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Abstract

This study tested the ability of the termite Reticulitermes flavipes to detect the
presence of large polysaccharides when salivary enzymes catabolize them. Previous
work has found that the saliva of Reticulitermes contains cellulase and amylase
but not xylanase. In several experiments, lab colonies were given choices between
glucose and starch in the presence and absence of an amylase inhibitor or a choice
between xylan and xylose. The results found that there was no preference between
artificial food that contained equal amounts of starch and glucose but termites did
prefer food containing xylose over food containing xylan. In addition, the presence
of an amylase inhibitor in an artificial food source reduced the termite’s preference
for food containing starch. The results confirm that the enzymes are necessary for
termites to detect the presence of polysaccharides. Termites were previously found
to prefer denser wood and higher concentrations of cellulose. The mechanism found
here provides an explanation of how wood density is determined by termites.

Cape Girardeau, MO 63048, USA
E-Mail: tjudd@semo.edu

Introduction

Termites are selective in which types of wood they
feed on (Smythe & Carter, 1970; Waller, 1988; Waller et
al., 1990; Morales-Ramos & Rojas, 2001, 2003; Ngee et al.,
2004; Aihetasham & Igbal, 2012). The mechanisms termites
use to select certain wood products over others have been of
interest for ecological and economic reasons. Wood species
vary in chemical make-up and structure providing a number
of possible cues termites could use in food selection. Natural
compounds such as sugars (Abushama & Kamal, 1977; Waller
& Curtis, 2003; Saran & Rust, 2005; Swoboda & Miller, 2005;
Haifig et al., 2008; Haifig et al., 2010; Wallace & Judd, 2010;
Castillo et al., 2013), amino acids (Swoboda & Miller, 2005;
Castillo et al., 2013), urea (Swoboda & Miller, 2005; Haifig et
al., 2008; Castillo et al., 2013), and phosphates (Botch et al.,
2010) were previously found to increase termite feeding. It
has also been suggested that wood fiber density also plays an
important role in food selection. Waller et al. (1990) found that
an equal or greater biomass was consumed by Coptotermes
formosanus when they were exposed to a wood that was
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compressed beyond its normal density. Denser woods have a
higher amount of cellulose per unit volume. Judd and Corbin
(2009) found that Reticulitermes flavipes prefers food with
higher concentrations of cellulose. However, it is unlikely
that termites have a receptor for large polysaccharides such
as cellulose or starch. If termites could catabolize these
molecules in their saliva, then denser woods would produce
higher concentrations of glucose (Judd & Corbin, 2009)
and thus digestion and absorption through salivary fluid
breakdown of polysaccharides may be a potential avenue for
investigating how termites assess wood density.

The breakdown of polysaccharides occurs in multiple
points in the termite digestive tract. Most termites have
cellulose and amylase in their saliva (Hewitt et al., 1974; La
Fage & Nutting, 1978; Inoue et al., 1997; Tokuda et al., 2002;
Tokuda et al., 2005) but their saliva lacks hemicellulases
such as xylanase (La Fage & Nutting, 1978; Inoue et al.,
1997; Brune, 2014). In the hindgut, microorganisms
produce multiple enzymes to digest polysaccharides
including cellulase, amylase and hemicellulases such as
xylanase (Brune, 2014). Thus, the saliva of termites is
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more limited in its digestive ability than the hindgut. This
has implications in the ability of termites to respond to
various polysaccharides. The feeding responses of the genus
Reticulitermes in response to sugars has been well studied.
Both glucose and xylose were found to increase the feeding
response in species of this genus (Waller & Curtis, 2003;
Saran & Rust, 2005; Swoboda & Miller, 2005; Wallace &
Judd, 2010). Thus, termites are able to detect both sugars.
Inoue et al. (1997) found that R. serratus has both cellulase
in their saliva whereas there is virtually no xylanase activity.
Park et al. (2014) found that R. serratus produces a-amylase
which is commonly found in insect salivary glands (Cohen,
2004) and has been found in the saliva of other termite
genera (Hewitt et al., 1974; La Fage & Nutting, 1978). Thus,
if Reticulitermes foragers are detecting polysaccharides
salivary fluid then starch should be detectable to the termites
whereas xylan would not be detectable.

