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Abstract Classical conditioning has been well stud-
ied in social Hymenoptera, exploring how members
of a colony gain foraging benefits from learning to
associate various stimuli. While some of this work
has been extended into Blattodea, learning in eusocial
termite societies has not been well documented. Ter-
mites mainly rely on chemical cues for feeding; thus,
they would be predicted to associate odor with food.
In this study, we tested the ability of species Zooter-
mopsis angusticollis to learn via classical condition-
ing. We used a natural odorant in conjunction with
sugar water to attempt to elicit a feeding response.
Termites were individually exposed to our uncondi-
tioned and conditioned stimuli through a series of tri-
als, after which the response to the conditioned stim-
ulus alone was recorded and compared to controls.
We found that those trained exhibited a significantly
greater frequency of feeding responses to the condi-
tioned stimulus. Thus, Z. angusticollis can associate a
novel odor with food.
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Introduction

Reception of external stimuli is a key physiological
process to initiate ingestion and digestion for many liv-
ing organisms. In insects, this is achieved through spe-
cialized chemical receptors, which perceive nutrient
sources, detect toxins, and allow for communication via
pheromones (Yarmolinsky et al. 2009). These gustatory
and olfactory sensory systems are not mutually exclu-
sive and when two stimuli are perceived in temporal
proximity, associative learning can occur (Pavlov 1927;
Davey 1989; Delamater and Matthew Lattal 2014).
Insects provide a simplified model by which this
effect can be documented more closely, and many
genera have been the subjects of intensive learning
research. The responsiveness toward odorant condition-
ing has been well documented in social bees (Giurfa
and Sandoz 2012; von Frisch 1943) showed that hon-
eybees use odors for communication of specific food
sources, contributing to his later work on honeybee
waggle dances. The neural pathway of this process was
later documented by Menzel and Erber (1978), who
demonstrated the response is due to associative learn-
ing. Bitterman et al. (1983) and Abramson et al. (1997)
classically conditioned Apis mellifera on a variety of
odorants, further confirmed through electroantenno-
gram analysis (de Jong and Pham-Delegue 1991). The
stingless bees were found to be responsive to condition-
ing (Mc Cabe et al. 2007; Mc Cabe and Farina 2010)
as were ants (Guerrieri and d’Ettorre 2010) suggesting
that the response may be more widespread in social
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Hymenoptera. Studies involving members of Orthop-
tera (Matsumoto et al. 2003) and Lepidoptera (Daly and
Smith 2000) have also shown the capacities for condi-
tioning, and more recent efforts have extended these
findings to some members of Blattodea (Watanabe and
Mizunami 2006, 2007; Liu and Sakuma 2013; Arican
et al. 2019). Although classical conditioning has been
well documented in cockroaches, little work has been
done on termites which are direct ancestors of cock-
roaches (Chouvenc et al. 2021).

Wood preference in termites has been docu-
mented by a number of studies (Wood 1978; Waller
and La Fage 1987; Judd 2018) and is especially criti-
cal to understanding colonization and foraging behav-
ior. Wood density (Waller et al. 1990; Shanbhag and
Sundararaj 2013), defensive chemicals (Arango et al.
2006), and nutrient content (Shellman-Reeve 1990;
Saran and Rust 2005; Botch et al. 2010; Wallace and
Judd 2010) all affect wood selection in wood feeding
termites. Survival of termites can be affected by wood
type (Morales-Ramos and Rojas 2003). However, few
studies have examined the role of learning in wood
preference in termites. McMahan (1966) demonstrated
preferential feeding on wood species that Cryptotermes
brevis colonies were reared in, suggesting the termites
were learning cues from the wood they fed on. Grace
(1989) found that the termite Reticulitermes flavipes
will habituate to fungal extracts. Analyses have also
been done on the reception of pheromones and odorants
through an antennae odorant-binding protein in Zoot-
ermopsis nevadensis (Ishida et al. 2002). This protein
allows for the introduction of novel stimuli (odorants),
which may have little nutritional value, to a familiar
stimulus. Thus, the mechanism exists that could allow
for associative learning in termites.

The focus of this study was to determine if a con-
ditioning effect could occur in Zootermopsis angus-
ticollis with an odorant that the termites would not
regularly encounter. Our results were compared to
contemporary studies of conditioning.

