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ABSTRACT Trophallaxis and feeding relationships in the eastern subterranean termite, Reticuli-
termes flavipes (Kollar), were examined using a novel marking technique, rabbit IgG protein coupled
with an enzyme linked immunosorbent assay (ELISA) to detect the marker. Transfer experiments in
small dishes evaluated the trophallactic transfer of the marker from donor workers fed IgG-treated
paper to recipient workers or larvae. Worker donors rapidly acquired the marker, and 100% of donors
tested positive within 24 h. Trophallactic transfer from donors to recipients was relatively inefficient,
and 51 * 2% of recipient workers and 31 = 2% of recipient larvae tested positive at 72 h. Based on
the mean optical density counts, ~27% of marker ingested by the donors was passed on to the recipient
workers in the first 24 h, 14% to recipient larvae, and 26% to recipient soldiers. The ability of soldiers
to feed independently of workers was examined in dish assays. Soldiers showed no significant uptake
of the marker when isolated from the workers, and uptake increased significantly when workers were
present. The distribution of the marker was further studied in larger colony fragments composed of
workers, soldiers, nymphs, and larvae. Marker acquisition by the different castes/ developmental stages
was highly variable, with workers and nymphs acquiring the marker at a faster rate than soldiers and
larvae. The results of this study contribute to our understanding of the foraging ecology and social
behavior in R. flavipes. In addition, they may help design improved control programs for subterranean

termites based on baits.
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In social insects, such as termites and many Hyme-
noptera, trophallaxis is an important and highly effi-
cient method for delivering food to the various castes
and developmental stages that do not or cannot feed
directly (Wilson 1971). Besides this obvious primary
function, trophallaxis also plays a crucial role in the
exchange of cuticular hydrocarbons among nestmates
(Dahbi et al. 1999, Boulay et al. 2000), nutrient cycling
(Machida et al. 2001), exchange of information about
available food sources (Farina 1996), and transfer of
gut symbionts (McMahan 1969), pheromones (Seeley
1995), and caste determination hormones (Moore
1969). Unlike eusocial Hymenoptera, which possess
specialized structures for storing and distributing lig-
uid food among nestmates (Eisner 1957), termites lack
specialized organs for transporting and sharing food
with other colony members. While trophallaxis by
regurgitation of liquid food in ants is rapid and readily
observed under laboratory conditions (Markin 1970),
termites generally share a suspension of wood parti-
cles (Su and La Fage 1987) and require several hours
or days to effectively share food with nestmates
(Rosengaus et al. 1986). Termites use both stomodeal
and proctodeal trophallaxis when sharing food with
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nestmates. The larvae, soldiers, nymphs, and neotenics
receive nutrition from foraging workers (Buchli 1958,
McMahan, 1969).

In Hymenoptera, the patterns of social food transfer
by trophallaxis and food allocation from foraging to
nonforaging individuals have been thoroughly exam-
ined. For example, in ants, the rate of exchange of food
varies with factors such as season (Khamala and Bus-
chinger 1971), temperature (Howard and Tschinkel
1981), and starvation (Markin 1970; Meudec and Le-
noir 1982). Furthermore, the differential patterns of
food allocation based on food type are well docu-
mented in numerous species of ants (Wilson and Eis-
ner 1957; Brian and Abbott 1977; Sorensen and Vinson
1981), whereby carbohydrates are mainly used by
foragers, lipids by workers and some larvae, and pro-
teins by the growing larvae and egg laying queens. In
contrast, Isoptera possess radically different life his-
tory characteristics and consequently different pat-
terns of food distribution. Termites in the genus Re-
ticulitermes usually occupy a single piece of wood,
which serves as their food source and harborage. As a
result, all individuals in the colony receive a single
type of food (cellulose). In contrast to immature
stages in ants, which are immobile, immature termites
(third-stage larvae and older) are capable of indepen-
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dent feeding because of their hemimetabolous devel-
opment. These factors affect the foraging ecology of
termites and contribute to the unique patterns to food
distribution in termite colonies.

Numerous aspects of subterranean termite foraging
ecology, including foraging range, diet selection, and
caste differences in feeding and trophallaxis remain
poorly understood. This lack of knowledge may result
from the cryptic nesting habits of termites, lack of
open trail foraging in many species, and the lack of
suitable markers to study foraging patterns under field
conditions. Recently, however, progress has been
made exploring foraging in several termite groups.
Molecular techniques have shed light on the foraging
range in the genus Reticulitermes (DeHeer and Vargo
2004). Several studies have investigated feeding and
trophallaxis in subterranean (Rosengaus et al. 1986,
Su and La Fage 1987, Sudrez and Thorne 2000), dry-
wood (Afzal 1984, Cabrera and Rust 1999), and
dampwood (Sudrez and Thorne 2000) termites.
While some of these studies were purely observa-
tional, others used various radioisotope markers or
the nonradioactive rubidium (Rb) incorporated into
the food. Radioisotope markers have also been used to
study other aspects of termite biology such as popu-
lation estimation and colony structure in the field
(Spragg and Paton 1980). In addition, recent studies
on the horizontal transfer of insecticides in termite
colonies have contributed to our understanding of
the trophallactic exchange of food in termites (Sheets
et al. 2000).