Inthis study, we determined ifthe termite Reticulitermes
flavipes could directly detect large polysaccharides or if
they needed to break the polysaccharides down prior to
detection. We used artificial food sources to compare the
termites’ consumption of artificial foods containing potato
starch or glucose in the presence or absence of an amylase
inhibitor. We also tested if xylan has a similar palatability as
xylose to termites. If the termites are determining density of
polysaccharides in the food by breaking them down, then 1)
they should prefer xylose over xylan but should not prefer
glucose to starch, and 2) the amylase inhibitor should reduce
the termites’ feeding rate on starch enriched foods.

Methods and Materials

Collections: ~ Colonies were sampled from Cape
Girardeau County using termite traps as described by Judd
and Fasnacht (2007). Traps were placed in known location in
order to collect ten colonies. In the case of Experiments 1 and
4, only eight of the ten traps had enough termites to conduct
the experiment.

Experiment 1: In this experiment we tested whether R.
flavipes showed a preference for food enriched with glucose or
potato starch. R. flavipes has amylase in their salvia that breaks
down starch (La Fage & Nutting, 1978) and thus the prediction
would be that there should be no feeding preference between
food enriched with starch and food enriched with glucose.

Food: Two different artificial food sources were
created in a similar manner as Judd and Corbin (2009). Both
foods contained 1.5 g agar heated in 100 ml of distilled water.
In the starch-enriched food, 1.0 g of potato starch was added
and in the glucose-enriched food 1.0 g of glucose was added
(Table 1). After the potato starch or glucose was added, 7.5 g
of a-cellulose was added to both foods and the mixture was
stirred and poured into petri dishes. Because cellulose doesn’t
dissolve in water, each dish was placed on a shaker to keep
the cellulose suspended until the solution solidified.

Table 1. Summary of the molecules added to the two food items
(see methods for full description of food) and the number of colonies
tested in each experiment.

Experiment Food 1 Food 2 Numbe.r of
Colonies
1 Potato starch Glucose 8
2 Xylan Xylose 10
3 Potato starch + Potato starch 10
Amylase inhibitor
+
4 Glucose Glucose g+

Amylase inhibitor

* One colony died

Trials: From each of 8 colonies, 100 worker termites
were extracted and housed in 17.8 x 17.8 x 5 cm sealed plastic
containers filled with approximately 200 g of topsoil. Only
workers were used because soldiers do not directly feed on
food sources (La Fage & Nutting, 1978). Once each container
was prepared, a 3.0 g piece of each food item (starch-enriched
food and glucose-enriched food) was weighed and placed
on a 3.5 cm x 3.5 cm note card. The food was then placed
within each container in opposite corners and each corner
was labeled to indicate what food item was present. Three
additional containers were created without termites as controls
to measure water loss in the food (Judd & Corbin 2009).

The containers were housed in a dark area at room
temperature. Because the bins were sealed the moisture levels
were kept constant. The control bins were housed with the
other bins. Each trial period lasted 14 days and each food
square was weighed every two days to determine how much
food was eaten by the termites. During the weighing process,
termites and soil were brushed away from the food before the
mass was determined. Throughout the experiment the food
sources remained intact and thus there was no issue of over-
estimation of weight-loss due to crumbs lost in the soil.

Experiment 2: Reticulitermes lacks xylanase in their
saliva (Inoue et al., 1997) therefore R. flavipes should not be
able to break down xylan with their saliva. Reticulitermes was
previously shown to prefer food enriched with xylose over
unenriched food (Saran & Rust, 2005; Wallace & Judd, 2010).
The prediction of this experiment was that termites should
preferentially feed on xylose-enriched food because they
lack the salivary enzymes to free the xylose from xylan. The
methods for this experiment were identical to Experiment 1
except foods were enriched with xylan or xylose, respectively,
rather than potato starch or glucose. 1.0 g of xylan was added
to the xylan-enriched food and 1.0 g xylose was added to the
xylose-enriched food (Table 1). A total of 10 colonies were
used in this experiment.