Methods
Classical Conditioning in Zootermopsis angusticollis
Termites were obtained from Ward’s Science© and

housed in small terrariums containing damp wood,
soil, sand, and a paper towel for moisture retention.

Wood sources were acquired through the supplier.
The species was identified using the subsidiary tooth
of the mandible (Thorne and Haverty 1989).

In preparation for testing, worker termites were
placed inside 1000 pl pipet tips (and held near the tip
using a cotton plug, a setup analogous to the apparatus
used by Bitterman et al. (1983). This environment was
very conducive to testing because the transparency and
structure of the tip made observing behaviors easier
during trials while providing an ideal substance inser-
tion point. Once the termite was successfully inserted,
there was a 5 min waiting period to allow the termite
to settle down. To present each solution, we dipped a
micro-brush into the solution being tested, inserted it
into the pipet tip, and kept it there for 20 s. During this
time, the termites were given the chance to respond.
Observations were made under a dissection scope and
drawn based on antennal attraction to the substance,
rapid extension/contraction motion of the maxil-
lae coupled with lunges, and oral secretions. These
behaviors were similar to the maxilla-labium extension
response reported for the ant Camponotus aethiops
(Guerrieri and d’Ettorre 2010) and were easily distin-
guishable from other behaviors such as struggling or
disinterest. Hereafter, we will refer to the response as
the Maxilla Extension-Contraction Response (MECR).

The experiment had two phases, the training phase,
and the test phase. During the training phase, termites
were presented with an experimental stimulus, a maple
extract (McCormick®) (preliminary studies suggested
that termites respond to maple flavoring), and, an
unconditioned stimulus, a 0.83 M solution of D-glu-
cose in deionized water was presented immediately
after the maple extract. The termites were then allowed
to rest for 3 min before being tested again. Each termite
underwent four trials with both the conditioned and
unconditioned stimulus. The test phase consisted of
two additional trials with only the conditioned stimulus
(maple extract). After both phases were complete, indi-
viduals were marked with Testors© paint to prevent
repeated use. A total of 23 termites (hereafter referred
to as trained group) were tested in this manner.

Controls were performed using the same proce-
dure as described above except distilled water was
used instead of sugar water. A total of 10 termites
(hereafter referred to as control group) were used
in the control tests. Sample sizes in the trained and
control groups were based on the availability of
individuals from the samples we ordered.
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Data Analysis

The chi square test was used to compare the num-
ber of individuals showing a MECR response to
the number showing no MECR response during the
test phase. The control group was tested separately
from the trained group. An additional chi-square
test was used to test the overall proportions of those
responding and those not responding in the trained
vs. control group (Daniel 1990).

Results
Classical Conditioning in Zootermopsis angusticollis

A total of 20 of the 23 individuals in the trained
group showed a MECR response to the maple fla-
voring during the test phase (N=23, X*=12.57,

Table 1 The response count and results of Chi Square Tests of
trained and control groups from the maple extract retention tri-
als for Zootermopsis angusticollis for the number of individu-
als that showed a positive (+) MECR response (from at least
one of two trials) during the test phase and individuals that
showed no (-) MECR response

Group  Number of Number X2 p
+MECR of -MECR
responses responses
Trained 20 3 12.57 <0.005
Control 0 10 10.00 <0.005

The overall results from the trained individuals were signifi-
cantly different from the controls (X?>=22.07, p <0.001)

P <0.005, Table 1). None of the individuals in the
control group ever displayed a MECR response to
the maple extract (N=10, X>*=10.00, P <0.005,
Table 1). The proportion of MECR vs. no response
was significantly different between the trained
group and control group (X*=22,07 P <0.001).

Most of the individuals from the trained group
responded to sugar throughout the training phase.
There was one case in trials 2 and 4 in which one
individual that ultimately did not show a MECR
response during the training phase did not respond
to the sugar solution (Table 2). There was an
increase in the response to the maple extract dur-
ing the training phase from individuals that ulti-
mately had a MECR response in the test phase
(Table 2). Interestingly a few individuals from the
control group did respond to water during the train-
ing phase but none of the individuals in the control
group ever responded to maple (Table 2). Thus,
there is no evidence of spontaneous acquisition in
the trained or control groups (i.e. trials in which the
conditioned stimulus suddenly produced a response
in trials without the unconditioned stimulus, with
no prior response).

