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ABSTRACT
Eastern subterranean termite, Reticulitermes flavipes (Kollar), workers were exposed for 7 days to
one of five chitin synthesis inhibitors (CSIs): diflubenzuron, hexaflumuron, lufenuron,
noviflumuron, and novaluron in commercially available bait matrices. Following a 7 day
exposure period, termite donors (D) were combined with na€ıve (not exposed) termite
recipients (R) at five D:R ratios (20:0, 15:5, 10:10, 5:15, and 1:19) and mortality determined daily
for up to 68 days. Lethal time and percent mortality data suggest efficient transfer at all D:R
ratios for all CSIs tested, except diflubenzuron at 1:19. Despite the data indicating transfer of
lufenuron in bioassay, this material may not be effective in field use based on behavioral
observations that include limited movement by donors. We also report frequency of visible
evidence of CSI intoxication, including the previously described “jackknife” pose and an
additional physical deformity, we term “curled-body”. The implications these data and
observations have for laboratory evaluation and field population management using
commercial termite baiting systems is discussed.

KEYWORDS
Insect growth regulators;
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transmission

Introduction

The history of managing social insect pests has long
included the use a toxic food matrix – termed a bait –
with the intent of using the victim’s social behaviors to
assist in the control effort (Kofoid 1934; Vinson 1986;
Williams et al. 2001; Evans & Iqbal 2014). Termites are
social insects of world-wide importance in wildlands
as integral members of processes involving the degra-
dation and recycling of carbon whilst in agriculture,
urban and human-built habitats are often serious eco-
nomic pests (Su & Scheffrahn 2000; Jouquet et al.
2001; Rouland-Lefevre 2011; Evans et al. 2013). The
commercialization of termite baits has demonstrated
the utility of the baiting paradigm against the subterra-
nean termites (Rhinotermitidae), yet there are
concerns related to the efficacy of termite baiting,
including the end-result of colony elimination, mode
of transfer, and speed of action (Evans & Iqbal 2014).
There is, however, little doubt that the most successful
termite bait toxins involve chitin synthesis inhibitors
(CSIs) (Evans & Iqbal 2014).

Chitin, an amino-polysaccharide (poly-b-(1, 4)-N-
acetyl-D-glucosamine), is a major structural compo-
nent of insect cuticle synthesized in ectodermal cells
of the trachea, salivary glands, epidermis, foregut,
and hindgut (Anderson 1979; Cohen 1987). Benzoyl-
phenyl urea insecticides are considered CSIs that
cause death by interfering with cuticle sclerotization

during molting (Cohen 1987). CSIs display arthro-
pod specificity and delayed toxicity and have been
examined as an alternative to neurotoxin insecticides
(Verloop & Ferrell 1977; Retnakaran & Wright 1987;
El Saidy et al. 1989; Su & Scheffrahn 1991; Medina
et al. 2003). Slow acting toxicants have limited utility
in crop protection but provide advantages when
used in a pesticidal baiting program against social
insects (Williams & Lofgren 1981; Su et al. 1982;
Reierson 1995).

Baits containing CSIs were commercialized for ter-
mite control in the late 1990s because these active
ingredients (AIs) demonstrated ready consumption
within a range of concentrations, and delayed toxicity
(Su et al. 1982; Su et al. 1987; French 1994; Su 2003;
van den Meiracker et al. 2002; Evans 2010). The CSI
AIs used in USEPA registered termite baiting systems
include diflubenzuron 0.25% AI (Whitmire Micro-
Gen, St. Louis, MO), hexaflumuron 0.50% (Dow Agro-
Sciences, Indianapolis, IN), noviflumuron 0.50%
(Dow AgroSciences, Indianapolis, IN), lufenuron
0.15% (Syngenta Corporation, Greensboro, NC), and
novaluron 0.5% (BASF Corporation, Reaserch Triangle
Park, NC). These CSIs are analogs differing in halogen
substitution or side-chain modification on the phenyl
ring and it is assumed that they have the same mode of
action, impact on termite behavior, transfer efficiency,
and dose response (Figure 1).
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We used laboratory bioassays to record mortality
associated with each of five CSI-containing termiticidal
baits using the eastern subterranean termite, Reticuli-
termes flavipes (Kollar). Efficiency of CSI transfer was
measured using five donor-to-recipient (D:R) ratios
along with notation of cannibalism and other physical
deformities. The null hypothesis was that all CSI AIs
would provide the same profile of mortality and be
equally efficacious in transfer between nestmates.

Material and methods

Insects and chemicals

Five populations of R. flavipes (Kollar) were collected
from field sites, separated by at least 100 m, from White-
hall Forest, Clarke County, Georgia. Termites were iden-
tified to species using published keys to the soldier caste
(Scheffrahn and Su 1994). Termites were collected using
moistened corrugated cardboard and placed into a plas-
tic container (26.99 £ 19.37 £ 9.52 cm) with weathered
pine wood slats (approx. 12.5 £ 2.54 £ 0.2 cm) in com-
plete darkness inside an environmental chamber (27 �C,
�90% relative humidity (RH)) until use in bioassay
(Forschler and Townsend 1996). Termites used as
donors were obtained by placing 300 workers (4th instar
or older) in a plastic Petri dish (100 £ 25 mm diameter)
with 20 grams of sand moistened with 3.2 ml of distilled
water for 7 days with a known weight (6.5 § 1.5 g) of
the appropriate commercially available bait matrix
(proprietary a-cellulose formulations) containing one
of the following CSI treatments: no CSI (control),

diflubenzuron 0.25% (Whitmire Micro-Gen, St. Louis,
MO), hexaflumuron 0.50% (Dow AgroSciences, Indian-
apolis, IN), noviflumuron 0.50% (Dow AgroSciences,
Indianapolis, IN), and 0.5% novaluron (BASF Corpora-
tion, Research Triangle Park, NC). The lufenuron (Syn-
genta Corporation, Greensboro, NC) treatments were
presented on 2 § 0.2 g corrugated cardboard at 0.15%
AI as this is the bait matrix of that commercial product.