Experiment 3. 1f the amylase is necessary for termites
to detect the presence of starch in food items, inhibiting the
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function of amylase should limit their ability to detect starch
in foods. This experiment was identical to Experiment 1
except the two food items contained potato starch (instead
of potato starch and glucose) and an amylase inhibitor was
added to one of the food items (Table 1). If amylase increases
the termites’ response to starch, then the termites should
preferentially feed on the starch-enriched food that lacks the
inhibitor. During the food preparation, 1.0 g of potato starch
was added to each food item. The food was allowed to cool
to room temperature before 0.5 mg of amylase inhibitor was
added to one of the food solutions. This was done to prevent
the amylase inhibitor from denaturing. A total of 10 colonies
were used in this experiment.

Experiment 4: This experiment insured that the
presence of the inhibitor itself did not negatively affect the
feeding behavior of the termites. To control for this effect,
two identical glucose enriched foods were used except one
contained the amylase inhibiter (Table 1). The amylase
inhibiter should not affect the termites’ ability to detect the
glucose; therefore, both food sources were predicted to be
equally palatable. This experiment had the same methodology
as Experiment 1 except 1.0 g of glucose was added to both
food types. The amylase inhibitor (0.5 mg) was added to one
of the foods in the same manner as in Experiment 3. A total of
8 colonies were used in this experiment; however, one colony
died part way through the experiment and was eliminated
from the analysis.

Data analysis

The data were analyzed in the same manner as Judd and
Corbin (2009). In each experiment, the final mass of the food
was subtracted from the average final mass of the same type of
food from three control bins. This controlled for change in mass
loss due to water loss. The difference between the change in
mass of the food and the average change in mass for the controls
was the amount eaten by the termites. Negative numbers were
converted to zeros, signifying that no significant amount of food
was consumed by the termites. This only happened in three cases
in Experiment 1 and three case in Experiment 2, and in all cases
the result was within 0.025 g of 0.0 g. For each experiment, the
amount of each food type eaten by the termites (adjusted weight
loss) was compared using the Wilcoxon Signed-Rank Test.

Results

Experiment 1: There was no significant difference
between the adjusted weight loss of glucose or starch enriched
foods (T=13, p=0.2734; Fig. 1). Thus, the termites showed no
preference for glucose or starch enriched food sources.

Experiment 2: The adjusted weight loss for the xylose
enriched food was significantly higher than the adjusted
weight loss of the xylan enriched food (T=6, p=0.027; Fig 1).
Thus, the termites preferred the xylose-enriched food source.
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Fig 1. Median and quartiles of the percent weight loss of artificial
food over a 14 day period due to termite feeding (adjusted for natural
water loss from each food square) for all four experiments in this
study. The four experiments were analyzed independently. An
asterisk indicates a significant difference between percent weight
loss (p <0.03) of the two food types in the experiment.

Experiment 3: There was significantly higher adjusted
weight loss in the food that lacked the amylase inhibitor
compared to the adjusted weight loss in the food with the
inhibitor (T=6 p=0.014; Fig. 1). These results suggest that
the starch-enriched food item was preferred over the food
enriched with starch and the amylase inhibitor.

Experiment 4: There was no significant difference in the
adjusted weight loss between the food enriched with glucose
and food enriched with glucose that included the amylase
inhibitor (T=11.5, p=0.34; Fig 1). This result confirms that the
amylase inhibitor did not affect the feeding behavior of the
termites. Thus, the amylase inhibitor did affect the termites’
ability to detect starch but not glucose.