Discussion

Our findings suggest that Z. angusticollis can be
conditioned to a novel odorant by pairing it with a
nutritive stimulus, as individuals responded signifi-
cantly toward the isolated presentation of conditioned
stimuli. No members of the control group lacking

Table 2 Numbers of Zootermopsis angusticollis individuals showing a MECR response to maple extract, sugar solution or water

across the four trials during the training period

Number of individuals with MECR reponses

Termites N Stimulus Trial 1 Trial 2 Trial 3 Trial 4
Trained with + MECR 23 Maple 0 4 9 17
Sugar 23 23 23 23
Trained with -MECR 3 Maple 0 0 0 0
Sugar 3 2 3 2
Control 10 Maple 0 0 0 0
Water 3 4 3 2

“Control” indicates individuals from the control group that were tested with water rather than sugar solution (N=10)
“+MECR” and “-MECR” indicates individuals from the trained group that had MECR response (N=20) or did not have a MECR

response (N=3) respectively during the test phase
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the unconditioned stimulus ever displayed a feeding
response to maple extract in trials.

The present consensus of termite evolutionary his-
tory is that termites are eusocial cockroach descend-
ants (Inward et al. 2007). Members of the family Blat-
tidae, some of termites’ closest phylogenetic relatives,
have—in earlier studies—shown aptitude toward clas-
sical and operant conditioning, first demonstrated in
Periplaneta americana using novel odorants (Wata-
nabe et al. 2003). Subsequent studies reaffirmed this
finding while providing additional odorants, alter-
ing unconditioned stimuli (Gadd and Raubenheimer
2000), and running controls to remove possible con-
founding variables (Watanabe and Mizunami 2006,
2007). Archotermopsidae (the family Zootermopsis is
in) is among the basal families of termites (Chouvenc
et al. 2021), thus termites have retained this ability
from their cockroach ancestors.

McMahan (1966) pointed out that although colo-
nies of wood feeding termites are initiated at a single
cellulose source, colonies can incorporate other cel-
Iulose sources. Learning could affect the selection of
new sources. Although colonies of Zootermopsis tend
to remain in the wood sources pseudagates can become
alate reproductives and disperse to new sources once
the current food source becomes depleted (Shellman
Reeve 1997). The selection of a new food source to
nest in is critical and locating a food source chemically
similar to the previous nest could increase survival of
new colonies. Survival can be affected by the choice of
wood in termites (Smythe and Carter 1969; Morales-
Ramos and Rojas 2003). Thus, past experience as a
pseudagate could affect the selection of new nests in
addition to the nutritional cues by pseudagates and
alates (Shellman-Reeve 1990).

Early associative learning experience has been
shown to improve associative learning later in life in
other insects (Arenas et al. 2013). The relationship
between associative learning and locating food is well
studied in nectar feeders. Both adolescent (Arenas et al.
2013) and older forager (Dukas and Real 1991; Palot-
tini et al. 2018) bees become more efficient at finding
food sources though social learning. Members of Lepi-
doptera are also capable of associative learning (Kan-
dori and Yamaki 2012). In natural conditions, asso-
ciative learning improves foraging efficiency (Goulson
et al. 1997). Associative learning has also been found to
play a role in the selection of oviposition sites in Lepi-
doptera (Traynier 1984; Van Loon et al. 1992; Gamez

and Leo6n 2018), parasitoid wasps (Giunti et al. 2015)
and parasitoid beetles (Kandori and Yamaki 2012) and
increases the efficiency of locating quality hosts. Gynes
of social wasps will remember nest location cues and
return to natal nest sites the following year (Klahn
1979; Roseler 1991). It is in the best interest for ter-
mite alates to spend as little time as possible exposed
to potential hazards such as predation while outside a
wood source. Learned cues could help reduced the
amount of time they are exposed. Thus, it would benefit
Zootermopsis pseudagates and alates to have the ability
to associate certain cues with potential nest sites.

Past studies have demonstrated that termites use
environmental odor as part of nestmate recognition
cues (Adams 1991; Shelton and Grace 1997). Pre-
sumably these are learned as well. Thus, odor-based
learning seems to have multiple roles (food location
and nestmate recognition) in the biology of termites.

Acknowledgements Thanks to Christine Parry and Kait-
lyn Scheffler for their comments on earlier drafts of this
manuscript.