Recently, protein-based marking techniques for in-
sects have been developed (reviewed in Hagler and
Jackson 2001) whereby immunoglobin G (IgG) pro-
teins are applied to the target insect and later detected
by the highly sensitive double antibody sandwich en-
zyme-linked immunosorbent assay (ELISA) (Hagler
1997a,b). The protein marking technique is less costly,
more sensitive, and safer than using radioactive iso-
topes, which had been used in previous studies in
termites (Afzal 1984, Rosengaus et al. 1986, Sudrez and
Thorne 2000), ants (Markin 1970, Sorensen et al.
1980), and honey bees (Nixon and Ribbands 1952).
Protein markers are also persistent under field condi-
tions. They resist degradation by heat and water (Hag-
ler 1997a) and are therefore an ideal marker for study-
ing natural populations. Immunomarking has been
used to study the flow of food in natural populations
of honey bees (DeGrandi-Hoffman and Hagler 2000)
and ants (Buczkowski and Bennett 2006). Rabbit IgG
protein was obtained by foraging individuals from
sucrose feeding stations spiked with the marker and
was readily transferred to other members of the col-
ony.

The objective of this study was to investigate in
laboratory assays the flow of food and feeding rela-
tionships in the eastern subterranean termite, Reticu-
litermes flavipes (Kollar) using protein marking and
sandwich ELISA. In the first phase of the study, we
used small dish assays to investigate the trophallactic
transfer of the marker from donor workers to other
workers, larvae, and soldiers. In the second phase, we
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used larger colony fragments and examined the dis-
tribution of the marker to various castes and devel-
opmental stages.

Materials and Methods

Colonies. R. flavipes workers and soldiers were col-
lected on the campus of Purdue University, West
Lafayette, IN, by trapping within cardboard rolls in-
serted into the ground and/or cavities of live, termite-
infested trees. The termites were brought into the
laboratory and allowed to migrate into plastic con-
tainers with cellulose powder, moistened pine wood,
and laboratory paper towels provided as food and
harborage. Species identity was verified by external
morphology of soldiers (Nutting 1990). Colonies were
maintained at 25-27°C, >80% RH, and in constant
darkness. Water was added to rearing containers as
needed. Colonies were held in the laboratory for 4-
10 mo before use in assays to produce eggs, larvae,
nymphs, and additional soldiers that were subse-
quently used in laboratory tests. Fifth- through sev-
enth-instar workers were used in individual assay
replicates.

Preliminary Tests. Preliminary tests were initiated
to determine the appropriate concentration of IgG
marker to use. Fifteen worker termites were placed in
a 3.5-cm-diameter petri dish containing 2.5 g of moist
sand:vermiculite mixture (1:1, vol:vol) and allowed to
acclimate (i.e., construct galleries throughout the
substrate) for 3 d. Five concentrations of technical
grade rabbit IgG protein (Sigma, St. Louis, MO) were
prepared in distilled water: 0.31, 0.625, 1.25, 2.5, and
5.0 mg IgG/ml. For each treatment, 50 ul of solution
containing the IgG marker was pipetted onto a 3.5-
cm-diameter (9.616 cm?) piece of paper towel. The
treated paper was placed on top of the sand:vermicu-
lite mixture and away from the termites, which pre-
ferred to tunnel at the bottom of the dish. This min-
imized contact with the treated paper and helped
reduce external contamination with the marker. Ter-
mites were considered workers if they did not possess
any sign of wing buds or distended abdomens, as
would be present in pseudergates or nymphs (Buchli
1958). Termites fed on the treated paper ad libidum.
After 24 h, all termites were collected into individual
vials and frozen (—20°C) until analyzed for the IgG
marker by sandwich ELISA (see below). Three rep-
lications were performed for each concentration.

In addition, we performed an experiment to test
whether termites become externally contaminated
with the marker while feeding on the IgG-treated
paper. The experiment was set up as above, using
the 2.5 mg IgG/ml dose, and replicated three times.
After 24 h, all termites were frozen to prevent pos-
sible regurgitation of ingested marker during the sub-
sequent washing. Frozen termites were individually
washed by submerging in phosphate-buffered saline
(PBS) buffer and agitating for 15 s. The washate and
the termite bodies were analyzed separately by
ELISA.
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Uptake and Retention of the IgG Marker. The up-
take and retention of the IgG protein marker was
examined in groups of 100 worker termites. Sudrez
and Thorne (2000) found no effect of group size (10
versus 100) on the rate of uptake and retention of
radiotracers in Reticulitermes. To estimate the daily
uptake and accumulation of the marker, 100 workers
were placed in a 9.5-cm-diameter petri dish contain-
ing 10 g of moist sand:vermiculite mixture and al-
lowed to acclimate for 3 d. Two 3.5-cm-diameter
pieces of paper, each treated with 50 ul of 2.5 mg/ml
solution of IgG, were placed on top of the sand. The
2.5 mg IgG/ml concentration was selected based on
the results of preliminary tests, which revealed that
the increases in optical density were minimal >2.5
mg/ml. Thus, we used the 2.5 mg/ml concentration
in all subsequent tests. Fifteen workers were sampled
from the dish every 24 h for 3 d and analyzed indi-
vidually by ELISA. To estimate retention of the
marker 100 workers were fed IgG-labeled paper as
above for 48 h and transferred to anew dish containing
unlabeled food and clean substrate. Fifteen workers
were sampled at 1, 2, 4, 6, 8, and 10 d after the trans-
fer to unlabeled food. The experiment was replicated
three times.