Toxicant transfer

Donor termites were placed in a plastic Petri dish
(65 £ 15 mm diameter) containing filter paper (What-
man #1, 55 mm diameter) moistened with distilled
water. Nestmate workers from the same population
(recipient termites) were added to provide various D:R
ratios for a total of 20 workers per Petri dish. Recipient
termites (R) were treated as described for the donor
termites (D) except R were exposed to non-treated
a-cellulose tablets and marked with DecoColor Paint
Marker (Uchida American DecoColor Paint marker)
to differentiate them from D. Several D:R ratios were
tested: 20:0, 15:5, 10:10, 5:15, and 1:19. Each D:R was
replicated at least 5 times from each termite
population.

Data collection

All dead and moribund termites were removed daily
and the condition (whole or missing body parts) of
each cadaver was noted. We set a limit of <20% mor-
tality in the corresponding control as the benchmark

Figure 1. Chemical structure of benzoylphenyl urea insect growth regulators. (A) Diflubenzuron. (B) Hexaflumuron. (C) Lufenuron.
(D) Noviflumuron. (E) Novaluron.
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for including a replicate in the data analysis. Informa-
tion on the presence of termites found in the “jack-
knife” position (Su & Scheffrahn 1993) characterized
by the head and last abdominal segments being in close
proximity because the thorax and first abdominal seg-
ments were raised (Figure 2(A)). Termites in the jack-
knife pose also displayed visibly wrinkled cuticle near
the tip of the abdomen (Figure 2(A)). We also
observed termites that arched in the opposite direction
that we term the “body curl” position (Figure 2(B)).
The body curl was not characterized by any deformity
of the cuticle. The body curl position was observed
only in moribund termites because in death these ter-
mites “relaxed” into a normal straight position.

Statistical analysis

Mortality data were adjusted using Abbott’s formula
(Abbot 1925) and compared using SAS-JMP
(version 7.0) statistical software (2007 SAS Institute,
Inc., Cary, NC) by treatment, ratio, and time.
Termite mortality was evaluated with general linear
model (GLM) analysis of variance and Tukey–
Kramer honestly significant difference test for mul-
tiple mean comparisons (a D 0.05). Mortality data
were also subjected to probit regression to obtain
lethal time (LT) estimates. If the confidence interval
(CI) (a D 0.05) of the LT values did not overlap,
they were considered significantly different.

Results

A comparison of LT estimate differences based on CI
overlap provided similar LT90 values for all CSIs tested
with the first two D:Rs (20:0 and 15:5) (Table 1). The
10:10 D:R indicated no difference between the LT90

estimates for the novaluron, hexaflumuron, noviflu-
muron, and lufenuron treatments, that lufenuron and
diflubenzuron were not different but diflubenzuron
was different than the other three (Table 1). However,
diflubenzuron clearly separates statistically from all the
other CSIs at the 5:15 and 1:19 D:Rs with longer LT90

estimates (Table 1). Lufenuron at the 1:19 D:R also sta-
tistically separates from the remaining chemistries
(Table 1).

The LT50 data indicate a similar trend when com-
paring CSI treatments (Table 1). The LT50 data exam-
ined within treatments implies that noviflumuron is
transferred most efficiently as signified by the lack of
statistical difference across all D:R ratios. The differ-
ence in LT50 values for the hexaflumuron and nova-
luron D:R comparisons were statistically the same
despite ranging between 4 and 5 days (Table 1). The
lufenuron LT50 data display a clear statistical trend
toward less transfer as the number of donors decrease
as well as diflubenzuron – especially at the two lower
D:R ratios (Table 1).

The percent mortality data, by treatment, from the
20:0 ratio provided the benchmark for efficacy assum-
ing all exposed termites consumed the respective toxi-
cant during the 7 days they were confined with the
treated matrix (Figure 3(A)). All the CSI treatments at
the 20:0 D:R and 27 �C, provided sufficient mortality
(>97%) by day 68 to conclude the bioassay (Figure 3
(A); F D 589.60; df D 11; p < 0.0001). The mortality
data in the remaining D:Rs (F D 272.62, F D 221.88,
F D 76.79, F D 73.82, respectively) demonstrate the
effective transfer of CSIs in this confined bioassay sys-
tem (Figure 3(B)–3(E); df D 11; p < 0.0001). Hexaflu-
muron, noviflumuron, and novaluron provided
equivalent mortality at days 42 (df D 20; F D 35.65)
and 68 (df D 15; F D 29.48) (Figure 3(A)–3(E);
p < 0.0001). Lufenuron provided higher mortality on
days 7 (F D 5.41) and 21 (F D 6.02) in the 20:0 D:R
treatment indicating a quicker affect compared to the
other CSIs that was not realized in the lower D:Rs
(Figure 3; df D 11; p < 0.0001). Lufenuron mortality
was statistically similar to the three previously men-
tioned CSIs at days 21 and 42 for all D:Rs except 1:19
(df D 11; F D 73.82; p < 0.0001) indicating a reduction
in transfer at low donor ratios (Figure 3(E)). The diflu-
benzuron treatment produced statistically lower mor-
tality by day 68 in the 10:10 and 5:10 D:Rs (df D 7;
F D 20.21; p < 0.0001) and at day 42 in the three
lowest D:Rs – 10:10, 5:10, and 1:19 (df D 9; F D 12.67;
p < 0.0001), indicating reduced transfer compared to
the other CSIs (Figure 3).

