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Abstract

Trophallaxis between individual worker ants and the toxicant load in dead and live Argentine
ants (Linepithema humile) in colonies exposed to fipronil and hydramethylnon experimental
baits were examined using accelerator mass spectrometry (AMS). About 50% of the content of
the crop containing trace levels of '*C-sucrose, '*C-hydramethylnon, and '*C-fipronil was
shared between single donor and recipient ants. Dead workers and queens contained
significantly more hydramethylnon (122.7 and 22.4 amol/pg ant, respectively) than did live
workers and queens (96.3 and 10.4 amol/pg ant, respectively). Dead workers had significantly
more fipronil (420.3 amol/ug ant) than did live workers (208.5 amol/pg ant), but dead and live
queens had equal fipronil levels (59.5 and 54.3 amol/pg ant, respectively). The distribution of
fipronil differed within the bodies of dead and live queens; the highest amounts of fipronil were
recovered in the thorax of dead queens whereas live queens had the highest levels in the head.
Resurgence of polygynous ant colonies treated with hydramethylnon baits may be explained by
queen survival resulting from sublethal doses due to a slowing of trophallaxis throughout the
colony. Bait strategies and dose levels for controlling insect pests need to be based on the

specific toxicant properties and trophic strategies for targeting the entire colony.
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Introduction

The Argentine ant (Linepithema humile (Mayr)) is an exotic invasive pest species,
commonly found in and around homes in coastal California and in Mediterranean climates
around the world [1-6]. It replaces native ant species in these environments, presenting a hazard
to pollination of native plants, and represents a major threat to native animals through
ecosystem degradation [7-9]. As an invading species, a colony can expand the local infested

zone by 16 to 30 m per year in linear directions [2].

Argentine ants are polygynous, having multiple queens in each colony. Queens lay all
the eggs and control many of the workers' actions through pheromones [10]. All of the multiple
Argentine ant queens in the colony are fertile and actively produce eggs, but one or more are
dominant at a given time with the other queens held in “reserve” [11]. Foraging workers (and
rarely queens) deliver nutrients to other workers, larvae, or queens by trophallaxis: the
regurgitation and feeding the contents of the crop of one ant to another [12]. Queens, larvae,
and young workers within the nest receive their primary nutrient intake from stomatodeal
trophallaxis with the foragers or other nestmates [13]. The route by which the queens obtain
their nutrients is a key factor in controlling ant colonies using baits, since sufficient toxic bait
must reach all queens to halt reproduction and to prevent resurgence of a colony [14]. Stringer
et al. (1964) [15] found that toxicants must have a delayed toxicity over a wide range of doses,
be readily transferred via trophallaxis and not be repellent when incorporated into baits. Cassill
and Tschinkel (1996) [16] studied trophallaxis in ant colonies but did not document the effects
of a toxicant on this behavior. It is assumed that effective toxic baits do not dramatically alter
the flow of food throughout the colony. The detailed distribution of a toxicant within the

queens and individuals of a naturally feeding colony can reveal the toxic and sublethal actions



of different pesticides and provide necessary data for minimizing pesticide use while obtaining

the most effective control of these important pests.

Hydramethylnon belongs to the amidinohydrazone class of insecticides that diffuses
through the mitochondrial membrane and inhibits the flow of electrons from NADH,
preventing metabolism and causing death through inhibition of cellular respiration [17].
Hydramethylnon is considered environmentally sound because it is photolabile with a half-life
of 41 min when exposed to sunlight [18]. Fipronil is a phenyl-pyrazole insecticide that blocks
GABA-gated chloride channels [19,20]. Fipronil provides lasting action against a variety of
insects at very low doses, but it is extremely toxic to honeybees, highly toxic to aquatic
organisms and toxic to terrestrial game birds [21]. It is also toxic to fish and mammals [21]. Its
primary toxic effect is on the muscular and central nervous systems [21]. Bait preparations as
dilute as 0.1% hydramethylnon or 1 x 10-5% fipronil kill Argentine ants [22]. The trophic
strategies throughout an ant colony can be masked by the lethal amounts of isotope-labeled
toxicant needed in the foraging ants to provide a measurable '*C signal within the layers of
colony members. We compared the transfer, toxicity and sublethal effects of these two
insecticides on individual ants and on colony-sized groups using AMS detection of '*C-labeled

forms of these toxicants.