Discussion

In this study we demonstrated that termites can detect
larger polysaccharides only if the enzyme that hydrolyzes the
specific polysaccharide is found in their saliva. In the experiments
of this study, we provided termites food in which we controlled
for the levels of a polysaccharide and its corresponding
monosaccharide. Based on the fact that Reficulitermes has
amylase in its saliva but not xylanase, we predicted that the
termites should be able to detect the presence of starch but not
xylan. As expected, there was no significant preference for food
enriched with glucose compared to food enriched with starch but
there was a significant preference for food enriched with xylose
over food enriched with xylan (Experiments 1 and 2). We also
predicted that the addition of an amylase inhibitor would lower
the phagostimulatory response of R. flavipes to starch but
not glucose. The results of Experiments 3 and 4 support this
prediction. Thus, the results of this study suggest that termites
are able to detect starch because the amylase in their saliva
hydrolyzes the starch into its monomer components.
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Enzymes that digest polysaccharides are produced
in two major areas of the termite gut, the salivary glands
and the hindgut (Brune, 2014). The latter has a larger suit of
enzymes that attach large polysaccharides due to the presence
of symbiotic bacteria (Konig et al., 2013; Li et al., 2013; Ni
& Tokuda, 2013; Raychoudhury et al., 2013; Brune, 2014).
The enzymes produced in the salivary glands are generated
by the termites themselves (Brune, 2014). The role of the
enzymes of the salivary glands is twofold: 1) they initiate the
digestion of cellulose and starch from the food the termites
consume (Saadeddin, 2014); free up smaller, detectable
molecules (demonstrated herein).
contains both amylases and cellulases (Inoue et al., 1997) and
thus based on our results, termites should be able to detect the
presence of cellulose. Indeed R. flavipes does prefer foods
with higher concentrations of cellulose (Judd & Corbin, 2009).
Interestingly, the saliva of the little soldier of Macrotermes
subhyalinus has an endo-beta-D-glycosidase that is able to
act on cellulose and xylan (Bedel et al., 2012). It would be
interesting to see how this termite responds to xylan.

Assessing food quality is one of the many critical roles
of taste. For social insect colonies, the ability to assess the
quality of food allows for the colony as a whole to optimize
the distribution of its foraging force. This phenomenon was
previously well documented in social Hymenoptera such
as honey bees and ants (Sudd & Sudd, 1985; Stein et al.,
1990; Seeley, 1995; Judd, 2006; Cook et al., 2010, 2011).
Subterranean termites burrow to and into food sources and
thus assessing the quality of a potential food source is critical
to colony success. This is especially true if one considers the
energetic investment of burrowing in soil and wood (Lee
et al.,, 2007; Bardunias & Su, 2009). Indeed, many studies
have shown that termites are selective in the types of wood
they feed (Morales-Ramos & Rojas, 2001; Ngee et al., 2004;
Aihetasham & Igbal, 2012). The role of small molecules in
food palatability has been well studied and much like social
Hymenoptera, termites are sensitive to different concentrations
of sugars and regulate their feeding accordingly (Waller &
Curtis, 2003; Saran & Rust, 2005; Swoboda & Miller, 2005).

It was proposed by Judd and Corbin (2009) that
the preference of denser wood and higher concentrations of
cellulose was a result of termite enzymes freeing up detectable
sugars from polysaccharides. Higher concentrations of
cellulose would produce higher levels of glucose per unit
area when broken down by cellulase. Thus, the termites
are detecting higher concentrations of glucose in denser
wood (Judd & Corbin, 2009). Although cellulose was not
directly tested in this study, the mechanism of polysaccharide
detection found in this study confirms this mechanism is the
likely explanation of how the concentration of cellulose is
determined by the termites. The role of saliva in the regulation
and enhancement of taste has been well studied in vertebrates
(Pedersen et al., 2002). This study demonstrates a case for a
similar role for insect saliva.

Reticulitermes saliva

Acknowledgements

We thank Dustin Siegel and two anonymous reviewers
for their comments on the manuscript. This project was funded
by Southeast Missouri State University.

References

Abushama FT, Kamal MA (1977) The role of sugars in the
food-selection of termite Microtermes traegardhi (Sjostedt).
Zeitschrift fir Angewandte Entomologie, 84: 250-255.

Aihetasham A, Igbal S (2012) Feeding preferences of
Microcerotermes championi (Snyder) for different wooden
blocks dried at different temperatures under forced and choice
feeding conditions in laboratory and field. Pakistan Journal of
Zoology, 44: 1137-1144.

