoroughly. It was then left to react at room temperature for 1.5 h (cold anthrone 

reading). After the reaction time elapsed, the solution was then poured into a 1.5 mL 

methacrylate cuvette, and the optical density (absorbance) was measured at 625 nm wavelength 

using a spectrophotometer. To convert absorbance readings to absolute fructose amounts (µg), 

standard curves were generated by determining the cold anthrone absorbance (at 625 nm) of 

different amounts (1–50 µg; three replicates per dose) of pure fructose (Fisher, Fairlawn, New 

Jersey). The total amount of gut sugars (amount of sugars present in the insect crop) in each fly 

was estimated by multiplying the fructose amount by five. [This was done because sucrose 

consists of equal parts of fructose and glucose, and the glucose does not react at room 

temperature (van Handel 1967, Fadamiro and Heimpel 2001). Therefore, the cold anthrone 

reading was then multiplied by two to give an estimate of total gut sugars. Furthermore, because 

only 200 µL of the original 500 µL was used for the fructose (cold anthrone) assay, it was 

necessary to multiply this amount further by 2.5 to estimate the total amount of gut sugars]. 

Body sugars. The amount of total sugars in each fly was estimated by using the hot anthrone test. 

Total sugars refer to the total amount of sugars present in an insect and it consists of two 

components: first is the body or blood sugars present in the hemolymph and body tissues, and 

second is the gut sugars contained in the crop (van Handel and Day 1988). The same solution 

used for the cold anthrone test was poured back into a glass tube, heated at 90 °C for 10 min and 

cooled on ice. The absorbance was again read at 625 nm to give an estimate of total sugars. To 

convert absorbance readings into absolute amounts (µg), standard curves were generated by 

determining the hot anthrone absorbance (at 625 nm) of different amounts (1–50 µg, three 

replicates per dose) of pure sucrose (Fisher). The total amount of body sugars present in each fly 
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was estimated by multiplying the amount of sugars from the hot anthrone test by 2.5 because 

only 200 µL of the original 500 µL was used for the hot anthrone assay. To estimate the amount 

of body sugars (nonglycogen sugars) present within the hemolymph and tissues of the flies, the 

estimated total amount of gut sugars was subtracted from the estimated amount of total sugars. 

Presumably, body sugars of Pseudacteon phorids consist mainly of trehalose, the dominant sugar 

in insect haemolymph and other tissues (Wyatt 1967, van Handel 1969, Fadamiro and Chen 

2005). 

Glycogen: One mL of anthrone reagent was added to the microcentrifuge tube containing the 

precipitate. After centrifugation, the tube was heated at 90 °C for 10 min and then cooled on ice, 

and the absorbance read at 625 nm. Glycogen standard (calibration) curves were generated by 

determining the absorbance of oyster glycogen (ICN Biomedicals, Aurora, Ohio) at a range of 1–

50 µg (three replicates per dose). Regression analyses were carried out, and the equation was 

thus used to convert absorbance readings to absolute glycogen amount. The amount of glycogen 

estimated above was considered to be representative of the whole fly because all glycogen in the 

sample was presumed to precipitate to the bottom of the tube.  

Lipids: The amount of lipids in each fly was determined by adding 40 µL of sulphuric acid to the 

tube containing the lipid precipitate. The tube was then heated at 90 °C for 2 min and cooled on 

ice, and 960 µL of a vanillin phosphoric acid reagent was added. The solution in the tube was 

mixed and left to react at room temperature for 30 min, and the absorbance was read at 525 nm. 

To convert absorbance values to absolute lipid amounts (mg), lipid standard curves were 

generated by determining the absorbance of pure vegetable oil at a range of 1–50 µL (three 

replicates per dose). The resulting quadratic equation was used to convert absorbance readings to 

absolute lipid amount. To estimate the total amount of lipids present in each fly, the lipid amount 
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was multiplied by 2.5 because 200 µL of the original 500 µL was used for the assay. All reagents 

were prepared as described by van Handel (1985a). 

2.2.4 Statistical analyses. Nutrient data were analyzed using analysis of variance 

(ANOVA) followed by Tukey-Kramer HSD comparison test (P < 0.05; SigmaPlot 13.0, Systat 

Software Inc., 2014) to establish significant differences among the treatments. 