METHODS

Trophallaxis

Ants were excavated with surrounding soil from a citrus grove on the campus of

University of California, Riverside and placed in large wooden boxes with Teflon and farnesol



barriers painted along the inside upper 2-3 cm surface to prevent escape. As the soil dried, the
ants moved onto moistened disks made of plaster of Paris (9 cm diam.), affecting colony-wide
collection of queens, larvae, pupae, and workers.The ants were transferred from the plaster
discs into plaster residences (“condos”) in large Petri-dishes (9 cm diam) in which the center
was hallowed to allow observation of the ants without disturbance [23]. These colonies were
provisioned with 250 mg/mL sugar water, 0.47L jars covered with a fine screen lid allowing
ants access but preventing 50 nymphal live German cockroaches, Blattella germanica (L.) from
escaping, plastic dishes containing house fly, Musca domestica L. pupae, and water ad libitum.
Prior to dosing with labeled compounds, food and water were withdrawn from the subjects for

96 h, approximating the nutritional conditions of foraging Argentine ants in the field [12].

Randomly selected individual workers were removed from inside or outside the condo
of fasting ants. Individual ants were pre-weighed to the nearest ug by placing in a gelatin
capsule and released into a small Petri dish with sides coated with Teflon to prevent escape.
Ants fed to satiation on '*C-sucrose (UL) bait contained in pre-weighed 5 uL capillary tubes
holding 200 mg/mL sucrose with a specific activity of 558 MBq/g (5.16 mCi/mmol) that was
then removed after feeding. The amount of bait taken and the additional weight of the ant were
determined as described above. Ants that fed on > 0.1 mg of solution were marked with a few
specks of fluorescent powder (< than 1 pg) and designated as donors. Another weighed worker
was placed in the Petri dish with the donor ant, and the two remained in the Petri dish until a
trophallaxis exchange was complete. Each ant was re-weighed to find the mass transfer of bait
solution, and levels of '*C-sucrose transfer were determined by scintillation counting. Each ant
was placed in a marked 20 ml scintillation vial with 80 pl of 15.8N nitric acid for 96 h until the

ant was completely dissolved. Cytoscint (ICN Chemicals) scintillation fluid (10 mL) was added



to each vial and shaken vigorously for 10 s. After the contents of the vials settled for ~1 h, they
were placed on the liquid scintillation counter (Beckman Instruments LS 3801) and counted for
1h or until the disintegrations per minute (DPMs) had a sigma value of 2. The percent transfer

was by dividing the amount of '“C-sucrose in the recipient by the total '“C-sucrose in the donor

and recipient and multiplied by 100.

Next, '*C-pyrimidinyl-labeled hydramethylnon and '*C-fipronil (Figure 1) in 200
mg/mL sucrose preparations were fed at sub-lethal levels to both workers and queens via
trophallaxis from bait-fed worker ants as described above for the sucrose controls. Technical
grade hydramethylnon and '*C-hydramethylnon were provided by The Clorox Service
Corporation. The '*C-hydramethylnon was diluted to a specific activity of 41.2 kBg/g (0.00055
mCi/mmol) and added with 1.9% ethanol to produce a 1.0 mg/mL suspension of
hydramethylnon in 200 mg/mL sucrose. Technical grade fipronil and '*C-fipronil were
provided by Rhone-Poulenc Ag. Co. The “C-fipronil was diluted to a specific activity of 2.12
MBg/g (0.025 mCi/mmol) to produce a preparation of 0.1 ug/mL of fipronil in 200 mg/mL
sucrose. Both pesticide bait preparations possessed F'*C =~ 80 modern. Positive and negative
control levels of '*C were measured in recipients that did not engage the available donor and
ants taken randomly from the unexposed condo, respectively. After trophallactic exchange, the
levels of '*C-hydramethylnon and '*C-fipronil in individual donors and recipients were

determined by AMS.