Bardunias P, Su N-Y (2009) Dead reckoning in tunnel
propagation of the formosan subterranean termite (Isoptera:
Rhinotermitidae). Annals of the Entomological Society of
America, 102: 158-165.

Bedel FJ, Pascal AA, Yahaya K, Soumaila D, Parfait KEJ,
Patrice KL (2012) An endo-beta-D-glycosidase from salivary
glands of Macrotermes subhyalinus little soldier with a
dual activity against carboxymethylcellulose and xylan.
International Journal of Biosciences, 2: 1-10.

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

Brune A (2014) Symbiotic digestion of lignocellulose in
termite guts. Nature Reviews Microbiology, 12: 168-180.

Castillo VP, Sajap AS, Sahri MH (2013) Feeding response
of subterranean termites Coptotermes curvignathus and
Coptotermes gestroi (Blattodea: Rhinotermitidae) to baits
supplemented with sugars, amino acids, and cassava. Journal
of Economic Entomology, 106: 1794-1801.

Cohen AC (2004) Insect Diets Science and Technology. New
York: CRC Press.

Cook SC, Eubanks MD, Gold RE, Behmer ST (2010) Colony-
level macronutrient regulation in ants: mechanisms, hoarding
and associated costs. Animal Behaviour, 79: 429-437.

Cook SC, Eubanks MD, Gold RE, Behmer ST (2011)
Seasonality directs contrasting food collection behavior and
nutrient regulation strategies in ants. PloS One, 6: €25407.

Haifig I, Costa-Leonardo AM, Marchetti FF (2008) Effects of
nutrients on feeding activities of the pest termite Heterotermes
tenuis (Isoptera: Rhinotermitidae). Journal of Applied
Entomology, 132: 497-501.

Haifig I, Marchetti FF, Costa-Leonardo AM (2010) Nutrients



Sociobiology 62(4): 593-597 (December, 2015)

597

affecting food choice by the pest subterranean termite
Coptotermes gestroi (Isoptera: Rhinotermitidae). International
Journal of Pest Management, 56: 371-375.

Hewitt PH, Retief LW, Nel JIC (1974) Aryl-B-glycosidases
in the heads of workers of the termite, Trinervitermes
trinervoides. Insect Biochemistry, 4: 197-203.

Inoue T, Murashima K, Azuma J-I, Sugimoto A, Slaytor M (1997)
Cellulose and xylan utilisation in the lower termite Reticulitermes
speratus. Journal of Insect Physiology, 43: 235-242.

Judd TM (2006) Relationship between food stores and foraging
behavior of Pheidole ceres (Hymenoptera : Formicidae).
Annals of The Entomological Society of America, 99: 398-406.

Judd TM, Corbin CC (2009) Effect of cellulose concentration
on the feeding preferences of the termite Reticulitermes flavipes
(Isoptera: Rhinotermitidae). Sociobiology, 53: 775-784.

Koénig H, Li L, Frohlich J (2013) The cellulolytic system of
the termite gut. Applied Microbiology and Biotechnology, 97:
7943-7962.

La Fage JP, Nutting WL (1978) Nutrient dynamics of termites.
In: Production Ecology of Ants and Termites (Brian, M. V.,
ed), pp 165-232 Cambridge: Cambridge University Press.

Lee SH, Bardunias P, Su NY (2007) Optimal length
distribution of termite tunnel branches for efficient food
search and resource transportation. Biosystems, 90: 802-807.

LiZ-Q,LiuB-R, Zeng W-H, Xiao W-L, Li Q-J, Zhong J-H (2013)
Character of cellulase activity in the guts of flagellate-free termites
with different feeding habits. Journal of Insect Science, 13: 37.

Morales-Ramos JA, Rojas MG (2001) Nutritional ecology of
the formosan subterranean termite (Isoptera: Rhinotermitidae):
feeding response to commercial wood species. Journal of
Economic Entomology, 94: 516-523.