Trophallactic Exchange of Food—Dish Assays. The
transfer of food between workers and from workers
to larvae (L2; sensu Buchli 1958) was studied in dish
assays. Donor workers were fed paper containing
0.5% Neutral Red for 7 d so they could be identified
in subsequent interactions with other workers. Per-
manently dyed workers were transferred to a dish
with untreated paper for 3 d to purge any remaining
dye from their digestive system and prevent it from
being passed in subsequent trophallactic interactions.
Dyed donor workers were placed in a 3.5-cm-diameter
dish containing moist sand:vermiculite mixture and
two 3.5-cm-diameter pieces of paper towel, each
treated with 50 ul of 2.5 mg IgG/ml rabbit IgG. The
donors fed on the paper ad libidum for 48 h. To
examine the trophallactic exchange of food, 10 po-
tential donor workers were transferred to a 3.5-cm-
diameter dish containing sand:vermiculite mixture
and either 15 untreated, undyed workers or larvae
selected at random from stock colonies. No additional
food was provided. The amount of protein marker
acquired by the recipients was determined 24, 48, and
72 h after mixing the donors with the recipients. Five
replicates were performed for each time point.

In addition, the ability of soldiers to feed indepen-
dently of workers and the trophallactic transfer of the
marker from workers to soldiers were examined in
dish assays. In tests without workers, five soldiers were
placed in a 3.5-cm-diameter petri dish containing
2.5 g of moist sand:vermiculite mixture. A single piece
of 3.5-cm-diameter paper towel treated with 50 ul of
2.5 mg IgG/ml water was added, and soldiers were
allowed to feed on the paper ad libidum. The uptake
of the marker was studied at 24, 48, and 72 h. Tests
involving workers were performed as described above
except that 15 donor workers were added to each dish
containing the soldiers. All soldiers were collected and
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analyzed by ELISA, and five replicates were per-
formed for each time-point.

Distribution of Marker in Larger Colony Frag-
ments. To study the uptake and the distribution of the
marker in larger colony fragments, we performed lab-
oratory experiments using colonies composed of mul-
tiple castes/developmental stages. The colonies were
fragments of a larger field colony and consisted of
~600 workers, 40 soldiers, 40 larvae, and 40 nymphs.
All colonies were reproductively competent, i.e., they
contained numerous secondary reproductives and
produced young larvae. All colonies were maintained
in 20 by 14 by 9-cm plastic boxes with a 2-cm layer of
moist sand:vermiculite mixture on the bottom. Seven
premoistened pine blocks (10 by 10 by 0.7 cm) stacked
in the center of the box served as food and harborage.
Each experimental colony was provided with two
pieces of 3.5-cm-diameter paper towel, each treated
with 50 ul of 2.5 mg IgG/ml water. The treated paper
was placed on top of the sand:vermiculite substrate
and under the stacked wood. We randomly sampled
15 workers, 10 soldiers, 10 larvae, and 10 nymphs after
24, 48, and 72 h of ad libidum feeding on the IgG-
labeled paper to determine the amount of protein
marker acquired by the different castes and develop-
mental stages. All individuals were frozen in individual
tubes and later analyzed by ELISA. Three replicates
were performed for each time-point.

ELISA Procedure. Sandwich ELISA was performed
on individual termite samples using previously de-
scribed techniques (Hagler 1997a, Hagler and Jackson
2001). Frozen samples were individually homoge-
nized in 200 ul PBS (pH = 7.4) using plastic pestles
and assayed for the presence of the rabbit immuno-
globin protein. Each well of a 96-well microplate was
coated with 100 ul of anti-rabbit IgG (developed in
goat; Sigma) diluted 1:500 in distilled water and incu-
bated for 2 h at 4°C. After incubation, the primary
antibody was discarded and 310 ul of 1% nonfat dry
milk (Bio-Rad Laboratories, Hercules, CA) in distilled
water was added to each well to block any remaining
nonspecific binding sites. After 30-min incubation at
26°C, the milk was discarded. Termite homogenates
were vortexed, and a 70-ul aliquot of sample was
added to each well and incubated for 1 h at 26°C. The
samples were discarded, and each well was washed
three times with PBS Tween 20 (0.05%) and two times
with PBS. Anti-rabbit IgG conjugated to horseradish
peroxidase (50 ul; Sigma; developed in goat) diluted
1:1,000 in 1% nonfat milk was added to each well and
incubated at 26°C for 1 h. All wells were washed again
as above, and 50 pl of tetramethylbenzidine horse-
radish peroxidase substrate (BioFX Laboratories,
Owings Mills, MD) was added to each well and incu-
bated for 30 min. Samples were analyzed on a Beck-
man Coulter AD 340 Absorbance Detector set at
620 nm. The mean * SE optical density value and the
percentage of samples scoring positive for rabbit pro-
tein were determined. Six negative controls (workers
never exposed to rabbit IgG) and six blanks (PBS
buffer only) were run on each plate.
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Fig. 1. Uptake and retention of the IgG protein marker by R. flavipes workers under laboratory conditions. Mean OD

values = SE are given (n = 45). Mean * SE percent of termites testing positive for the marker is also provided.