Toxicant Load



Colonies of Argentine ants were established as described above, consisting of 200
workers, 3 mm” assorted larvae and pupae, and 10-15 queens. Only the cockroaches, house fly
pupae, and sucrose solution were removed 96 h prior to presentation of 0.5 ml of either the '*C-
hydramethylnon suspension (3 replicate colonies) or the '*C-fipronil preparation (3 replicate
colonies) in glass culture tubes. The ants fed freely on the '*C-toxicant in 200 mg/ml sucrose
solution for 24 h before the normal sucrose water and fly pupae were returned to the colony.
The colonies were monitored daily and were sampled when about half of the workers and
queens in each colony died (3 days). Dead and live workers (10 each) and queens (5 each) were
then removed from each colony under these conditions of 50% lethality to explore the
distribution of toxicants within individuals. The queens were large enough (~3 mg) for
dissection of the head, thorax and abdomen to find the toxicant load and its location in the
body. The workers (~300 pg) were only quantified as whole insects.

AMS

All samples were combusted to CO, and reduced to graphite using Vogel’s method [24]
at UC Riverside following procedures for biological tracer '*C-AMS laboratory hygiene [25].
The graphite samples were loaded into aluminum targets, shipped to Lawrence Livermore
National Laboratory and analyzed on the High Voltage Engineering Europa FN-class AMS
spectrometer system operating as described previously [26-28].

Statistical software

Transfer efficiency of sucrose controls and '“C-hydramethylnon or '*C-fipronil as well
as toxicant loads of live and dead workers and portions of dead and live queens were compared
using a paired ¢-test (Excel). The body weight and the amount of toxicant each ant contained
were compared using regression analysis (Statview 1992).

RESULTS



Sucrose trophallaxis
The average transfer efficiency for '*C-sucrose measured by LSC was the same (P=0.83) (t-
test) for recipients from outside and inside the condo, 49.5% + 8.2 and 52.5% + 11.3 (mean +
SEM), respectively. There were more feeding contacts between outside workers as donors and
inside workers as receivers than any other combination. Many of the workers chosen as
recipients from outside the condo did not participate in trophallaxis at all. We thereafter used
workers from inside the condo as recipients for the determination of pesticide transfer
efficiency experiments.
Pesticide Trophallaxis

The transfer efficiency of 1.0 mg/mL hydramethylnon in 20% sucrose bait, was 54.8 +
3.5%, which was not significantly different from the sucrose controls (P = 0.89; Tcrit =2.23; df
=10 (Statview 1992). The transfer efficiency of 0.1 ug/mL fipronil in 20% sucrose bait was
similar at 51.9 + 17.7%. The range of hydramethylnon passed from donor to recipient was 46 -
60%, and the range of fipronil passed was 24 to 75%.
Pesticide Distribution in Colonies
The toxicant loads of ants exposed to 1 mg/ml '*C-hydramethylnon are shown in Figure 2 as
concentrations per microgram of body tissue. The dead workers had higher toxicant
concentrations than did live workers, although the differences were not statistically significant
(Terie = 2.20;P = 0.85; df = 17). There was no association between the dry weight of dead
workers and the amount of toxicant they received (R*= 0.00095; P = 0.924) and a slight
dependence between live worker weights and delivered dose (R*= 0.663; P = 0.026). The
toxicant concentration in queens was much lower than that of workers as shown in Figure 2
where there is a scale factor of 10 between the two sections. However, live queens received

total hydramethylnon doses equal to those of live workers, with dead queens receiving twice



the total hydramethylnon as live queens. Dead and live queens did not have significantly
different amounts of hydramethylnon in the head or thorax, but there were significantly higher
levels of hydramethylnon in the abdomens of the dead queens compared to live queens (Terit =
2.78; P =0.038; df = 4). There was no association between the weight of dead or live queens
and the amount of hydramethylnon found in their bodies (R* = 0.209; P = 0.135; R*=0.111; P

= 0.289; respectively).