Figure 2. Physical deformities observed in termites exposed to
CSIs. (A) Jackknife pose. (B) Curled body.
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Observations from cadaver removal

D:R ratio was not an important variable in the observed
condition/treatment of the dead (df D 47, 308; F D
1.08; p D 0.3603) and, therefore, data were pooled by
CSI treatments. The daily procedure of removing dead
termites from bioassay showed that the CSI treatments
had a significant effect on observed acts of cannibalism,
with most of the cadavers being intact (65%–75%;
N D 60) (Figure 4). The number of dead removed from
the controls, by contrast, provided a much lower per-
centage of intact cadavers (24 § 32%; N D 60/CSI;
df D 5, 47; F D 52.67; p < 0.0001) (Figure 4.). Body
parts most likely to be missing in the control included
the abdomen (13 § 18%; F D 13.58), head (18 § 15%;
F D 18.03), or thorax (9 § 10%; F D 14.53) and were
at least two times greater than that seen in CSI treat-
ments (Figure 4; df D 5, 47; p < 0.0001). Controls also
were more likely to have legs (11 § 11%; F D 5.14; p D
0.0002) and antennae (17 § 15%; F D 6.19;
p < 0.0001) missing, compared to all CSIs treatments
that averaged 6 § 5% and 9 § 7%, respectively
(Figure 4; df D 5, 47). Burial of cadavers was (3 § 6%;
N D 360) uncommon and did not differ between treat-
ments (Figure 4; df D 5, 47; F D 1.30; p D 0.1004). The
likelihood of individuals being unaccounted for and
presumed completely cannibalized were rare averaging
3% (N D 360) or less over 68 days (Figure 4; df D 5,
47; F D 2.78; p D 0.0179) for both controls and
treatments.

We observed two physical deformities displayed by
moribund termites exposed to CSIs termed “jackknife”
(Su & Scheffrahn 1993) and “body curl” (Figure 2).
Within treatments, the occurrence of either jackknife
(F D 1.0832; p D 0.3603) or body curl (F D 1.3732;
p D 0.2559) was not different between D:R ratios
(Figure 5). The jackknife pose was seen in termites
exposed to all CSIs, with the exception of novaluron,
and was most common in the diflubenzuron treatment
(Figure 5; F D 17.7874; p < 0.0001). Diflubenzuron
provided comparable frequencies of both jackknife and
body curl 38 § 15% and 39 § 18%, respectively (F D
0.0181; p D 0.8936). All other CSIs provided a higher
frequency of body curl (>60%) with hexaflumuron
providing the highest incident (Figure 5; F D 60.1281;
p < 0.0001).

Discussion

Maintaining healthy termites in bioassay is essential
when comparing experimental results (Lenz & Wil-
liams 1980) and we established a threshold of <19%
mortality in the control group before including a repli-
cate in our data analysis. Maintaining termites in small
plastic containers for months is a difficult process as
indicated by publications, such as Vahabzadeh et al.
(2007) that reported 70% control mortality at day 45.
Four subterranean termite/CSI studies published had
<20% mortality in the controls (Karr et al. 2004;

Table 1. LT estimates (LT50 and LT90) (§95% CI) by treatment, CSIs and D:R ratios along with corresponding
regression slopes for Reticulitermes flavipes.
Trmta LT50 (95% CI) c,d LT90 (95% CI) c,d Slope § SE

CON D:Rb 253 (218 ¡ 304) 456 (390 ¡ 552) 0.20 § 0.02

NVL 20:00 24 (22 ¡ 25) A 42 (40 ¡ 45) A 2.16 § 0.13
15:05 24 (22 ¡ 25) A 43 (40 ¡ 48) A 2.04 § 0.17
10:10 23 (22 ¡ 24) A 42 (40 ¡ 44) A 2.11 § 0.10
5:15 27 (26 ¡ 29) B 46 (43 ¡ 50) A 2.13 § 0.13
1:19 25 (24 ¡ 27) AB 44 (41 ¡ 46) A 2.21 § 0.12

DFB 20:00 24 (22 ¡ 26) A 43 (40 ¡ 46) A 2.13 § 0.16
15:05 27 (25 ¡ 28) A 45 (42 ¡ 48) A 2.20 § 0.12
10:10 28 (27 ¡ 29) A 48 (46 ¡ 50) A 1.99 § 0.08
5:15 54 (47 ¡ 68) B 97 (80 ¡ 129) B 0.94 § 0.15
1:19 67 (59 ¡ 78) B 121 (104 ¡ 148) B 0.73 § 0.08

HEX 20:00 23 (22 ¡ 24) A 40 (39 ¡ 42) A 2.28 § 0.11
15:05 22 (21 ¡ 23) A 39 (38 ¡ 41) A 2.33 § 0.10
10:10 26 (25 ¡ 27) B 43 (41 ¡ 45) AB 2.31 § 0.09
5:15 26 (25 ¡ 27) B 43 (41 ¡ 46) AB 2.29 § 0.11
1:19 27 (26 ¡ 28) B 45 (43 ¡ 47) B 2.28 § 0.08

NFM 20:00 25 (23 ¡ 27) A 43 (40 ¡ 46) A 2.23 § 0.15
15:05 25 (23 ¡ 27) A 44 (41 ¡ 48) A 2.07 § 0.14
10:10 26 (25 ¡ 27) A 44 (42 ¡ 45) A 2.25 § 0.08
5:15 29 (27 ¡ 31) A 48 (44 ¡ 53) A 2.09 § 0.16
1:19 29 (27 ¡ 30) A 47 (44 ¡ 50) A 2.18 § 0.12

LUF 20:00 17 (13 ¡ 19) A 39 (36 ¡ 44) A 1.76 § 0.19
15:05 21 (19 ¡ 23) A 39 (37 ¡ 42) A 2.18 § 0.16
10:10 25 (24 ¡ 26) B 44 (42 ¡ 47) A 2.10 § 0.10
5:15 26 (24 ¡ 27) B 44 (41 ¡ 47) A 2.21 § 0.14
1:19 32 (31 ¡ 34) C 53 (50 ¡ 57) B 1.91 § 0.11