2.3 Results 

2.3.1 Body nutrient analyses 

Gut sugars: The field-collected treatment group had an average gut sugar level of 11.81µg ± 

0.25; the sucrose-fed laboratory-reared group had an average gut sugar level of 12.03 µg ± 0.25; 

while the sucrose-starved laboratory-reared group had an average gut sugar level of 11.61µg ± 

0.20. The effect of diet was significant, F (2, 30) = 8.37, P= 0.001. The gut sugar level in 

sucrose-fed flies was significantly higher than that in sucrose-starved individuals, while those of 

field-collected flies and sucrose-fed flies were similar. There was only a marginal 

(approximately 0.2µg) but insignificant increase in gut sugar level of field-collected flies when 

compared with that of sucrose-starved flies. Gut sugars were detected in sucrose-starved female 

P. curvatus (Fig. 1).  

Body sugars: The field-collected treatment group had an average body sugar level of 2.64 µg ± 

0.29; the sucrose-fed laboratory-reared group had an average body sugar level of 2.64 µg ± 0.53, 

and the sucrose-starved laboratory-reared group had an average body sugar level of 2.51µg ± 

0.27. The effect of diet was not significant, F (2, 30) = 0.378, P > 0.05. Although there was no 

significant effect of diet on level of body sugars, there was marginal (approximately 0.1µg) but 

insignificant increase in body sugar level of field-collected flies when compared with those of 
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sucrose-starved flies. The body sugar levels of both field-collected and sugar-fed flies were the 

same (Fig. 2).  

Glycogen: The field-collected treatment group had an average glycogen level of 2.53 µg ± 0.07; 

the sucrose-fed laboratory-reared group had an average glycogen level of 2.54µg ± 0.08; and the 

sucrose-starved laboratory-reared group had an average glycogen level of 2.49µg ± 0.08. The 

effect of diet was not significant, F (2, 30) = 0.786, P > 0.05. Although there was no significant 

effect of diet on level of glycogen, there was marginal (approximately 0.04µg) but insignificant 

increase in body sugar levels of field-collected flies when compared with those of sucrose-

starved flies, while the glycogen levels of both field-collected and sugar-fed flies were the same 

(Fig. 3).  

Lipid: The field-collected treatment group had an average lipid level of 13.09 µg ± 2.64; the 

sucrose-fed laboratory-reared group had an average lipid level of 7.87µg ± 4.47; and the sucrose-

starved laboratory-reared group had an average lipid level of 8.09µg ± 3.10. The effect of diet 

was significant, F (2, 30) = 7.840, P= 0.002. The means of lipid levels were significantly higher 

in field-collected flies than those in both sugar-fed and sugar-starved individuals (Fig. 4). Among 

the nutrients, lipid was the most abundant, followed by gut sugars, body sugars, and then 

glycogen.  

2.4 Discussion   

The overall objective of this study was to demonstrate sugar and lipid feeding in field-

collected P. curvatus. Although the gut sugar levels in sucrose-fed flies were significantly higher 

than that in sucrose-starved individuals, while those of field-collected flies and sucrose-fed flies 

were similar, there was only a marginal (approximately 0.2µg) but insignificant increase in gut 

sugar levels of field-collected flies when compared with that of sucrose-starved flies. Although 
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there was no significant effect of diet on levels of body sugars and glycogen, these nutrient levels 

showed marginal but insignificant increases in field-collected flies when compared with those of 

sucrose-starved flies. This suggests that P. curvatus utilizes sugar sources, though moderately, in 

the field. Such sugar sources could be floral nectar, extra floral nectar and honeydew. Similar 

results have been reported for several Hymenopteran parasitoids (Jervis et al. 1993, Steppuhn 

and Wäckers 2004).  

The results show significantly higher levels of lipid in field-collected female P. curvatus 

relative to those of both sucrose-fed and sucrose-starved laboratory-reared individuals, indicating 

the potential roles lipid plays in field-collected female P. curvatus. Lipid is crucial in female 

insects, because lipid reserves are critical for egg production (Ellers and van Alphen 1997). This 

high lipid level in field-collected female P. curvatus may also suggest that the phorid flies feed 

on lipid-rich food sources in the field, as several insects are known to utilize lipids for egg 

production, including hymenopteran parasitoids (Ellers and van Alphen 1997, Giron and Casas 

2003b).  

Gut sugars were detected in sucrose-starved female P. curvatus. This finding is not 

supported by the studies of Fadamiro et al (2005), which did not detect any gut sugar in females 

and males of both newly emerged and older sugar-starved P. tricuspis. The presence of gut sugar 

in these sucrose-starved female P. curvatus is notable as similar studies did not detect any gut 

sugar in the crop of their tested insects (Olson et al 2000, Fadamiro et al. 2005). The detection of 

gut sugars in the crop of these sucrose-starved female P. curvatus raises questions about how 

these insects came about these sugars in their crop and if they have it at eclosion. The results 

indicate that our knowledge about insects’ gut sugars may be inadequate, or possible 

contamination during the experiment  
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There are several assumptions that shortages of nectar and other sugar sources in modern 

agro-ecosystems can limit the efficacy of biological control agents (e.g. Wolcott 1942, Hocking 

1966). This has sparked a growing interest in the concept of augmenting beneficial insects by 

providing food supplements such as flowering plants (Gurr and Wratten 1999) or sugar sprays 

(Hagen 1986, Evans and Swallow 1993). Results from the present study show higher but 

marginal levels of gut sugars in field-collected flies than sucrose-starved flies, thereby 

suggesting that the provision of supplemental food sources will ensure that these flies have 

abundant essential nutrients.  