The concentration of fipronil in ants exposed to 0.1 ug/mL "*C-fipronil is shown in
Figure 3. Live workers had significantly less '*C-fipronil than did the dead workers (df = 16;
t=2.26; P = 0.04), and there was no association between the dry weight of dead and live
workers and the amount of toxicant they received. The concentration of '*C-fipronil per pug of
tissue in queens was lower than that of workers, as seen in Figure 3 where again there is a
factor of 10 difference between the scales. Queens weigh much more than workers and
received a larger total mass of fipronil than did workers. In addition, the fipronil clearly
accumulated in the queens from multiple feedings by workers that were carrying lower masses

of fipronil at higher bodily concentrations.

Dead and live queens in this study did not receive different total doses of fipronil, with
the distinction in viability reflected in the distribution of the toxicant within the queens. Those
queens that were still alive had a high concentration of fipronil in the head while those that
were dead had high concentrations of fipronil in the thorax where it could act on the central
nervous system and the neuromuscular junctions. Heads of the dead queens had less than half
the fipronil as those from live queens, whereas the thoraxes of dead queens contained more

than four times the fipronil found in live queens (statistically significant, df=9; t-stat=2.26; P =



0.043). There were no significant differences between the levels of fipronil in the abdomens of
live or dead Argentine ant queens (P = 0.69), and there was no association between the dry
weight of dead or live queens and the amount of fipronil found in their bodies (df=1,19; F=1.6;

P=0.215; df=1, 12; F=0.226; P = 0.615; respectively).

Discussion

We showed that the presence or action of a delayed acting toxicant such as fipronil did
not alter individual trophallactic behavior between individual donors and recipients of '*C-
fipronil. An earlier study found that there may be temporal polyethism (distinct division of
labor) in Argentine ants because workers found inside the nest have a higher survival rate than
did workers outside the nest [29]. Workers from inside the nest may be fed directly by outside
workers while inside workers distribute the nutrients (and toxicants) within the colony,

preferentially choosing trophallaxis with the currently reproducing queens [29].

Solid hydramethylnon baits significantly suppressed the number of workers of southern
fire ant, Solenopsis xyloni (McCook) colonies for about 6 months [30]. New entrances to ant
colonies appear within 10 m of the original baited colony between a few days to several months
after baiting, and other colonies may reappear within several months at the same site, showing
that not all queens were killed [30]. Similar results with hydramethynon baits were reported for
L. humile in Hawaii [9] and the lack of eradication was attributed to moldy bait, UV exposure
and degradation of hydramthylnon, and the rapid speed of toxicity [9]. The difference in
toxicant load between dead and live queens may also explain the resurgence of ants treated

with hydramethylnon baits in the field.



In our study queens were fed multiple times by workers, but some queens in the colony
did not receive a lethal amount of hydramethylnon due to the social structure within a colony in
which only one or two queens actively reproduce at one time. These queens received the bulk
of the available nutrients, making use of their pheromone orchestration of colony behavior. Just
10% of queens were nutritionally dominant receiving up to 13 times as much as the other
queens. Another 20% received about half the amount as the nutritionally dominant queens. The
other 70% of the queens received very little nutrients at all from the workers within 96 h [29].
The “reserve” queens might attain lethal levels of toxicant only with long-term continuous
exposure of the colony to hydramethylnon-based baits. However, the workers’ dose is lower
than the level required to kill all queens, and the trophic structure of the colony may not remain
intact long enough to kill all queens. The lethal amount of hydramethylnon provided to queens
through colony trophallaxis in this study (10.9 pg) was much less than the lethal level of 88.5
pg previously found with direct feeding of 1.0 mg/ml solutions [23]. Hydramethylnon, a
metabolic inhibitor, is most effective in the abdomen because of the high number of
mitochondria present in the reproductive organs and the greater energy requirements of this

process.