Note: aTrmtD treatments were exposed to termites for 7 days and include: COND control (a cellulose), NVlD novaluron, DFBD
diflubenzuron, HEX D hexaflumuron, NFM D noviflumuron, LUFD lufenuron. Mortality was counted daily for 42 days after initial
exposure.
bD:RD donor-to-recipient ratio.
cLT D lethal time by day for 50% or 90% mortality.
dCI D confidence intervals followed by the same upper case letter, within a treatment, indicate that CI overlap and LT values for
those D:R ratios are considered similar.
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King et al. 2005; van den Meiracker et al. 2005; Gautam
& Henderson 2014). Our findings (Figure 3(A)) corre-
spond well with van den Meiracker et al. (2005) (25 �C
and 30 �C; continuous exposure), King et al. (2005)
(21 �C; 14 day exposure), and Karr et al. (2004) (26 �C;
7 day exposure) that reported at least 80% mortality in
their treatments, while Gautam and Henderson (2014)
(27 �C; continuous exposure) had lower mortality at
day 42 for two of three CSIs they examined.

Exposure to benzolurea CSIs results in a variety of
symptoms in insects, including disruption of molting
and egg hatch (Merzendorfer 2013). Factors that can
influence frequency of molting and, therefore, time to

CSI mortality would include temperature. Subterra-
nean termite workers can take 50–125 days between
molts with temperatures ranging from 30 �C to 18 �C
(Weesner 1956; Buchli 1958; van den Meiracker et al.
2002; Swoboda & Miller 2005; Raina et al. 2008).
When investigating the impact of a slow acting com-
pound, it is essential to conduct a study at a tempera-
ture that will permit observation of mortality in a
timely manner (van den Meiracker et al. 2002). Despite
the fact that the annual soil temperature of the Georgia
Piedmont in the southeastern USA average 22 �C at a
depth of 20 cm (GeorgiaWeather.net 2008), we chose,
for comparative analysis, a higher temperature (27 �C)

Figure 3. Termite mortality over time (7, 21, 42, and 68 day) exposed to CSIs by D:R ratios as follows: (A) 20:0, (B) 15:5, (C) 10:10, (D)
5:15, and (E) 1:19.
Note: CSI treatments included C D control, D D diflubenzuron, H D hexaflumuron, N D noviflumuron, E D novaluron, and L D lufenuron. Ratio of donors
exposed to CSI to recipients.
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in order to observe mortality in a time frame that
would allow for recording both lethal affects and
appropriate control survivorship. The time to mortal-
ity, therefore, in field use of these baits can be expected
to be longer.

CSIs impact not only the molting process, but also
physiology (peritrophic matrix, fat body, trachea,
oocytes, and midgut) and biochemical (DNA synthesis)
processes (Retnakaran et al. 1985; Zimmermann &
Peters 1987; Nakagawa & Matsumura 1994; Morales-
Ramos et al. 2006; Merzendorfer 2013). We observed
termites that displayed the jackknife pose, a condition
attributed to aborted molting (Su & Scheffrahn 1993;
Getty et al. 2000). The jackknife pose was recorded in
all CSI treatments at low frequency (�5%) and were

comparable to the findings reported by Su and Schef-
frahn (1993, 1996), although the jackknife pose was
common (35%) in our diflubenzuron replicates
(Figure 5). Most of the dead or moribund termites in
our test did not display obvious signs of “molting inhi-
bition”, yet we recorded what we termed the curled-
body pose (Figure 5). This display in a moribund state
has not been previously described and we cannot
account for a physiological explanation. An explanation
for the curled-body posture, prior to death, should be
pursued in future research as it may indicate a cause of
mortality separate from the molting process.

Bait used for elimination of subterranean termite
colonies can be efficacious under one of two scenarios.
The first is that every termite in a targeted population

Figure 4. Evidence of cannibalism observed during daily post-exposure examination of Petri dishes combining all D:R ratios over
the 68-day experimental period. Treatments included: C D control, D D diflubenzuron, H D hexaflumuron, N D noviflumuron, E D
novaluron, and L D lufenuron. Observation of the dead and signs of cannibalistic acts (body part missing): W D whole body intact;
D D abdomen; H D head; T D thorax; L D legs; A D antennae; R D body buried; and M D whole body missing. (colour version
available online)

Figure 5. Frequency of dead or moribund termites exhibiting physical deformities following exposure to CSIs over a 68-day period.
CSI exposures include nonactive C D control, D D diflubenzuron, H D hexaflumuron, L D lufenuron, N D noviflumuron, and
E D experiment CSI. Physical deformities were jackknife pose and body curl. Different letters indicate significant differences
(p < 0.05) between bait treatments because these deformities were not observed in the controls. (colour version available online)
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visits the toxicant-laden bait and feeds. This “all-must-
visit” scheme could be successful if termites moved
between feeding locations on a “regular” (perhaps
daily) basis. The second scenario requires movement
of the AI by bait-fed termites to nestmates that do not
contact treated bait. There are no field data to collabo-
rate either of the aforementioned scenarios and most
of the literature assumes the second scheme (French
1991; Evans & Iqbal 2014). The movement scenario
depends on distribution of AI to termites that never
feed on the toxicant-laden bait and by extension the
most efficacious bait would be one that is, somehow,
relocated from the bait station.