Statistical Analysis. The samples were scored posi-
tive for the presence of the protein marker if the
ELISA optical density value exceeded the mean neg-
ative control value by 3 SD (Hagler, 1997 a, b). For all
experiments, the results are expressed as both the
mean number of individuals testing positive and the
mean optical density (OD). All mean OD values are
an average of all individuals used in the test and not
just those testing positive.

To determine whether worker presence affected
the uptake of the marker by the soldiers, we used
binomial logistic regression. This was accomplished by
using the PROC LOGISTIC procedure in SAS 8.1
(SAS Institute 2002). The independent variables had
a dichotomous distribution, whereby recipients (sol-
diers) could either test positive (1) or negative (0).
Subsequently, a Wald’d x* test was used to test the
significance of individual logistic regression coeffi-
cients for each independent variable.

Analysis of variance (ANOVA) tests (PROC GLM)
were conducted to determine the significance of de-
velopmental stage and time on the transfer of marker
from donor workers to recipient workers and larvae.
The percentage of samples testing positive for the IgG
protein was tabulated by first calculating the percent
of individuals testing positive within a replicate and
then averaging across replicates. Percentage data were
arcsine transformed to stabilize the variance (Sokal
and Rohlf 1995). ANOVA tests were followed by
posthoc Tukey’s honestly significant difference (HSD)
tests to separate the means.

Results

Uptake and Retention of the IgG Marker. Termite
workers rapidly acquired the protein marker after
feeding on the IgG-treated paper. Within 24 h, 100 +
0% of termites tested positive. At 48 h, 98 = 2% of

termites tested positive, and at 72 h, 100 = 0% of
termites tested positive. This indicates that all workers
within the colony either feed directly or receive nu-
trition from nestmates through trophallaxis. The re-
tention study was designed to determine the length of
time the protein marker remained detectable in the
termites after ingestion of IgG-treated paper. In lab-
oratory studies, rabbit IgG was readily detectable 4 d
after transfer to unlabeled food with 100 = 0% of
termites testing positive and a mean OD value of
0.81 * 0.03 (Fig. 1). After 4 d, however, the amount
of IgG retained dropped sharply. On day 6, 27 = 10%
of termites still tested positive, and the mean OD
value decreased to 0.16 * 0.06. By 10 d, only 9 + 6%
of termites still tested positive, and the mean OD
value decreased to 0.08 * 0.02, which was not sig-
nificantly different from either negative controls
(average OD, 0.07 + 0.01; F = 2.76, df = 1, P = 0.10)
or blanks (average OD, 0.07 = 0.01; F = 3.56, df = 1,
P =0.07).

Trophallactic Exchange of Food—Dish Assays. Pre-
liminary experiments indicated that the termites do
not become externally contaminated with the marker
while feeding on the IgG-treated paper. No washate
samples tested positive for the marker (mean OD
value = 0.06 * 0; not significantly different from
blanks, F = 3.15, df = 1, P = 0.09), whereas 96 * 5%
of termites from which the washate was obtained
tested positive (mean OD value = 1.05 *= 0.04; F =
599.95, df = 1, P < 0.0001). This suggests that the
marker is internally concentrated and transferred to
nestmates through trophallaxis and not allogrooming.

The results of the trophallactic flow of food from
donor workers to recipient workers or larvae are pre-
sented in Fig. 2A and B. Donor workers rapidly ac-
quired the IgG marker, and 100% of donors became
positive within 48 h (mean OD value = 0.96 = 0.04).
Within 24 h, 40 = 7% of recipient workers tested
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Fig. 2. Transfer of IgG marker from worker donors to worker and larva recipients 24, 48, and 72 h after exposure of
recipients to IgG-fed donors. The mean = SEM percent of termites testing positive are presented in A and the mean
OD values * SE are presented in B. For each stage or time, different lowercase letters indicate significantly different values
based on Tukey’s HSD test (P =< 0.05). First letter indicates comparisons among time periods (24, 48, 72 h) for a given stage
(donors, worker recipients, larva recipients), and the second comparison is among the different stages within a given time

period.

positive (Fig. 2A). Our data indicate that 18 of 45
(40%) recipients tested positive for the marker, with
an average OD value of 0.54 = 0.06. The remaining 27
recipients had an average OD value of 0.07 = 0.01,
which was not significantly different from negative
controls (F = 0.03, df = 1, P = 0.87). Based on the
mean optical density counts (Fig. 2B), ~27% of
marker ingested by the donors was passed on to the
recipients in the first 24 h. Relative to the workers,
the larvae acquired smaller amounts of the marker. At
24 h, the average OD value for larvae was 0.13 = 0%,
and 11 of 45 larvae (24%) tested positive for the
marker (Fig. 2A). Those 11 individuals had an average
OD value of 0.32 = 0.03, which was significantly lower
from the amount of IgG detected in positive testing
recipient workers (average OD = 0.54 * 0.06; F = 8.6,
df =1, P = 0.006). Based on the mean optical density
counts (Fig. 2B), ~14% of marker ingested by the