In summary, this study establishes that field-collected female P. curvatus are capable of 

utilizing sugar sources, though moderately, in the field, thereby giving basis for provisioning of 

supplemental sugar sources in the field in southeastern U.S. for conservation of P. curvatus, 

parasitoids of imported fire ants. The potential sugar sources will be identified in future studies.  

 

Figure legends 

Figure 1. Mean amount of gut sugars per female P. curvatus (µg ± SE) fed three diet treatments 

[Means with different letters are significant (P< 0.05, Tukey HSD test)] 

Figure 2. Mean amount of body sugars per female P. curvatus (µg ± SE) fed three diet 

treatments (P< 0.05, Tukey HSD test) 

Figure 3. Mean amount of glycogen per female P. curvatus (µg ± SE) fed three diet treatments 

[Means with different letters are significant (P< 0.05, Tukey HSD test)] 

Figure 4. Mean amount of lipid per female P. curvatus (µg ± SE) fed three diet treatments 

[Means with different letters are significant (P< 0.05, Tukey HSD test)] 
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Figure 1.
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Figure 3. 

Figure 4.
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CHAPTER 3 

SUCROSE FEEDING ENHANCES THE FITNESS OF PSEUDACTEON SPP. 

(DIPTERA: PHORIDAE), NATURAL ENEMIES OF IMPORTED FIRE ANTS 

 

3.1 Introduction 

The red imported fire ant, Solenopsis invicta, is an invasive pest accidentally introduced 

into the United States (U.S.) from South America in the 1930s and is now common in the 

southern U.S. (Morrison et al. 2004). The various negative economic and ecological impacts of 

these ants have been documented (Allen et al. 2004, LeBrun et al. 2012a). Their aggressiveness, 

painful and often allergenic sting, extremely high densities, and large unsightly mounds 

constitute them as pests (Adams 1986, Vinson 1997, Eubanks 2001). The treatment of an 

individual mound can cost as high as $6.00, and bait treatments cost as high as $133.00 per acre 

(Imported Fire Ant eXtension Fire Ant Control Materials 2015). Controlling the pests cost the 

U.S. $6 billion a year, including cost of insecticides (Imported Fire Ant eXtension Fire Ant 

Control 2014). Chemical control alone is however, not sustainable, thus the need for other 

control methods, such as biological control. 

Twenty-three Pseudacteon species are known to attack imported fire ants in their native 

South America (LeBrun et al. 2012b). In the last two decades, multiple releases of various 

Pseudacteon species, natural enemies of fire ants, have been made in the southeastern region of 

the U.S. for classical biological control of imported fire ants (Henne et al. 2007a). Recent 

surveys in Alabama show a reduction in the population of P. tricuspis (Palmer 2014). Factors 

responsible for this decline may be complex (Morrison et al. 1999). Nutrition, an environmental 

factor, plays an important role in the conservation of biocontrol agents (Linker et al. 2009). 
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Although much research is being conducted on Pseudacteon spp, very little is known about their 

nutritional ecology (Fadamiro and Chen 2006). 

Most adult parasitoid species depend on sugar-rich food, such as nectar, for their survival 

and metabolic needs. Some can also feed on honeydew (Jamont et al. 2014). Lee and Heimpel 

(2008) highlight the ways that feeding on common sugars or floral nectars enhance parasitoid 

longevity and fecundity. These include direct ways, such as significantly reducing starvation 

risk, reducing egg resorption or enhancing egg maturation, and indirect ways, such as giving 

parasitoids more time and energy for host-location, thereby increasing their oviposition rate.   

Several studies have highlighted the importance of sucrose feeding, among other sugars. 

Comparing several naturally occurring sugars for their benefits on P. tricuspis, Chen and 

Fadamiro (2006) reported that sucrose appeared to be one of the most beneficial in terms of 

increased fly longevity, glycogen level, and total body sugar level. Sucrose had similar benefits 

in terms of longevity on the parasitoid Cotesia glomerata, when compared with other naturally 

occurring sugars (Wäckers 2001). Binns (1980) reported that among various sugars, sucrose is 

more preferred by the phorid fly, Megaselia halterata. 