Termiticidal agents introduced into a termite popu-
lation can be distributed through eusocial behaviors,
such as grooming, food sharing, and cannibalism
(Randall & Doody 1934; Beard 1974; Su & Scheffrahn
1996; Peppuy et al. 1998; Ibrahim et al. 2003; Hu 2005;
Haagsma & Rust 2005). Movement of a food-borne AI
within a subterranean termite population is a matter of
conjecture although recent observational data do pro-
vide some insights. Food sharing, that is traditionally
lumped under the term “trophallaxis” (Sleigh 2002),
involves two–five different mechanisms of transfer
(Whitman & Forschler 2007). Stomodeal and procto-
deal exchanges are the most commonly considered
food sharing options employed in interpreting termite
bait-toxin transfer data (Sheets et al. 2000; Karr et al.
2004; Haagsma & Rust 2005; King et al. 2005). Stomo-
deal trophallaxis (or autofeeding stomodeal) is a recipi-
ent driven process involving donors that are chewing
something that could have been obtained by one of the
three ways: from a recently completed stomodeal or
proctodeal exchange and food self-procured by the
donor (autofeeding cellulose) (Whitman & Forschler
2007). The model of recipient-driven exchange obvi-
ates stomodeal transfer of bait toxins because termites
have not been observed chewing food as they move
from location to location. According to Whitman
(2007), exchange of regurgitated food is a rare event.
We, therefore, propose the most likely route of CSI
trophallaxic transfer is a proctodeal donation some dis-
tance from the toxicant-bait feeding site. The meal
taken at a toxin-containing bait station must be pro-
vided, after movement away from the station, within
the timeframe of “clearance” or movement of food
through the alimentary tract. Clearance or “half-life”
has been described using radiolabeled CSIs as the time
an AI remains in the termite body (Sheets et al. 2000).
Most of the literature report that CSI "transfer" (and
we are assuming the proctodeal route as determined
by the experimental design of feeding donors in one
arena and placing them with recipients in a separate
arena) in termites peaks between 8 hours and 2 days
(Sheets et al. 2000; Karr et al. 2004; Haagsma & Rust
2005; Spomer & Kamble 2006). That 48-hour time
frame for movement of a food bolus through the

alimentary tract of a subterranean termite matches
previous observational data using stained a-cellulose
(Forschler 1996) in addition to experiments of radiola-
beled food transfer (Su�arez & Thorne 2000).

If we exclude stomodeal trophallaxis, there remains
other ways for a termite to move the toxic from a bait-
ing site. Delivery can be accomplished by dermal con-
tact and by grooming if the AI is processed to the
exterior of the cuticle or the cuticle is contaminated by
contact with the bait or tainted feces. Grooming has
been described as the most consistent behavior
observed in worker–worker interactions in various
studies (Iwata et al. 1989; Rosengaus & Traniello 1993;
Maistrello & Sbrenna 1996; Whitman 2006). If a bait-
borne CSI is excreted on the cuticle, it could very likely
be efficiently transferred as demonstrated by the trap-
treat-and-release work of Myles (1996). The cuticle/
grooming route of CSI transfer should be examined in
more detail, although Haagsma and Rust (2005) and
Sheets et al. (2000) provide data indicating an insuffi-
cient amount of radiolabeled CSI is provided to donors
by contact with CSI-exposed termites or feces. An
additional route, not tested in our experimental design,
would involve movement of the bait matrix as a con-
struction material by termites that visit a bait station.
It has been noted that termites will use food (including
bait matrices) as a substrate for tunnel/gallery con-
struction (Forschler 1996; Duncan 1997; Whitman &
Forschler 2007). The use of a toxic bait in gallery con-
struction/maintenance is a topic beyond the scope of
this work but it must be noted as a potential mecha-
nism for “transfer” of a termite bait toxicant beyond
the confines of a bait station.

Behavioral responses must also be considered when
evaluating the efficacy of any termite bait (Su et al.
1982; Haverty et al. 1989; Forschler & Jenkins 2000).
Termites that consume toxicant-laced food must be eli-
cited for a food donation a process that could be com-
promised by donors that display signs of intoxication
and are subsequently avoided. In addition, if termites
are unable to move from the CSI feeding site, transfer is
negated. The mortality results from our bioassay
(Table 1) and the work of Lewis and Power (2006),
Vahabzadeh et al. (2007), and Gautam and Henderson
(2014) indicates that feeding on lufenuron-treated card-
board bait provides transfer comparable to other CSIs
in the confines of a laboratory arena. Yet, we observed
lufenuron donors displayed a characteristic stance with
antennae held straight forward in a “V” orientation
when viewed from above. This unusual pose may sig-
nify a behaviorally compromised termite because these
same donors did not respond by increased movement,
as in the controls or other CSI treatments we tested,
when lifting the Petri dish lid. We would, therefore,
posit that transfer of lufenuron in the field would be
compromised because movement of potential donors is
reduced. In addition, our data show termites exposed to
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CSIs were less likely to be cannibalized (Figure 4).
Haagsma and Rust (2005) found transfer of hexaflu-
muron by cannibalism was efficient only in groups
containing donors that were starved, however; further
research is needed to elucidate the impact of cannibal-
ism on toxicant transfer. Whitman and Forschler
(2007) suggested that observation of the jackknife pose
in bioassay is indicative of recognition of unhealthy
dead and our data support this contention because the
jackknife and body curl was not observed in the con-
trols and cannibalism was lower in the CSI treatments
(Figure 4). Observations of nest mate involvement in
the termite molting process have been observed yet the
role in bait toxicant transfer that consumption, by nest
mate helpers, of CSI-contaminated exuvia has not been
investigated (Traniello et al. 2002; Whitman & For-
schler 2007; Xing et al. 2013).