donor workers was passed on to the larvae in the first
24 h. Time had no significant effect on the amount of
marker acquired by the workers (F = 3.13,df =2, P =
0.15) or the larvae (F = 3.05, df = 2, P = 0.16).
Soldiers showed no significant uptake of the marker
compared with negative controls when isolated from the
workers (F=0.78,df = 1, P = 0.38). Figure 3A shows that
a certain percentage of the soldiers (range, 8-16%)
tested positive for the marker when isolated from the
workers. However, our data indicate that all soldiers
classified as positive only slightly exceeded the mean
negative control value = 3 SD. The uptake of marker
increased significantly in the soldiers when workers
were present (Wald’s y* = 10.1, df = 1, P = 0.001). At
24 h, 28 = 8% of soldiers tested positive for the marker,
and the percentage testing positive increased to 36 + 8%
at 48 h and 40 = 13% at 72 h. Based on the mean optical
density counts (Fig. 3B), ~26% of marker ingested by the
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Fig. 3. IgG marker acquisition by R. flavipes soldiers when the soldiers are alone or with workers 24, 48, and 72 h after

continuous feeding on paper treated with a solution of rabbit IgG protein. The mean * SE percent of termites testing positive
are presented in A, and the mean OD values * SE are in B. For each time, different lowercase letters indicate significantly

different values based on Wald’s x> text (P < 0.05).

donor workers was passed on to the soldiers in the first
24 h. Time had no significant effect on the percentage of
soldiers testing positive for the marker, either when
workers were absent (F = 2.46, df = 1, P = 0.07) or
present (F =392, df =1, P = 027).

Distribution of Marker in Larger Colony Frag-
ments. The results of the trophallactic flow of food in
larger colony fragments are presented as either mean
percentage of termites testing positive for the marker
(Table 1) or in histograms displaying the distribution
of ELISA results (OD values; Fig. 4). The data in
Table 1 are largely quantitative and only indicates the
percentage of termites that tested positive, i.e., ex-
ceeded a predetermined threshold level. A disadvan-

tage of this approach is that certain individuals may
have acquired relatively little marker and only slightly
exceeded the threshold level, but still scored positive.
Such individuals would not be differentiated from
those that ingested substantially larger amounts of the
marker. Therefore, in addition to Table 1, we also
provide a histogram indicating the frequency distri-
bution of OD values broken into five arbitrary inter-
vals of 0.25 absorbance units each. Workers readily fed
on the IgG-treated paper, and 49 = 6% of the workers
tested positive at 24 h. Workers continued to acquire
the marker and 96 * 2% of workers tested positive at
72 h. The amount of the IgG marker transferred to the
soldiers, nymphs, and larvae was highly variable, both
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Table 1. Mean percentage = SE of termites testing positive for rabbit IgG protein 24, 48, and 72 h after feeding on IgG-treated paper
(n = 30-45)

Caste/ Mean percent positive samples
developmental
stage 24h 48h 72 h
Workers 49 = 6% a,a (0.30 = 0.05) 82 + 4% ab,a (0.58 + 0.12) 96 * 2% b,a (0.97 + 0.12)
Soldiers 0+ 0% b.b (0.09 = 0.00) 40 = 6% ab (0.14 * 0.02) 57+ 3% ab (0.35 * 0.04)
Nymphs 30 + 6% aa (0.16 = 0.04) 43 = 15% ab (0.26 = 0.08) 53+ 7% ab (0.30 + 0.04)
Larvae 7+ 3%b,b (0.08 £ 0.01) 50 + 6% a,ab (0.22 + 0.01) 43 = 7% ab (0.20 = 0.02)

Mean OD values * SE are given in parentheses. Means followed by the same letter are not significantly different by Tukey’s HSD test (P =
0.05). First letter indicates within-row comparisons, the second letter indicates within-column comparisons.

in terms of the rate of transfer and the absolute amount
transferred. Marker acquisition by the soldiers was

1 (A) workers delayed and no soldiers tested positive within the first
304 o 24 h. Subsequently, 40 = 6% of soldiers tested positive
2 at48h, and 57 = 3% tested positive at 72 h. The nymphs
2 acquired substantial amounts of the marker and 30-

53% of nymphs tested positive. The pattern of marker
acquisition by the larvae was similar to that observed
in the soldiers. Uptake by the larvae was minimal

5 during the first 24 h, followed by more rapid accumu-
ol lation during the last 48 h.

000025 023050 050075 075100 >1.00 A histogram of ELISA results (frequency distribu-

3 tion of OD values) for all castes/ developmental stages

ol _ (B) soldiers examined is presented in Fig. 4A-D. The distribution

of OD values for workers assumed a parabolic shape.

» At 24 h, the majority of workers had OD values <0.25,

20 indicating a delay in feeding on the IgG-treated paper.