Morales-Ramos JA, Rojas MG (2003) Nutritional ecology of
the formosan subterranean termite (Isoptera: Rhinotermitidae):
growth and survival of incipient colonies feeding on preferred
wood species. Journal of Economic Entomology, 96: 106-116.

Ngee P-S, Tashiro A, Yoshimura T, Jaal Z, Lee C-Y (2004) Wood
preference of selected malaysian subterranean termites (Isoptera:
Rhinotermitidae, Termitidae). Sociobiology, 43: 535-550.

Ni J, Tokuda G (2013) Lignocellulose-degrading enzymes
from termites and their symbiotic microbiota. Biotechnology
Advances, 31: 838-850.

Park H-S, Ham Y, Ahn H-H, Shin K, Kim Y-S, Kim T-J
(2014) A New o-Amylase from Reticulitermes speratus
KMT1. Journal of Korean Wood Science, 42: 149-156.

Pedersen AM, Bardow A, Jensen SB, Nauntofte B (2002)
Saliva and gastrointestinal functions of taste, mastication,
swallowing and digestion. Oral Diseases, 8: 117-129.

Raychoudhury R, Sen R, Cai Y, Sun Y, Lietze VU, Boucias

DG, Scharf ME (2013) Comparative metatranscriptomic
signatures of wood and paper feeding in the gut of the termite
Reticulitermes flavipes (Isoptera: Rhinotermitidae). Insect
Molecular Biology, 22: 155-171.

Saadeddin A (2014) The complexities of hydrolytic enzymes
from the termite digestive system. Critical Reviews in
Biotechnology, 34: 115-122.

Saran RK, Rust MK (2005) Feeding, uptake, and utilization
of carbohydrates by western subterrancan termite (Isoptera:
Rhinotermitidae). Journal of Economic Entomology, 98:1284-1293.

Seeley TD (1995) The Wisdom of the Hive. Mass.: Harvard
University press.

Smythe RV, Carter FL (1970) Survival and behavior of three
subterranean termite species in sawdust of eleven wood species.
Annals of the Entomological Society of America, 63: 847-850.

Stein MB, Thorvilson HG, Johnson JW (1990) Seasonal-changes
in bait preference by red imported fire ant, Solenopsis invicta
(Hymenoptera, Formicidae). Florida Entomologist, 73: 117-123.

Sudd JH, Sudd ME (1985) Seasonal changes in the response
of wood-ants (Formica lugubris) to sucrose baits. Ecological
Entomology, 10: 89-97.

Swoboda LE, Miller DM (2005) Laboratory evaluation of
response of subterranean termite (Isoptera: Rhinotermitidae)
response to “thermal shadow” in an environment of
homogenous temperatures. Sociobiology, 45: 811-828.

Tokuda G, Lo N, Watanabe H (2005) Marked variations
in patterns of cellulase activity against crystalline- vs.
carboxymethyl-cellulose in the digestive systems of diverse,
wood-feeding termites. Physiological Entomology, 30: 372-380.

Tokuda G, Saito H, Watanabe H (2002) A digestive beta-
glucosidase from the salivary glands of the termite, Neotermes
koshunensis (Shiraki): distribution, characterization and
isolation of its precursor cDNA by 5’- and 3’-RACE
amplifications with degenerate primers. Insect Biochemistry
and Molecular Biology, 32: 1681-1689.

Wallace BA, Judd TM (2010) A test of seasonal responses
to sugars in four populations of the termite Reticulitermes
flavipes. Journal of Economic Entomology, 103: 2126-2131.

Waller DA (1988) Host selection in subterranean termites:
factors affecting choice. Sociobiology, 14: 5-14.

Waller DA, Curtis AD (2003) Effects of sugar-treated foods
on preference and nitrogen fixation in Reticulitermes flavipes
(Kollar) and Reticulitermes virginicus (Banks) (Isoptera:
Rhinotermitidae). Annals of the Entomological Society of
America, 96: 81-85

Waller DA, Jones CG, La Fage JP (1990) Measuring wood
preference in termites. Entomologia Experimentlis et
Applicata, 56: 117-123.