In conclusion, despite the fact that the dose required
to achieve mortality has not been determined for any
CSI (Sheets 2000), the commercial bait formulations
we tested transferred in an efficient manner within the
confines of a Petri dish and suggests a low (ng AI per
termite) dose/mortality relationship. Efficiency of bait
toxicant transfer is herein described as >90% mortality
in 19 not-exposed nestmates confined with one termite
that had access to a CSI bait for 7 days. The actual
mode(s) of transfer remains unresolved but sufficient
evidence is provided to suggest a major route is procto-
deal donation. The reduced efficiency of diflubenzuron
at the lowest D:Rs tested may be a result of the lower
concentration of that CSI bait (0.25%) compared to
the three baits with a 0.5% concentration. The lowest
concentration of CSI in the baits we tested was lufe-
nuron (0.15%) and it provided equivalent mortality,
using the LT90 metric (Table 1), with all but the lowest
D:R (1:19), yet the behavioral observations suggest that
this CSI will not be effectively transferred under field
conditions. This is supported by observations of the
compromised movement of lufenuron donors and the
assumption that movement away from the bait site is a
critical component of termite bait field efficacy.

Acknowledgements

We would like to sincerely thank Donald E. Champagne and
Raymond Noblet for their comments on an earlier draft of
this manuscript and the Georgia Department of Agriculture,
pursuant to Chapter 43-45-8 (4) of the Georgia Structural
Pest Control Act, for providing the funding for this study.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Georgia Department of
Agriculture [grant number FP00004936].

ORCID

J.L. Lewis http://orcid.org/0000-0002-9474-6932

References

Abbot WS. 1925. A method of computing the effectiveness
of an insecticide. J Econ Entomol. 18:265–267.

Anderson SO. 1979. Biochemistry of insect cuticle. Ann Rev
Entomol. 34:29–61.

Beard RL. 1974. Termite biology and bait-block method of
control. Connecticut Agric Exp Sta Bull. 1–19.

Buchli H. 1958. L’origine des castes et les potentialit�es
ontog�eniques des termites europ�eens du genre Reticuli-
termes Holmgren [The origin of castes and potential
ontogeny of European termites of the genus Reticuli-
termes Holmgren]. Annales Des Science Naturelles.
20:263–429.

Cohen E. 1987. Chitin biochemistry: synthesis and inhibi-
tion. Ann Rev Entomol. 32:71–93.

Duncan FD. 1997. Behavioural responses to poison baits by
the termite Hodotermes mosambicus (Hagen). Insect Sci
Appl. 17:221–225.

El Saidy MF, Auda M, Degheele D. 1989. Detoxification
mechanisms of diflubenzuron and teflubenzuron in the
larvae of Spodoptera littoralis. Pesticide Biochem Physiol.
35:211–222.

Esenther GR, Beal RH. (1974). Attractant-mirex bait sup-
presses activity of Reticulitermes spp. J Econ Entomol.
67:85–88[AUQ]:Author: The reference “Esenther and
Beal 1974’ has not been cited in the text. Please indicate
where it should be cited or delete from the reference list.

Evans TA. (2010). Rapid elimination of field colonies of sub-
terranean termites (Isoptera: Rhinotermitidae) using bis-
trifluron solid bait pellets. J Econ Entomol. 103:423–432.

Evans TA, Iqbal N. 2014. Termite (order Balttodea, infraor-
der Isoptera) baiting 20 years after commercial release.
Pest Manag Sci. 71:897–906.

Evans TA, Forschler BT, Grace JK. 2013. Biology of invasive
termites: a worldwide review. Annu Rev Entomol.
58:455–474.

Forschler BT. 1996. Baiting Reticulitermes (Isoptera: Rhino-
termitidae) field colonies with abamectin and zinc
borate-treated cellulose in Georgia. Sociobiology. 28:459–
484.

Forschler BT, Jenkins TM. 2000. Subterranean termites in
the urban landscape: understanding their social structure
is the key to successfully implementing population man-
agement using bait technology. Urban Ecosyst. 4:231–
251.

Forschler BT, Townsend ML. (1996). Mortality of eastern
subterranean termites (Isoptera: Rhinotermitidae)
exposed to four soils treated with termiticides. J Econ
Entomol. 89:678–381.

French JRJ. 1991. Baits and foraging behavior of Australian
species of Coptotermes. Sociobiology. 19:171–186.

French JRJ. 1994. Combining physical barriers, bait, and
dust toxicants in future strategies for subterranean ter-
mite control (Isoptera). Sociobiology. 24:77–91.

Gautam BK, Henderson G. 2014. Comparative evaluation of
three chitin synthesis inhibitor termite baits using multi-
ple bioassay designs. Sociobiology. 61:82–87.

GeorgiaWeather.net. 2008. Average soil temperature: Geor-
gia automated environmental monitoring network. Uni-
versity of Georgia.

8 J. L. LEWIS AND B. T. FORSCHLER

http://orcid.org/0000-0002-9474-6932


Getty GM, Haverty MJ, Copren KA, Lewis VR. 2000.
Response of Reticulitermes spp. (Isoptera: Rhinotermiti-
dae) in northern California to baiting with hexaflumuron
with Sentricon termite colony elimination system. J Econ
Entomol. 93:1498–1507.

Haagsma K, Rust MK. 2005. Effect of hexaflumuron on mor-
tality of the western subterranean termite (Isoptera: Rhi-
notermitidae) during and following exposure and
movement of hexaflumuron in termite groups. Pest
Manag Sci. 61:517–531.

Haverty MI, Su NY, Tamashiro M, Yamamoto R. 1989. Con-
centration-dependent presoldier induction and feeding
deterrency: potential of two insect growth regulators for
remedial control of the Formosan subterranean termite
(Isoptera: Rhinotermitidae). J Econ Entomol. 18:1370–1374.

Hu XP. 2005. Evaluation of efficacy and nonrepellency of
indoxacarb and fipronil-treated soil at various concentra-
tions and thickness against two subterranean termites
(Isoptera: Rhinotermitidae). J Econ Entomol. 98:509–517.

Ibrahim SA, Henderson G, Fei H. 2003. Toxicity, repellency,
and horizontal transmission of fipronil in the Formosan
subterranean termites (Isoptera: Rhinotermitidae). J Econ
Entomol. 96:461–467.