15 At 48 h, some workers acquired a relatively large

amount of marker and others acquired little. At 72 h,
the majority of workers (76%) had OD values >1.0,
and 96% of workers tested positive (Table 1). This

>
2 o 000025 025050 0_50_0_7! 0_75_1_5 >1_% indicates that almost all workers acquire the marker
g and the majority receives a relatively large amount.
g 3 (C) nymphs The distribution of the marker to soldiers was delayed,
Eo® and the majority of soldiers showed low (0.00-0.25)
” OD valuesat 24 and 48 h. At 72 h, 57% of soldiers tested
positive for the marker (Table 1); however, 50% of
2 soldiers still had OD values <0.25, suggesting soldiers
15 acquire substantially less marker than workers. The
10 distribution of marker to the nymphs was similar to
s that observed in the soldiers, with the majority of the
nymphs receiving little marker initially, followed by a
000025 | 025050 | 050075 075100 >1.00 steady increase over time. Optical density values
never exceeded 0.75 U in the larvae, and the majority
% (D) larvae of larvae had OD values <0.25, indicating they receive
301 relatively little food. However, given that a larva
2% weighs only ~1/10th of the weight of a worker, the
2 larvae received substantial amounts of the marker on
. a per weight basis.
10
5 Discussion
In small dish assays without access to alternative
0.00-0.25 0.25-0.50 0.50-0.75 0.75-1.00 >1.00

. . food, termite workers rapidly acquired the protein
Optical density (OD) marker, and 100% of termite donors became positive

Fig. 4. Histogram of ELISA results (OD values) for (A) within 24 h. In contrast, in tests with larger colqny
workers, (B) soldiers, (C) nymphs, and (D) larvae 24, 48, and fragments (600 workers and 120 other castes), which
72 h after continuous feeding on paper treated with asolution ~ had access to alternative food, the uptake of the
of rabbit IgG protein. marker was significantly delayed, and only 49% of the
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workers tested positive at 24 h and 96% tested positive
at 72 h. Several factors including size of the colony,
size of the test arena, access to alternative food, pres-
ence of other castes and/or developmental stages,
and proximity to the labeled food may have ac-
counted for the difference. While our experimental
design did not allow us to single out the primary factor
or rank the above factors, colony size may have sub-
stantially affected the rate at which the marker spread
through the colonies. In studies using radioisotope
markers, McMahan (1966) showed that, in Crypto-
termes brevis (Walker), the average amount of radio-
activity per termite decreased as colony density in-
creased and a similar process was observed in ants
(Wilson and Eisner 1957). In both cases, the result was
attributed to the chain transmission of food, also
known as the “trophallactic cascade” as proposed by
Sudrez and Thorne (2000). In both termites and ants,
the chain transmission of food is thought to optimize
colony homeostasis, especially when the transfer of
gut symbiotes and/or pheromones is involved. Sec-
ond, termites in the larger colony fragments nested in
wood and therefore had access to a natural and un-
labeled food source, whereas termites in the dish tests
could only feed on IgG-treated paper. Preferential
feeding on wood could have reduced the consumption
of IgG-treated paper.

Experiments on the distribution of IgG-labeled
paper in larger colony fragments composed of mul-
tiple castes and developmental stages revealed that
it takes ~3 d for the marker to reach all workers in
an experimental colony comprised of 600 workers.
This contrasts with the social Hymenoptera where
the flow of food is much more rapid and usually
takes minutes to hours (Wilson and Eisner 1957).
Moreover, recent studies using the IgG protein
marker to track the flow of food in social Hyme-
noptera showed that the marker reaches >90% of
workers within 24 h (honey bees: DeGrandi-Hoff-
man and Hagler 2000, ants: Buczkowski and Bennett
2006). The results of our study support findings of
other studies that show that termites distribute food
more slowly relative to other social Hymenoptera
(Afzal 1984, Rosengaus et al. 1986, Sudrez and
Thorne 2000). In comparison with the workers, the
nymphs acquired substantially less marker, even
though the nymphs are thought to be capable of
independent feeding (Buchli 1958, Noirot 1990). It
remains unknown whether the nymphs obtained
the marker directly, by feeding on the IgG-treated
paper, or indirectly, by trophallaxis with IgG-fed
workers. Even though 53% of the nymphs tested
positive at 72 h, the great majority of them con-
tained relatively little marker (Fig. 4C), suggesting
the nymphs may indeed receive nutrition indirectly
from the workers. However, nymphs may simply
consume less food relative to the workers. In assays
involving larger colony fragments, the larvae expe-
rienced a delay in feeding during the first 24 h.
Subsequently, approximately one half of all larvae
tested positive for the marker. In contrast, in petri
dish experiments, the larvae seemed to acquire the
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marker at a faster rate, even though fewer larvae
tested positive overall. This suggests that feeding by
the larvae may depend on factors such as the prox-
imity of larvae to the workers, the ratio of larvae to
the workers, and perhaps even the presence of other
castes and/or developmental stages (e.g., soldiers,
nymphs), which might affect the rate and amount of
the food delivered to the larvae. A comparison be-
tween dish assays (Fig. 2) and larger colony assays
(Table 1) revealed that the majority of termite
workers may acquire the marker by directly feeding
on the treated paper and not by trophallaxis with
nestmates. In dish assays, only ~50% of all recipient
workers tested positive despite close proximity to
potential donors. In larger colony assays, where all
the workers had continuous access to IgG-labeled
food, almost all workers eventually tested positive.
This indicates that only a relatively small fraction of
the marker consumed by the donors is transferred to
the recipients and/or the marker is shared un-
equally, with some workers receiving substantially
more marker than others. Suarez and Thorne (2000)
reported similar results and found that, on average,
only =1-2% of the donor’s food load was transferred
to the recipient(s). The significant difference in
marker acquisition by soldiers alone compared with
soldiers in the presence of workers indicates lack of
direct feeding by the soldiers and is consistent with
other termite species (McMahan 1969, Su and La
Fage 1987, Cabrera and Rust 1999, Sudrez and
Thorne 2000).