Sucrose feeding has been reported to significantly increase the longevity of P. tricuspis, 

thus suggesting that Pseudacteon phorid flies have the ability to feed on sucrose solution 

(Fadamiro et al. 2005, Chen et al. 2005, Chen and Fadamiro 2006). However, longevity studies 

indicate that variation exists among insect species in their ability to utilize specific sugars 

(Ferreira et al. 1998, Wäckers 2001). This may be the case among species of Pseudacteon phorid 

flies. A parasitoid’s egg maturation strategy may lead to differences in sensitivity to 

carbohydrates by parasitoids (Williams III and Roane 2007). 

Many studies have documented the positive impact of sugar feeding on the fecundity of 
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some parasitoids (e.g. Lee and Heimpel 2008, Idris and Grafius 1995, Dyer and Landis 1996, 

Berndt et al. 2002). Fadamiro and Chen (2005) suggested that the fecundity of P. tricuspis may 

be increased with feeding on honeydew or other sugar sources. Studies have indicated that two 

Pseudacteon species, P. tricuspis and P. wasmanni are pro-ovigenic in nature. (Cônsoli et al. 

2001, Zacaro and Porter 2003), thereby suggesting that no post-emergence treatment, such as 

sugar feeding, enhances fecundity in these species with pro-ovigenic life history since they 

contain only mature eggs. In contrast, sugar feeding may enhance fecundity in synovigenic 

parasitoid species by maturing additional eggs (Heimpel and Jervis 2005, Jervis et al. 2001, 

Fadamiro and Chen 2005). A pair of ovaries is usually part of the insect female reproductive 

system. Each ovary is formed by ovarioles whose number and physiological states are closely 

related to egg production. However, relatively little is known about the egg maturation state (pro-

ovigenic or synovigenic) of Pseudacteon species (Cônsoli et al. 2001, Zacaro and Porter 2003). 

Such studies are needed to better understand the timing of egg maturation in Pseudacteon species 

to aid development of field-based strategies for improving biological control of S. invicta in the 

Southeast U. S.  

The objectives of this study are to investigate the effect of sucrose-feeding on the 

longevity of the parasitoids, P. cultellatus, P. curvatus and P. obtusus, and todetermine the 

ovigeny index of newly emerged P. obtusus. The overall hypothesis is that sucrose-feeding in 

these will significantly increase their longevity and thus improve their fitness to control their 

hosts, imported fire ants. It is also hypothesized that at emergence P. obtusus will have all its 

lifetime egg complement mature, thus indicating a pro-ovigenic life history strategy. 
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3.2 Materials and Methods 

3.2.1 Parasitoids. The three phorid fly species tested (P. cultellatus, P. curvatus and P. 

obtusus) were reared on workers of red imported fire ants, S. invicta, at the fire ant rearing 

facility of the USDA-APHIS-PPQ-CPHST Laboratory/Florida DPI, Gainesville, FL, USA as 

described by Porter et al. (1995). Because larvae of Pseudacteon phorid flies have the habit of 

decapitating fire ant workers and pupating inside the empty head capsule (Porter et al. 1995), 

heads of parasitized fire ant workers were received in batches and maintained in a plastic jar with 

a lid (25cm diameter, 13cm high) at 26 ± 1⁰C, under an LD 14: 10 h photoperiod and 65 ± 5% 

RH, until emergence. The jar was checked at least five times daily for fly emergence. Emerging 

flies were not given access to food or water in the jar and were removed with an aspirator five 

times daily. The sex was determined by the presence or absence, and shape of the distinct female 

ovipositor upon examination under a stereomicroscope. 

3.2.2 Longevity 

The methods described below were adapted from Chen et al. (2005).  

3.2.2.1 Experimental design: There were four diet treatments: (i) sugar-starved, but provided 

water only, hereafter referred to as water only (the control); (ii) 50% (w/v – i.e. weight to 

volume) sugar water, fed only for 24 hours during the first day of emergence and starved 

thereafter until death, hereafter referred to as 24 h fed 50%; (iii) 25% (w/v) sugar water, fed 

continuously from emergence throughout life, hereafter referred to as 25% sucrose; and (iv) 50% 

(w/v) sugar water, fed continuously from emergence throughout life, hereafter referred to as 50% 

sucrose. The number of replicates was 35 flies of each sex and each species for each treatment. 