Author Contributions All authors helped develop the assay
and experimental design. Joseph Norman conducted the tri-
als. Joseph Norman and Timothy Judd wrote the manuscript
and prepared the figures. Timothy Judd analyzed the data. All
authors reviewed the manuscript.

Funding This project was funded by Southeast Missouri
State University.

Data Availability The data from this study are available
from the corresponding author on reasonable request.

Declarations

The authors have no relevant financial or non-financial interests
to disclose.

Competing Interests The authors declare no competing interests.

References

Abramson CI, Aquino IS, Silva MC, Price JM (1997) Learn-
ing in the africanized honey bee: Apis mellifera L. Phys-
iol Behav 62:657-674. https://doi.org/10.1016/S0031-
9384(97)00194-7

Adams ES (1991) Nest-mate recognition based on heritable
odors in the termite Microcerotermes arboreus. Proc Nat
Acad Sci 88:2031-2034. https://doi.org/10.1073/pnas.
88.5.2031

@ Springer


https://doi.org/10.1016/S0031-9384(97)00194-7
https://doi.org/10.1016/S0031-9384(97)00194-7
https://doi.org/10.1073/pnas.88.5.2031
https://doi.org/10.1073/pnas.88.5.2031

154

J Insect Behav (2023) 36:150-155

Arango RA, Green lii F, Hintz K, Lebow PK, Miller RB (2006)
Natural durability of tropical and native woods against ter-
mite damage by Reticulitermes flavipes (Kollar). Int Biodeter
Biodegr 57:146-150. https://doi.org/10.1016/j.ibiod.2006.01.
007

Arenas A, Ramirez GP, Balbuena MS, Farina WM (2013) Behavio-
ral and neural plasticity caused by early social experiences: the
case of the honeybee. Front Physiol 4:1-11. https://doi.org/10.
3389/fphys.2013.00041

Arican C, Bulk J, Deisig N, Nawrot M (2019) Cockroaches
show individuality in learning and memory during clas-
sical and operant conditioning. Front Physiol 10:1539.
https://doi.org/10.3389/fphys.2019.01539

Bitterman ME, Menzel R, Fietz A, Schifer S (1983) Classical
conditioning of proboscis extension in honeybees (Apis
mellifera). ] Comp Psychol 97:107-119. https://doi.org/
10.1037/0735-7036.97.2.107

Botch PS, Brennan CL, Judd TM (2010) Seasonal effects of
calcium and phosphate on the feeding preference of the
termite Reticulitermes flavipes (Isoptera: Rhinotermiti-
dae). Sociobiology 55:42-56

Chouvenc T, Sobotnik J , Engel MS, Bourguignon T (2021) Ter-
mite evolution: mutualistic associations, key innovations,
and the rise of Termitidae. Cell Mol Life Sci 78:2749—
2769. https://doi.org/10.1007/s00018-020-03728-z

Daly K, Smith BH (2000) Associative olfactory learning in the
moth Manduca sexta. J Exp Biol 203:2025-2038. https://
doi.org/10.1242/jeb.203.13.2025

Daniel WW (1990) Applied Nonparametric Statistics, 2nd edn.
PWS-Kent, Boston

Davey G (1989) Ecological learning theory. Routlage, London

Delamater AR, Matthew Lattal K (2014) The study of associa-
tive learning: mapping from psychological to neural levels
of analysis. Neurobiol Learn Mem 108:1-4. https://doi.
org/10.1016/j.nlm.2013.12.006

Dukas R, Real LA (1991) Learning foraging tasks by bees: a
comparison between social and solitary species. Anim
Behav ~ 42:269-276.  https://doi.org/10.1016/S0003-
3472(05)80558-5

von Frisch K (1943) Versuche iiber die Lenkung des Bienen-
fluges durch Duftstoffe. Naturwissenschaften 31:445-460.
https://doi.org/10.1007/BF01468310

Gadd CA, Raubenheimer D (2000) Nutrient-specific learning in an
omnivorous insect: the american cockroach Periplaneta ameri-
cana 1. learns to associate dietary protein with the odors citral
and carvone. J Insect Behav 13:851-864. https://doi.org/10.
1023/A:1007862501311

Gamez AM, Le6n SP (2018) The role of learning in the ovi-
position behavior of the silkworm moth (Bombyx mori).
Behav Process 157:286-290. https://doi.org/10.1016/j.
beproc.2018.10.023