The IgG protein seems suitable for conducting stud-
ies on the foraging ecology in subterranean termites
and may offer a simpler, safer, and more rapid alter-
native to other tracers such as various radioisotope
markers or the nonradioactive rubidium (Rb). The
marker seems nontoxic and nonrepellent. Further-
more, the sandwich ELISA procedure is very sensitive
and specific, does not generate hazardous waste,
and does not require any specialized equipment. Rel-
ative to radioisotope markers (e.g., ®°Co; Sudrez and
Thorne 2000), the IgG protein marker shows two im-
portant differences. First, the uptake of the protein
marker is more rapid. It took ~1 d for the IgG marker
to reach maximum uptake, whereas the *°Co marker
took ~14 d for. Second, the protein marker has amuch
shorter retention time (~4 versus ~11.5 d for °Co).
One the one hand, the shorter retention time can be
beneficial because the markers is eliminated faster
and does not become internally sequestered, which
could result in incorrect estimates of the rate and
quantity of the transfer. However, the IgG marker
may be less suitable for field studies where long-
term tracking may be necessary. The shorter reten-
tion time may be caused by differences in the chem-
ical nature of the two markers. The protein marker
is organic and could therefore be readily metabo-
lized by the termites. In contrast, the radioisotope
marker is inorganic, cannot be metabolized, and
might be sequestered within the tissues.

The results of this work may have implications in
designing control programs based on baits where the
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toxicant is taken back to the colony and shared
through trophallaxis with other colony members. Re-
cently, baits have been shown effective for controlling
subterranean termites (Su and Scheffrahn 1993, Su et
al. 1995, Sheets et al. 2000). The results of our study
suggest that toxicants presented in baits may have the
potential to reach a relatively large portion of the
colony, especially workers, which are the most nu-
merous caste and one responsible for the majority of
foraging. Furthermore, liquid termiticides, inadver-
tently ingested by the termites during routine forag-
ing, cleaning, and/or building activities could be
shared in a similar manner.

Acknowledgments

We thank members of the Urban Center for comments
on an early version of the manuscript, J. Green and
M. McDonough for collecting termite colonies, C. Cum-
mins for technical assistance, K. Daane and E. Nelson for
valuable advice on immunomarking assays, and P. Du for
statistical advice.

References Cited

Afzal, M. 1984. Radioisotope studies of trophallaxis in the
drywood termite Bifiditermes beesoni (Gardner) (Isoptera).
Mat. Und. Org. 18: 51-63.

Boulay, R., A. Hefetz, V. Soroker, and A. Lenoir. 2000. Cam-
ponotus fellah colony integration: worker individuality
necessitates frequent hydrocarbon exchanges. Anim.
Behav. 59: 1127-1133.

Brian, M. V., and A. Abbott. 1977. The control of food flow
in a society of the ant Myrmica rubra L. Anim. Behav. 25:
1047-1055.

Buchli, H. 1958. L’origine des castes et les potentialitiés onto-
géniques des termites européens du genre Reticulitermes
Holmgren. Ann. Sci. Nat. Zool. Biol. Anim. 20: 261-429.

Buczkowski, G., and G. W. Bennett. 2006. Dispersed cen-
tral-place foraging in the polydomous odorous house ant,
Tapinoma sessile as revealed by a protein marker. Ins.
Soc. 53: 282-290.

Cabrera, B. J., and M. K. Rust. 1999. Caste differences in
feeding and trophallaxis in the western drywood termites,
Incisitermes minor (Hagen) (Isoptera, Kalotermitidae).
Ins. Soc. 46: 244 -249.

Dahbi, A., A. Hefetz, X. Cerda, and A. Lenior. 1999. Tro-
phallaxis mediates uniformity of colony odor in Catagly-
phis iberica ants (Hymenoptera, Formicidae). J. Insect
Behav. 12: 559-567.

DeGrandi-Hoffman, G., and J. R. Hagler. 2000. The flow of
incoming nectar through a honey bee colony as revealed
by a protein marker. Ins. Soc. 47: 302-306.

DeHeer, C. J., and E. L. Vargo. 2004. Colony genetic orga-
nization and colony fusion in the termite Reticulitermes
Sflavipes as revealed by foraging patterns over time and
space. Mol. Ecol. 13: 431-441.

Eisner, T. 1957. A comparative morphological study of the
proventriculus of ants (Hymenoptera: Formicidae). Bull.
Mus. Comp. Zool. 16: 441-489.

Farina, W. M. 1996. Food exchange by foragers in the
hive—a means of communication among honey bees?
Behav. Ecol. Sociobiol. 38: 59-64.

Hagler, J. R. 1997a. Field retention of a novel mark-release-
recapture method. Environ. Entomol. 26: 1079-1086.

Buczkowskl ET AL.: FOoD FLOW IN SUBTERRANEAN TERMITES

181

Hagler, J. R. 1997b. Protein marking insects for mark-
release-recapture studies. Trends Entomol. 1: 105-115.

Hagler, J. R., and C. G. Jackson. 2001. Methods for marking
insects: current techniques and future prospects. Annu.
Rev. Entomol. 46: 511-543.

Howard, D. F., and W. R. Tschinkel. 1981. The flow of food
in colonies of the fire ant, Solenopsis invicta: a multifac-
torial study. Physiol. Entomol. 6: 297-306.