3.2.2.2 Experimental diet: Adult females and males of P. cultellatus, P. curvatus and P. obtusus 
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emerging on the same day from the same batch of decapitated imported fire ants’ heads were 

distributed evenly across the four diet treatments. Flies were fed ad libitum for 24 h during the 

day of feeding. Water was provided in all treatments by filling a 0.5 mL microcentrifuge tube 

with distilled water and threading a cotton string through a hole in the cap of the tube. Water 

tubes were refilled as needed. Each newly-emerged fly was placed in a 6 cm diameter plastic 

Petri dish. For the treatments involving sugar feeding, the sucrose solution was applied to the 

inside of each Petri dish cover with a cotton-tipped applicator. Flies that were fed only during the 

first day of emergence and then starved until death were transferred to new dishes without 

sucrose (but with water tubes) after exposure in sucrose-smeared dishes for 24 h.  

Petri dishes were checked once daily for dead flies, which were promptly removed from 

the dishes. The longevity (in days) of each fly was recorded. All experiments were conducted at 

28 ± 1⁰C, under an LD 14 : 10 h photoperiod and 65 ± 5% RH.  

3.2.2.3 Statistical analyses: The means from each treatment group were analyzed using analysis 

of variance (ANOVA) followed by Tukey-Kramer HSD comparison test (P < 0.05; SigmaPlot 

13.0, Systat Software Inc., 2014) to establish significant differences among the treatments. 

3.2.3 Egg maturation type in P. obtusus 

The method is similar to that of Zacaro and Porter (2003) and is described as follows.  

Eight newly emerged female P. obtusus had their abdomen severed, and light microscopy (serial-

sectioning stained with Mayer’s haematoxylin and aqueous eosin (HE)) was carried out on each 

as described below. 

For histological preparations, abdomens were severed to facilitate fixing with a modified 

paraformaldehyde solution for 4–8 h at room temperature (4 g of paraformaldehyde in 90 ml of 
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distilled water; after dissolving, add 0.75 g NaCl, 0.23 g Na2HPO4 and 0.27 g KH2PO4; finally, 

bring final volume to 100 ml with 0.1 M sodium phosphate buffer, pH 7.4). After fixation, the 

abdomens were transferred to a sodium phosphate buffer (0.1 M, pH 7.4), dehydrated in ethanol 

(70 to 95%), and then infiltrated and embedded in JB 4/ Polysciences resin. The specimens were 

serially sectioned (4–5 mm thickness) with glass knives in a Sorvall/ DuPont microtome, and the 

sections were stained with Mayer’s haematoxylin and aqueous eosin (HE). 

The sections were examined with a Zeiss photomicroscope. The egg maturation type in 

the ovaries of each female was then described. The eggs were determined using the basophilic 

and spherical appearance in the ovaries (Zacaro and Porter 2003). 

3.3 Results 

3.3.1 Longevity 

3.3.1.1 Comparison among treatments for each species 

Pseudacteon cultellatus: Survivorship curves for both sexes are shown in Figures 1A and 2A. 

Table 1 shows the average longevity of P. cultellatus under different diet treatments. Females fed 

50% sucrose continuously throughout their lifespan had greater longevity (3.6 ± 0.14 days) than 

females provided 25% sucrose continuously throughout their lifespan (3.0 ± 0.10 days), females 

provided 24 h fed 50% sucrose (2.8 ± 0.11 days), and females provided with water only (2.6 ± 

0.15 days) (Table 1). Similar results were obtained for male P. cultellatus. Males fed 50% 

sucrose throughout their lifespan lived longer than males in the remaining three treatments 

(Table 1). Feeding on 50% sucrose increased average longevity by 1 day for females and by 

approximately 2 days for males when compared with individuals provided with only water. The 

effect of sex was not significant, as males and females under each diet treatment had similar 

lifespan.  
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Pseudacteon curvatus: Survivorship curves for both sexes are shown in Figures 1B and 2B. 

Table 1 shows the average longevity of P. curvatus under different diet treatments. Females fed 

50% sucrose continuously throughout their lifespan (4.6 ± 0.29 days), 25% sucrose continuously 

throughout their lifespan (4.8 ± 0.28 days), and 24 h fed 50% sucrose (4.4 ± 0.24 days) all had 

greater longevity than females provided with water only (3.3 ± 0.10 days) (Table 1). Males fed 

25% sucrose continuously during their lifespan (4.3 ± 0.24 days) had greater longevity than 

males provided with water only (3.4 ± 0.11 days). Feeding on 25% sucrose increased average 

longevity by approximately 2 days for both females and males when compared with individuals 

provided with only water. The effect of sex was not significant as males and females under each 

diet treatment had similar longevity. 