Giunti G, Canale A, Messing RH, Donati E, Stefanini C, Michaud
JP, Benelli G (2015) Parasitoid learning: current knowledge and
implications for biological control. Biol Control 90:208-219.
https://doi.org/10.1016/j.biocontrol.2015.06.007

Giurfa M, Sandoz J-C (2012) Invertebrate learning and memory:
fifty years of olfactory conditioning of the proboscis exten-
sion response in honeybees. Learn Mem 19:54-66. https://
doi.org/10.1101/Im.024711.111

@ Springer

Goulson D, Ollerton J, Sluman C (1997) Foraging strategies
in the small skipper butterfly, Thymelicus flavus: when
to switch? Anim Behav 53:1009-1016. https://doi.org/
10.1006/anbe.1996.0390

Grace JK (1989) Habituation in termite orientation response
to fungal semiochemicals. Sociobiology 16:175-182

Guerrieri FJ, d’Ettorre P (2010) Associative learning in ants:
conditioning of the maxilla-labium extension response
in Camponotus aethiops. J Insect Physiol 56:88-92.
https://doi.org/10.1016/j.jinsphys.2009.09.007

Inward D, Beccaloni G, Eggleton P (2007) Death of an order:
a comprehensive molecular phylogenetic study confirms
that termites are eusocial cockroaches. Biol Lett 3:331—
335. https://doi.org/10.1098/rsb1.2007.0102

Ishida Y, Chiang VP, Haverty MI, Leal WS (2002) Odorant-
binding proteins from a primitive termite. ] Chem Ecol
28:1887-1893.  https://doi.org/10.1023/a:1020537319
805

de Jong R, Pham-Deléegue M (1991) Electroantennogram
responses related to olfactory conditioning in the honey
bee (Apis mellifera ligustica). J Insect Physiol 37:319-
324. https://doi.org/10.1016/0022-1910(91)90066-9

Judd TM (2018) Cues used by subterranean termites during
foraging and food assessment. In: Khan MA, Ahmad W
(eds) Termites and sustainable management. Sustainabil-
ity in Plant and Crop Protection, vol 1, 1st edn. Springer
International Publishing AG, Cham, pp 159-180

Kandori I, Yamaki T (2012) Reward and non-reward learning
of flower colours in the butterfly Byasa alcinous (Lepi-
doptera: Papilionidae). Naturwissenschaften 99:705-713.
https://doi.org/10.1007/s00114-012-0952-y

Klahn JE (1979) Philopatric and nonphilopatric foundress asso-
ciations in the social wasp Polistes fuscatus. Behav Ecol
Sociobiol 5:417-424. https://doi.org/10.2307/4599248

Liu J-L, Sakuma M (2013) Olfactory conditioning with single
chemicals in the german cockroach, Blattella germanica
(Dictyoptera: Blattellidae. Appl Entomol Zool 48:387—
396. https://doi.org/10.1007/s13355-013-0199-x

Van Loon JJA, Everaarts TC, Smallegange RC (1992) Asso-
ciative learning in host-finding by female Pieris brassicae
butterflies: relearning preferences. In: Menken SBJ, Visser
JH, Harrewijn P (eds) Proceedings of the 8th International
Symposium on Insect-Plant Relationships. Dordrecht:
Kluwer Academic Publishing, Netherlands, pp 162-164.
https://doi.org/10.1007/978-94-011-1654-1_54

Matsumoto Y, Noji S, Mizunami M (2003) Time course of
protein synthesis-dependent phase of olfactory memory
in the cricket Gryllus bimaculatus. Zool Sci 20:409-416.
https://doi.org/10.2108/zsj.20.409

Mc Cabe SI, Farina WM (2010) Olfactory learning in the
stingless bee Tetragonisca angustula (Hymenoptera, Api-
dae, Meliponini). ] Comp Physiol A 196:481-490. https://
doi.org/10.1007/s00359-010-0536-2

Mc Cabe SI, Hartfelder K, Santana WC, Farina WM (2007)
Odor discrimination in classical conditioning of probos-
cis extension in two stingless bee species in comparison
to africanized honeybees. J] Comp Physiol A 193:1089—
1099. https://doi.org/10.1007/s00359-007-0260-8