Khamala, C.P.M., and A. Buschinger. 1971. Effect of tem-
perature and season on food-transmission. Activity of
three ant species as shown by radioactive tracers. Z.
Angew. Entomol. 67: 337-342.

Machida, M., O. Kitade, T. Miura, and T. Matsumoto. 2001.
Nitrogen recycling through proctodeal trophallaxis in the
Japanese damp-wood termite Hodotermopsis japonica
(Isoptera, Termopsidae). Ins. Soc. 48: 52-56.

Markin, G. P. 1970. The seasonal life cycle of the Argentine
ant, Iridomyrmex humilis (Hymenoptera: Formicidae) in
southern California. Ann. Entomol. Soc. Am. 63: 1238-1242.

McMahan, E. A. 1966. Food transmission within the Cryp-
totermes brevis colony (Isoptera: Kalotermitidae). Ann.
Entomol. Soc. Am. 59: 1131-1137.

McMahan, E. A. 1969. Feeding relationships and radioiso-
tope techniques, pp. 387-406. In K. Krishna and F. M.
Weesner (eds.), Biology of termites, vol. 1. Academic,
New York.

Meudec, M., and A. Lenoir. 1982. Social responses to vari-
ation in food supply and nest suitability in ants (Tapinoma
erraticum). Anim. Behav. 30: 284-292.

Moore, B. P. 1969. Biochemical studies in termites, pp. 407-
432. In K. Krishna and F.M. Weesner (eds.), Biology of
termites, vol. 1. Academic, New York.

Nixon, H. L., and C. R. Ribbands. 1952. Food transmission
within the honey bee community. Proc. R. Soc. Br. 140: 43-50.

Noirot, C. 1990. Sexual castes and reproductive strategies in ter-
mites, pp. 5-35. In W. Engels (ed.), An evolutionary approach
to castes and reproduction. Springer, Berlin, Germany.

Nutting, W. L. 1990. Insects: isopteran, pp. 997-1032. In
D. L. Dindal (ed.), Soil biology guide. Wiley, New York.

Rosengaus, R. B., J.F.A. Traniello, and C. K. Levy. 1986.
Social transfer, elimination, and biological half-life of
gamma-emitting radionucleotides in the termites Reticu-
litermes flavipes Kol. J. Appl. Entomol. 101: 287-294.

SAS Institute. 2002. SAS/STAT guide for personal comput-
ers, version 8.1. SAS Institute, Cary, NC.

Seeley, T. D. 1995. The wisdom of the hive. Harvard Uni-
versity Press, Cambridge, MA.

Sokal, R. R., and F. J. Rohlf. 1995. Biometry. W. H. Freeman
and Company, New York.

Sheets, J. J., L. L. Karr, and J. E. Dripps. 2000. Kinetics of
uptake, clearance, transfer, and metabolism of hexaflu-
muron by eastern subterranean termites (Isoptera: Rhi-
notermitidae). J. Econ. Entomol. 93: 871-877.

Sorensen, A. A., R. Kamas, and S. B. Vinson. 1980. The
biological half-life and distribution of 125 iodine and
radioiodinated protein in the imported fire ant, Solenopsis
invicta Buren. Entomol. Exp. Appl. 28: 247-258.

Sorensen, A. A., and S. B. Vinson. 1981. Quantitative food
distribution studies within labor colonies of the imported
fire ant, Solenopsis invicta Buren (1).Ins. Soc. 28: 129-160.

Spragg, W. T., and R. Paton. 1980. Tracing, trophallaxis, and
population measurement of colonies of subterranean ter-
mites (Isoptera) using aradioactive tracer. Ann. Entomol.
Soc. Am. 73: 708-714.

Su,N.-Y.,and]J.P.LaFage. 1987. Initiation of worker-soldier
trophallaxis by the Formosan subterranean termite
(Isoptera: Rhinotermitidae). Ins. Soc. 34: 229-235.



182

Su,N.-Y.,and R. H. Scheffrahn. 1993. Laboratory evaluation
of two chitin synthesis inhibitors, hexaflumuron and di-
flubenzuron, as bait toxicants against Formosan and east-
ern subterranean termites (Isoptera: Rhinotermitidae).
J. Econ. Entomol. 86: 1453-1457.

Su, N.-Y., E. M. Thoms, P. M. Ban, and R. H. Scheffrahn.
1995. A monitoring/baiting station to detect and elimi-
nate foraging populations of subterranean termites
(Isoptera: Rhinotermitidae) near structures. J. Econ.
Entomol. 88: 932-936.

Sudrez, M. E., and B. L. Thorne. 2000. Rate, amount, and dis-
tribution pattern of alimentary fluid transfer via trophallaxis

ENVIRONMENTAL ENTOMOLOGY

Vol. 36, no. 1

in three species of termites (Isoptera: Rhinotermitidae,
Thermopsidae). Ann. Entomol. Soc. Am. 93: 145-155.
Wilson, E. O. 1971. The insect societies. Belknap Press of
Harvard University Press, Cambridge, MA.
Wilson, E. O., and T. Eisner. 1957. Quantitative studies of
liquid food transmission in ants. Ins. Soc. 4: 157-166.

Received for publication 10 August 2006; accepted 23 Oc-
tober 2006.