 

Pseudacteon obtusus: Survivorship curves for both sexes are shown in Figures 1C and 2C. Table 

1 shows the average longevity of P. obtusus under different diet treatments. Females fed 50% 

sucrose continuously throughout their lifespan had greater longevity (7.3 ± 0.40 days) than 

females provided 25% sucrose continuously throughout their lifespan (6.3 ± 0.41 days), females 

provided 24 h fed 50% sucrose (5.1 ± 0.23 days), and females provided with water only (3.9 ± 

0.19 days) (Table 1). Males fed 50% sucrose continuously throughout their lifespan had greater 

longevity (8.7 ± 0.42 days) than males provided 24 h fed 50% sucrose (5.2 ± 0.19 days), and 

males provided with water only (3.5 ± 0.12 days). There was no difference between males fed 

50% and 25% sucrose continuously. Also, there was no difference between males fed 25% 

sucrose continuously and 50% sucrose for 24 h. Feeding on 50% sucrose increased average 

longevity by 3 days for females when compared with females provided with only water and 
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increased average longevity by 5 days for males when compared with males provided with only 

water. The effect of sex was not significant as males and females under each diet treatment had 

similar longevity. 

 

3.3.1.2 Comparison among the species 

50% sucrose: Female P. obtusus had greater longevity (7.3 ± 0.40 days) than female P. curvatus 

(4.6 ± 0.29 days) and P. cultellatus (3.6 ± 0.14 days). Similar results were obtained among 

males. Male P. obtusus had greater longevity (8.7 ± 0.42 days) than male P. curvatus (4.0 ± 0.22 

days) and P. cultellatus (4.2 ± 0.18 days) (Table 1). Longevity of female P. obtusus was more 

than double that of female P. cultellatus. Similar results were obtained among males. Longevity 

of male P. obtusus was more than double that of male P. cultellatus. The effect of sex was not 

significant.  

25% sucrose: Female P. obtusus had greater longevity (6.3 ± 0.41 days) than female P. curvatus 

(4.8 ± 0.28 days) and P. cultellatus (3.0 ± 0.10 days). Similar results were obtained among 

males. Male P. obtusus had greater longevity (6.6 ± 0.34 days) than male P. curvatus (4.3 ± 0.24 

days) and P. cultellatus (3.2 ± 0.11 days) (Table 1). The longevity of female P. obtusus was 

more than double that of female P. cultellatus. Similar results were obtained among males. 

Longevity of male P. obtusus was more than double that of male P. cultellatus.  

24 h fed 50% sucrose: Average longevity of female P. obtusus (5.1 ± 0.23 days) and female P. 

curvatus (4.4 ± 0.24 days) were both greater than that of female P. cultellatus (2.8 ± 0.11 days). 

Male P. obtusus had greater longevity (5.2 ± 0.19 days) than male P. curvatus (3.6 ± 0.13 days) 

and P. cultellatus (2.8 ± 0.11 days) (Table 1).  

Water only: Female P. obtusus had greater longevity (3.9 ± 0.19 days) than female P. curvatus 
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(3.3 ± 0.10 days) and female P. cultellatus (2.6 ± 0.15 days). Longevity of both male P. obtusus 

(3.5 ± 0.12 days) and male P. curvatus (3.4 ± 0.11 days) were greater than that of male P. 

cultellatus (2.7 ± 0.09 days).  

 

3.3.2 Egg maturation type in P. obtusus 

The histology analysis showed that the eggs of P. obtusus appeared as slugform or torpedo shape 

and were extremely basophilic. Inside the ovarioles, no nurse cell was observed and the eggs 

appeared to be post-vitellogenic (Fig. 3). The ovaries of P. obtusus were spherical and enclosed 

by a thick muscular sheath (Fig. 3). 

3.4 Discussion 

3.4.1 Longevity 

 The overall hypothesis of this study was that sugar feeding will increase the longevity of 

P. cultellatus, P. curvatus, and P. obtusus. The results support this hypothesis, as continuous 

sugar provisioning increased the longevity of both males and females of these species. This 

result is similar to the positive impact of sugar feeding on the longevity of P. tricuspis (Fadamiro 

et al. 2005). Further, the results indicate that these Pseudacteon species are capable of feeding on 

sucrose solution and utilizing sucrose solution for their increased longevity, which may be 

generalized to other Pseudacteon species.  

More effective management of Solenopsis species with Pseudacteon species in the 

southern U.S. will require an increased reliance on conservation efforts within the framework of 

a classical biological control program. Knowledge that sugar increases the longevity of these 

parasitic Pseudacteon phorid flies could assist in the identification of factors that can be 

manipulated in the field (e.g., sugar sources). With regard to Pseudacteon spp., these findings 
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could promote their full parasitization potential, enhance their biological control of Solenopsis 

species, and reduce the constraints of their short lifespan. Maximizing the fitness of Pseudacteon 

species could be achieved by providing flowering cover crops as food and shelter, a strategy that 

has been demonstrated to improve pest control. (Nicholls et al. 2000, English-Loeb et al. 2003, 

Gurr et al. 2004). 