McMahan EA (1966) Studies of termite wood-feeding prefer-
ences. Proc Hawaiin Entomol Soc 29:239-250


https://doi.org/10.1016/j.ibiod.2006.01.007
https://doi.org/10.1016/j.ibiod.2006.01.007
https://doi.org/10.3389/fphys.2013.00041
https://doi.org/10.3389/fphys.2013.00041
https://doi.org/10.3389/fphys.2019.01539
https://doi.org/10.1037/0735-7036.97.2.107
https://doi.org/10.1037/0735-7036.97.2.107
https://doi.org/10.1007/s00018-020-03728-z
https://doi.org/10.1242/jeb.203.13.2025
https://doi.org/10.1242/jeb.203.13.2025
https://doi.org/10.1016/j.nlm.2013.12.006
https://doi.org/10.1016/j.nlm.2013.12.006
https://doi.org/10.1016/S0003-3472(05)80558-5
https://doi.org/10.1016/S0003-3472(05)80558-5
https://doi.org/10.1007/BF01468310
https://doi.org/10.1023/A:1007862501311
https://doi.org/10.1023/A:1007862501311
https://doi.org/10.1016/j.beproc.2018.10.023
https://doi.org/10.1016/j.beproc.2018.10.023
https://doi.org/10.1016/j.biocontrol.2015.06.007
https://doi.org/10.1101/lm.024711.111
https://doi.org/10.1101/lm.024711.111
https://doi.org/10.1006/anbe.1996.0390
https://doi.org/10.1006/anbe.1996.0390
https://doi.org/10.1016/j.jinsphys.2009.09.007
https://doi.org/10.1098/rsbl.2007.0102
https://doi.org/10.1023/a:1020537319805
https://doi.org/10.1023/a:1020537319805
https://doi.org/10.1016/0022-1910(91)90066-9
https://doi.org/10.1007/s00114-012-0952-y
https://doi.org/10.2307/4599248
https://doi.org/10.1007/s13355-013-0199-x
https://doi.org/10.1007/978-94-011-1654-1_54
https://doi.org/10.2108/zsj.20.409
https://doi.org/10.1007/s00359-010-0536-2
https://doi.org/10.1007/s00359-010-0536-2
https://doi.org/10.1007/s00359-007-0260-8

J Insect Behav (2023) 36:150-155

155

Menzel R, Erber J (1978) Learning and memory in bees. Sci
Am 239:102-111

Morales-Ramos JA, Rojas MG (2003) Nutritional ecology of
the formosan subterranean termite (Isoptera: Rhinoter-
mitidae): growth and survival of incipient colonies feed-
ing on preferred wood species. J Econ Entomol 96:106—
116. https://doi.org/10.1603/0022-0493-96.1.106

Palottini F, Estravis Barcala MC, Farina WM (2018) Odor
learning and its experience-dependent modulation in the
south american native bumblebee Bombus atratus (Hyme-
noptera: Apidae). Front Psychol 9. https://doi.org/10.
3389/fpsyg.2018.00603

Pavlov IP (1927) Conditioned reflexes: an investigation of the
physiological activity of the cerebral cortex. Ann Neuro-
sci 17:136-141

Roseler P-F (1991) Reproductive competition during colony
development. In: Ross KG, Matthews RW (eds) The
Social Biology of Wasps. Comstock Publishing Associ-
ates, Ithaca, New York, pp 309-335

Saran RK, Rust MK (2005) Feeding, uptake, and utilization of
carbohydrates by western subterranean termite (Isoptera:
Rhinotermitidae). J Econ Entomol 98:1284—-1293. https://
doi.org/10.1603/0022-0493-98.4.1284

Shanbhag RR, Sundararaj R (2013) Physical and chemical
properties of some imported woods and their degradation
by termites. J Insect Sci 13:1-8. https://doi.org/10.1673/
031.013.6301

Shellman Reeve JS (1997) Advantages of biparental care in the
wood-dwelling termite, Zootermopsis nevadensis. Anim
Behav 54:163-170. https://doi.org/10.1006/anbe.1996.
0412

Shellman-Reeve JS (1990) Dynamics of biparental care in the
dampwood termite, Zootermopsis nevadensis (Hagen):
response to nitrogen availability. Behav Ecol Sociobiol
26:389-397. https://doi.org/10.1007/BF00170895