Our sampling of ants from the colony at the time of 50% lethality resulted in the
recovery of live queens containing lethal amounts of fipronil. Apparently, the lethal dose of
fipronil had not yet reached the thorax where the presence of numerous neuromuscular
junctions and the nervous system would lead to lethal effects from the GABA antagonist. A
mechanism appears to exist where storage can occur in the queen’s head, perhaps through
retention in the infrabuccal cavity that has previously been reported to act as a filter system for

small particulates [31].



Continuous exposure to poisonous baits gradually increases the toxicant load in those
workers foraging outside the colony to lethal levels. In this scenario, the producing queen and
the external or foraging workers are poisoned, but the internal workers and “reserve” queens
survive to revive the colony. The presence of hydramethylnon in baits appeared to delay
individual exchanges and trophallaxis. The foraging workers were seen to die before toxic
levels of hydramethylnon could be fed to all the queens. An effective strategy for controlling
the spread of Argentine ants must employ a toxicant that is tolerated by external workers while

reaching all queens at lethal levels.

Fipronil is widely used as a spray because its delayed toxicity enables horizontal
transfer from foraging ants [32,33]. Fipronil also shows promise as a potential bait toxicant for
reducing populations of Argentine ants. Most of the queens in the laboratory colonies received
very high levels of fipronil even though the initial bait concentrations were very low, indicating
that the queens were fed multiple times. To enable numerous feedings of all queens, the
colonies need to be exposed to low concentrations of fipronil and sucrose preparations for 3 to
5 days [34]. Aqueous sweet liquid baits are a promising way to introduce bait toxicants into
colonies. A delivery system for liquid or gel [35] baits needs to be created that is economical
and reduces evaporation so that the concentration of the toxicant remains constant and the

solution does not become repellent.
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Figure Captions

Figure 1. Structures of (A) hydratmethylnon (tetrahydro-5,5-dimethyl-2-(1 H)pyrimidinone
[3-[4-(trifluoromethyl)phenyl]-1-[2-[4-(trifluoromethyl)phenyl]ethenyl]-2-
propenylidene]hydrazone or AC 217, 300) and (B) fipronil (5-amino-1-[2,6-dichloro-4-

(trifluoromethyl)phenyl]-4-[(1R,S)-(trifluoromethyl)sulfinyl]-1H-pyrazol-3-carbonitrile).

Figure 2. The concentration of hydramethylnon in both live and dead members of an Argentine
ant colony exposed to 1.0 mg/ml hydramethylnon suspended in an experimental sucrose liquid
bait. Individuals were chosen from the colony at the time of 50% lethality among each caste.
The unfilled bars denote live ants and the filled bars denote dead ants at the time of sampling.

The error bars are one standard deviation..

Figure 3. The concentration of fipronil in both live and dead members of an Argentine ant
colony exposed to 0.1 ug/ml fipronil solution in an experimental sucrose liquid bait.
Individuals were chosen from the colony at the time of 50% lethality among each caste.
The unfilled bars denote live ants and the filled bars denote dead ants at the time of sampling.
The error bars are one standard deviation. Despite receiving the same mass of fipronil, the
live queens hold the toxicant in their heads, while the majority of fipronil was recovered

in the thorax of dead queens.
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Figure 2.

14C-Hydramethylnon (amol / pg ant)
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Figure 3.

14C-Fipronil (amol / pg ant)
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