Comparison among the three Pseudacteon species shows that in each diet treatment, 

longevity of P. obtusus is significantly higher than in P. cultellatus and P. curvatus. Pseudacteon 

obtusus is larger in size than P. curvatus, and P. curvatus is larger in size than P. cultellatus 

(Folgarait et al. 2002). The results suggest that longevity in Pseudacteon species is directly 

dependent on their body size.  

When compared with individuals provided water only, continuous provision of 50% 

sucrose solution significantly increased longevity of both males and females of all Pseudacteon 

species, except for male P. curvatus. Provisioning of 25%, and 50% sucrose solution for 24 h 

also increased the longevity of the three species. Most plants that are sugar sources in the field in 

the southern U.S. have sucrose concentrations in the range of 20 - 50% (van Handel et al. 1972). 

This range suggests that the sucrose concentrations in the nectars of several flowering plants in 

the area where Pseudacteon phorid flies are being released for biological control of imported fire 

ants are within the suitability span for these Pseudacteon species. 

 

3.4.2 Egg maturation type in P. obtusus 

No pre-vitellogenesis or vitellogenesis features were seen in the histological sections of 

P. obtusus, indicating that oogenesis was completed prior to emergence, probably during the 

pupal stage. The ovaries of P. formicarum and P. wasmanni are also filled with vitellogenic eggs 
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(Wasmann 1918, Zacaro and Porter 2003). In contrast, several saprophytic phorid flies 

apparently do have follicles (oocyte-nurse cell complex) and developing oocytes (Borgmeier 

1930, Benner 1985). The occurrence of only mature or nearly mature eggs inside both ovaries of 

all P. obtusus analyzed characterizes a strict pro-ovigeny state (Jervis et al. 2001), which is 

probably related to the short life span of the fly and the need to lay large number of eggs rapidly 

after mating. The pupal stage of most Pseudacteon flies provides a long period for egg 

development (Cônsoli et al. 2001). The presence of only mature or nearly mature eggs in the 

ovaries of all inspected specimens of P. obtusus indicates that, as in other Pseudacteon species, 

P. obtusus has the potential for laying a large number of eggs shortly after emergence (Zacaro 

and Porter 2003). The condition of pro-ovigeny in P. obtusus is similar to those of P. formicarum 

and P. wasmanni (Wasmann 1918, Zacaro and Porter 2003), which is probably an adaptation for 

a parasitoid life history in Pseudacteon flies.  

The presence of only mature or nearly mature eggs in the ovaries of all newly emerged P. 

obtusus inspected indicates no need for further egg maturation. This is in contrast to synovigenic 

parasitoids, where egg maturation is expected to occur. In the case of synovigenic condition, post 

emergence treatments, such as sugar feeding, usually enhance egg maturation (Olson and Andow 

1998, Tylianakis et al. 2004, Bezemer et al. 2005). Therefore, no post-emergence treatment, such 

as sugar feeding, is expected to increase egg maturation or fecundity in P. obtusus, since they 

appear to be pro-ovigenic. However, this conclusion should be tested further in future studies. 

The eggs of P. obtusus appeared as slugform or torpedo shape, were extremely 

basophilic, and the ovaries of P. obtusus appeared as spherical and were surrounded by a thick 

muscular sheath, a feature common in Diptera. The spherical egg and ovarian shapes are similar 

to those of P. wasmanni (Zacaro and Porter 2003), which may indicate a generalized appearance 
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in Pseudacteon species. This finding should be tested in future studies.  

These results provide an insight into the nutritional requirements, survival and fitness 

benefits from sucrose feeding in Pseudacteon parasitic flies used in this set of studies, under 

laboratory conditions. The significant increment in survival in sugar-fed flies compared to those 

starved indicates that sugar feeding is essential to fitness enhancement in these flies. However, 

the observation of only post-vitellogenic eggs in the ovaries of newly emerged P. obtusus 

indicates a pro-ovigenic condition, which further indicates that probably, no post-emergence 

treatment such as sugar feeding will enhance egg maturation in these flies. Accumulation of 

additional sugars postemergence is nonetheless necessary to increase the longevity of the flies, 

thus giving them more time for host location and parasitization. Such information can be a basis 

to improving the longevity of this biocontrol agent by sugar feeding in the field and in 

greenhouses. 
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Table 1. Diet-dependent longevity (days ± SE) of female and male P. cultellatus, P. curvatus, 

and P. obtusus  

Means within the same column having different letters are significantly different (P < 0.05, 

Tukey HSD test). Similarly, means across the same row having different letters indicated in 

parentheses are significantly different (P < 0.05, Tukey HSD test). 