Shelton TG, Grace JK (1997) Suggestion of an environmental
influence on intercolony agonism of formosan subterra-
nean termites (Isoptera: Rhinotermitidae). Environ Ento-
mol 26:632—-637. https://doi.org/10.1093/ee/26.3.632

Smythe RV, Carter FL (1969) Feeding responses to sound
wood by the eastern subterranean termite, Reticulitermes
Sflavipes. Ann Entomol Soc Amer 62:335-337. https://doi.
org/10.1093/aesa/62.2.335

Thorne BL, Haverty MI (1989) Accurate identification of Zooter-
mopsis species (Isoptera: Termopsidae) based on a mandibular

character of nonsoldier castes. Ann Entomol Soc Am 82:262—
266. https://doi.org/10.1093/aesa/82.3.262

Traynier RMM (1984) Associative learning in the ovipositional
behaviour of the cabbage butterfly, Pieris rapae. Phys
Entom 9:465-472. https://doi.org/10.1111/j.1365-3032.
1984.tb00789.x

Wallace BA, Judd TM (2010) A test of seasonal responses to
sugars in four populations of the termite Reticulitermes
flavipes. J Econ Entomol 103:2126-2131. https://doi.org/
10.1603/EC09326

Waller DA, La Fage JP (1987) Nutritional ecology of termites. In:
Slansky F Jr, Rodriguez JG (eds) Nutritional Ecology of Insects,
Mites, Spiders and related invertebrates. John Wiley & Sons,
New York, pp 487-532

Waller DA, Jones CG, La Fage JP (1990) Measuring wood
preference in termites. Entomol Exp Appl 56:117-123.
https://doi.org/10.1111/j.1570-7458.1990.tb01388.x

Watanabe H, Kobayashi Y, Sakura M, Matsumoto Y, Mizu-
nami M (2003) Classical olfactory conditioning in the
cockroach Periplaneta americana. Zool Sci 20:1447—
1454. https://doi.org/10.2108/zsj.20.1447

Watanabe H, Mizunami M (2006) Classical conditioning of
activities of salivary neurones in the cockroach. J Exp
Biol 209:766—779. https://doi.org/10.1242/jeb.02049

Watanabe H, Mizunami M (2007) Pavlov’s cockroach: classical
conditioning of salivation in an insect. PLoS One 2:€529.
https://doi.org/10.1371/journal.pone.0000529

Wood TG (1978) Food and feeding habits of termites. In: Brian
MYV (ed) Production Ecology of Ants and Termites. Cam-
bridge University Press, Cambridge, pp 55-80

Yarmolinsky DA, Zuker CS, Ryba NJP (2009) Common sense
about taste: from mammals to insects. Cell 139:234-244.
https://doi.org/10.1016/j.cell.2009.10.001

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


https://doi.org/10.1603/0022-0493-96.1.106
https://doi.org/10.3389/fpsyg.2018.00603
https://doi.org/10.3389/fpsyg.2018.00603
https://doi.org/10.1603/0022-0493-98.4.1284
https://doi.org/10.1603/0022-0493-98.4.1284
https://doi.org/10.1673/031.013.6301
https://doi.org/10.1673/031.013.6301
https://doi.org/10.1006/anbe.1996.0412
https://doi.org/10.1006/anbe.1996.0412
https://doi.org/10.1007/BF00170895
https://doi.org/10.1093/ee/26.3.632
https://doi.org/10.1093/aesa/62.2.335
https://doi.org/10.1093/aesa/62.2.335
https://doi.org/10.1093/aesa/82.3.262
https://doi.org/10.1111/j.1365-3032.1984.tb00789.x
https://doi.org/10.1111/j.1365-3032.1984.tb00789.x
https://doi.org/10.1603/EC09326
https://doi.org/10.1603/EC09326
https://doi.org/10.1111/j.1570-7458.1990.tb01388.x
https://doi.org/10.2108/zsj.20.1447
https://doi.org/10.1242/jeb.02049
https://doi.org/10.1371/journal.pone.0000529
https://doi.org/10.1016/j.cell.2009.10.001

	Odorant Classical Conditioning in the Termite Zootermopsis angusticollis
	Abstract 
	Introduction
	Methods
	Classical Conditioning in Zootermopsis angusticollis
	Data Analysis

	Results
	Classical Conditioning in Zootermopsis angusticollis

	Discussion
	Acknowledgements 
	References