Iwata R, Ito T, Shinjo G. 1989. Efficacy of the Fenithrothion
microcapsule against termites, Coptotermes formosanus
Shiraki (Isoptera: Rhinotermitidae). II. Transmissibility
of Fenithrothion through grooming. Appl Entomol Zool.
24:213–221.

Jouquet P, Traore S, Choosai C, Hartmann C, Bignell D.
2001. Influence of termites on ecosystem functioning,
ecosystem services provided by termites. Eur J Soil Biol.
47:215–222.

Karr LL, Sheets JJ, King JE, Dripps JE. 2004. Laboratory per-
formance and pharmacokinetics of the benzoylpheny-
lurea noviflumuron in eastern subterranean termites
(Isoptera: Rhinotermitidae). J Econ Entomol. 97:593–600.

King JE, Demark JJ, Griffin A. J. 2005. Comparative labora-
tory efficacy of noviflumuron and diflubenzuron on
Reticulitermes flavipes (Isoptera: Rhinotermitidae). Socio-
biology. 45:779–785.

Kofoid CA, editor. 1934. Termites and termite control. Berke-
ley, CA: University of California Press.

Lenz M, Williams ER. 1980. Influence of container, matrix
volume and group size on survival and feeding activity in
species of Coptotermes and Nasutitermes (Isoptera:
Rhinotermitidae, Termitidae). Mater Organismen. 15:
25–46.

Lewis V R, AB Power. 2006. Evaluation of bait toxicant
transfer among conspecific laboratory populations of
Reticulitermes spp. from California (Isoptera: Rhinoter-
mitidae). Sociobiology. 48:375–383.

Maistrello L, Sbrenna G. 1996. Frequency of some behaviou-
ral patterns in colonies of Kalotermes flavicollis (Isoptera
Kalotermitidae): the importance of social interactions
and vibratory movements as mechanisms for social inte-
gration. Ethol Ecol Evol. 8:365–375.

Medina P, Smagghe G, Budia F, Tirry L, Vi~nuela E. 2003.
Toxicity and absorption of azadirachtin, diflubenzuron,
pyriproxyfen, and tebufenozide after topical application
in predatory larvae of Chrysoperla carnea (Neuroptera:
Chrysopidae). Environ Entomol. 32:196–203.

Merzendorfer H. 2013. Chitin synthesis inhibitors: old mole-
cules and new developments. Insect Sci. 20:121–138.

Morales-Ramos JA, Rojas MG, Sittertz-Bhatkar H. 2006.
Effects of diflubenzuron on the peritrophic matrix and fat
body of Formosan subterranean termite (Isoptera: Rhino-
termitidae) workers. Sociobiology. 47:667–676.

Myles TG. 1996. Development and evaluation of a transmis-
sible coating for control of subterranean termites. Socio-
biology. 28:373–457.

Nakagawa Y, Matsumura F. 1994. Diflubenzuron affects
gamma-thioGTP stimulated Ca2C transport in vitro in
intracellular vesicles from the integument of the newly
molted American cockroach Periplaneta americana L.
Insect Biochem Mol Biol. 24:1009–1015.

Peppuy A, Robert A, Delbecque J-P, Leca J-L, Rouland C,
Bordereaul C. 1998. Efficacy of hexaflumuron against the
fungus-growing termite Pseudacanthotermes spiniger (Sjos-
tedt) (Isoptera, Macrotermitinae). Pestic Sci. 54:22–26.

Raina AK, Park YI, and Gelman D. (2008) Molting in work-
ers of the Formosan subterranean termite Coptotermes
formosanus. J Insect Physiol. 54:155–161.

Randall M, Doody TC. 1934. Poison dusts. I. Treatments
with poisonous dusts. In: Kofoid, CA, editor. Termites
and termite control. Berkeley, CA: University of Califor-
nia Press; p. 463–476.

Reierson DA. 1995. Baits for German cockroach control. In:
Rust MK, Owens JM, Reierson DA, editors. Understand-
ing and controlling the German cockroach. New York,
NY: Oxford University Press; p. 231–265.

Retnakaran A, Wright JE. 1987. Control of insect pests with
benzoylphenyl ureas. In: Wright JE, Retnakaran A, edi-
tors. Chitin and benzoylphenyl ureas. Boston, MA: W.
Junk; p. 205–282.

Retnakaran A, Granett J, Ennis T. 1985. Insect growth regu-
lators. In: Kerkut GA, Gilbert LI, editors. Comprehensive
insect physiology, biochemistry and pharmacology. New
York, NY: Pergamon; p. 529–601.

Rosengaus RB, Traniello JFA. 1993. Temporal polyethism in
incipient colonies of the primitive termite Zootermopsis
angusticollis: a single multiage caste. J Insect Behav.
6:237–252.

Rouland-Lefevre C. 2011. Termites as pests of agriculture. In:
Bignell DE, Roisin Y, Lo N, editors. Biology of termites: a
modern synthesis. Dordrecht: Springer; p. 499–517.

SAS-JMP®. 2007. SAS-JMP statistics and graphics guide.
Version 7.0. Cary, NC: SAS Institute Inc.

Scheffrahn RH, Su N-Y. 1994. Keys to soldier and winged
adult termites (Isoptera) of Florida. Fla Entomol. 77:460–
474.

Sheets JJ, Karr LL, Dripps JE. 2000. Kinetics of uptake, clear-
ance, transfer and metabolism of hexaflumuron by East-
ern subterranean termites (Isoptera: Rhinotermitidae). J
Econ Entomol. 93:871–877.

Sleigh C. 2002. Brave new worlds: trophallaxis and the origin
of society in the early twentieth century. J Hist Behav Sci.
38:133–156.