 

 

Figure legend 

Figure 1. Survivorship curves for (A) female P. cultellatus (B) female P. curvatus and (C) 

female P. obtusus fed different diet treatments. 

Figure 2. Survivorship curves for (A) male P. cultellatus (B) male P. curvatus and (C) male P. 

obtusus fed different diet treatments. 

Figure 3: Histology features of the ovaries of the parasitic fly P. obtusus showing sectioned 

ovaries (OV), eggs (g); note the muscular sheath (s) that covers each ovary. Scale: 100µm. 

 

 

Species Water only 24 h fed 50% 25% sucrose 50% sucrose Water only 24 h fed 50% 25% sucrose 50% sucrose
Pseudacteon cultellatus 2.6 ± 0.15c(c) 2.8 ± 0.11b(bc) 3.0 ± 0.10c(b) 3.6 ± 0.14b(a) 2.7 ± 0.09b(b) 2.8 ± 0.11c(b) 3.2 ± 0.11c(b) 4.2 ± 0.18b(a)
P. curvatus 3.3 ± 0.10b(b) 4.4 ± 0.24a(a) 4.8 ± 0.28b(a) 4.6 ± 0.29b(a) 3.4 ± 0.11a(b) 3.6 ± 0.13b(ab) 4.3 ± 0.24b(a) 4.0 ± 0.22b(ab)
P. obtusus 3.9 ± 0.19a(d) 5.1 ± 0.23a(c) 6.3 ± 0.41a(b) 7.3 ± 0.40a(a) 3.5 ± 0.12a(c) 5.2 ± 0.19a(b) 6.6 ± 0.34a(ab) 8.7 ± 0.42a(a)

Female Male
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Figure 1. 
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Figure 2. 
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Figure 3.  
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Conclusions  

 This study demonstrates the importance of sugar-rich food on the longevity of 

Pseudacteon parasitic flies. In general, the flies’ survival was significantly greater when they 

were sugar-fed than when sugar-starved. Sucrose concentrations of 25% and 50% were clearly 

beneficial for the survival of Pseudacteon parasitic flies, and most sugar sources in the field 

where these flies are being released have sucrose concentrations ranging from 20-50% (van 

Handel et al. 1972). This finding suggests that not only are these flies capable of utilizing sugar 

sources from plants in the field but that sugar sources are also within the range suitable to the 

flies. In most cases, the survival of individuals provided 50% sucrose for only one day after 

emergence, was significantly different from that of sugar-starved flies, suggesting that even 

limited sugar availability can significantly increase adult lifespan of Pseudacteon parasitic flies. 

There was a clear relationship between fly size and longevity of the Pseudacteon parasitic flies 

tested, with large sized flies living longer than small sized flies in all diet treatments. This 

finding suggests that longevity may be a function of fly size in Pseudacteon parasitic flies. 

Overall, the increase in life span that resulted from sugar feeding enhances the efficacy of 

Pseudacteon parasitic flies as biological control agents by allowing the parasitoids more time for 

suitable fire ant host location.  

The results from anthrone tests indicate that P. curvatus utilizes sugar sources in the field. 

Although the gut sugar levels in sucrose-fed flies were significantly higher than those found in 

sucrose-starved individuals, those of field-collected flies and sucrose-fed flies were similar. 

There was only a marginal (approximately 0.2µg) but insignificant increase in gut sugar level of 
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field-collected flies when compared with that of sucrose-starved flies. The results show 

significant effect of diet on gut sugar level. Although there was no significant effect of the level 

of body sugars on the diet treatments, there were marginal (approximately 0.1µg) but 

insignificant increases in body sugar levels of field-collected flies when compared with those of 

sucrose-starved flies. The body sugar levels of both field-collected and sugar-fed flies were the 

same. The effect of diet on glycogen levels showed similar trend to body sugar levels. Lipid 

levels were significantly higher in field-collected flies than in both sugar-fed and sugar-starved 

individuals. In general, the results suggest moderate utilization of sugar sources and significant 

utilization of lipid sources in the field by P. curvatus. Sugars and lipid are essential for meeting 

the energetic and reproductive needs of these parasitoids. 

 All specimens of newly emerged P. obtusus analyzed by light microscopy showed post-

vitellogenic oocytes inside the ovaries. The lack of typical follicles (oocyte-nurse cell 

complexes) in all specimens suggests that oogenesis occurred during the pre-adult stage, likely 

the pupal stage, indicating that P. obtusus is pro-ovigenic. Similar results were reported for P. 

formicarum, P. solenopsidis and P. wasmanni (Wasmann 1918, Zacaro and Porter 1997, Zacaro 

and Porter 2003), which may indicate an adaptation to maximize fecundity in these short-lived 

Pseudacteon flies.    

 

 

 

 