Spomer NA, Kamble ST. 2006. Temperature effect on kinet-
ics of uptake, transfer, and clearance of [14C]Noviflu-
muron in eastern subterranean termites (Isoptera:
Rhinotermitidae). J Econ Entomol. 99:134–140.

Su N-Y. 2003. Baits as a tool for population control of the
Formosan subterranean termite. Sociobiology. 41:177–192.

Su N-Y, Scheffrahn RH. 1991. Laboratory evaluation of two
slow-acting toxicants against Formosan and Eastern sub-
terranean termites (Isoptera: Rhinotermitidae). J Econ
Entomol. 84:170–175.

Su N-Y, Scheffrahn RH. 1993. Laboratory evaluation of two
chitin synthesis inhibitors, hexflumuron and difluben-
zuron, as bait toxicants against Formosan and Eastern
subterranean termites (Isoptera: Rhinotermitidae). J Econ
Entomol. 86:1453–1457.

Su N-Y, Scheffrahn RH. 1996. Comparative effects of two
chitin synthesis inhibitors, hexaflumuron and lufenuron,

INTERNATIONAL JOURNAL OF PEST MANAGEMENT 9



in a bait matrix against subterranean termites (Isoptera:
Rhinotermitidae). J Econ Entomol. 89:1156–1160.

Su N-Y, Scheffrahn RH. 2000. Termites as pests of buildings.
In: Abe T, Bignell DE, Higashi M, editors. Termites: evo-
lution, sociality, symbioses, ecology. Dordrecht: Kluwer
Academic Publishers; p. 437–453.

Su N-Y, Tamashiro M, Haverty M. 1987. Characterization of
slow-acting insecticides for the remedial control of the
formosan subterranean termite (Isoptera: Rhinotermiti-
dae). J Econ Entomol. 80:1–4.

Su N-Y, Tamashiro M, Yates JR, Haverty M. 1982. Effect of
behavior on the evaluation of insecticides for prevention
of or remedial control of the Formosan subterranean ter-
mites. J Econ Entomol. 75:188–193.

Su�arez ME, Thorne BL. 2000. Rate, amount, and distribution
pattern of alimentary fluid transfer via trophallaxis in
three species of termites (Isoptera; Termopsidae, Rhino-
termitidae). Ann Entomol Soc Am. 93:145–155.

Swoboda LE, Miller DM. 2005. Laboratory evaluation of sub-
terranean termite (Isoptera: Rhinotermitidae) response to
"thermal shadows" in an environment of homogenous
temperature. Sociobiology. 45:811–828.

Traniello JFA, Rosengaus RB, Savole K. 2002. The develop-
ment of immunity in a social insect: evidence for the
group facilitation of disease resistance. Proc Natl Acad
Sci USA. 99:6838–6842.

Vahabzadeh RD, Gold RE, Austin JW. (2007). Effects of four
chitin synthesis inhibitors on feeding and mortality of the
eastern subterranean termite, Reticulitermes flavipes (Iso-
ptera: Rhinotermitidae). Sociobiology. 50:833–859.

Van den Meiracker KG, Zungoli PA, Benson EP Jr, Bridges
WC. (2002). Hexaflumuron-induced mortality in Reticu-
litermes flavipes and Coptotermes formosanus at constant
and fluctuating temperatures (Isoptera: Rhinotermitidae).
Sociobiology. 39:1–14.

Van den Meiracker KG, Zungoli PA, Benson EP Jr, Bridges
WC. (2005). Temperature effect on survival and cellulose

consumption of noviflumuron- or hexaflumuron-fed
Reticulitermes flavipes (Isoptera: Rhinotermitidae). Socio-
biology. 45:1–9.

Verloop A, Ferrell CD. 1977. Benzoylphenyl ureas—a new
group of larvicides interfering with chitin deposition. In:
Plimmer JR, editor. Pesticide chemistry in the 20th cen-
tury. Vol. 37. Washington, DC: ACS Symposium Series,
American Chemical Society; p. 237–270.

Vinson, SB. 1986. Economic impact and control of social
insects. New York, NY: Praeger Press.

Weesner FM. 1956. The biology of colony foundation in
Reticulitermes hesperus Banks. Univ Calif Pub Zool. 61:
253–314.

Whitman JG. (2006). Observations of behaviors in the
worker caste of Reticulitermes flavipes (Kollar) (Isoptera:
Rhinotermitidae) [MS thesis]. Athens, GA: University of
Georgia.

Whitman JG, Forschler BT. 2007. Observational notes on
short-lived and infrequent behaviors displayed by Reticu-
litermes flavipes (Isoptera: Rhinotermitidae). Ann Ento-
mol Soc Am. 100:763–771.

Williams DF, Lofgren CS. 1981. Eli Lilly EL-468, a new bait
toxicant for control of the red imported fire ant. Fla Ento-
mol. 64:472–477.

Williams DF, Collins HL, Oi DH. 2001. The red imported
fire at (Hymenoptera: Formicidae): an historical per-
spective on treatment programs and the development
of chemical baits for control. Am Entomol. 47:146–
159.

Xing L, Chouvenc T, Su N-Y. 2013. Molting process in the
Formosan subterranean termite (Isoptera: Rhinotermiti-
dae). Ann Entomol Soc Am. 106:619–625.

Zimmermann D, Peters W. 1987. Fine structure and perme-
ability of peritrophic membranes of Caliphora erythroce-
phala (Meigen) (Insecta: Diptera) after inhibition of
chitin and protein synthesis. Comp Biochem Physiol.
86:353–360.

10 J. L. LEWIS AND B. T. FORSCHLER

View publication statsView publication stats

https://www.researchgate.net/publication/309276090

	Abstract
	Introduction
	Material and methods
	Insects and chemicals
	Toxicant transfer
	Data collection
	Statistical analysis

	Results
	Observations from cadaver removal

	Discussion
	Acknowledgements
	Disclosure statement
	Funding
	References



