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The majority of true parasitoids manipulate their host’s physiology for their own benefit. In this study, we
documented the physiological changes that occurred in major soldiers of the subterranean termite Mac-
rotermes gilvus (Hagen) (Isoptera: Termitidae) parasitized by the koinobiont larval endoparasitoid Misot-
ermes mindeni Disney and Neoh (Diptera: Phoridae). We compared the metabolic rate, body water
content, body water loss rate, cuticular permeability, and desiccation tolerance between parasitized
and unparasitized major soldiers. The metabolic rate of parasitized hosts was significantly higher than

!lfsjr/r:]V;)tredS: that of unparasitized termites. Mean total body water content of parasitized major soldiers
Parasitoid (64.73 £ 3.26%) was significantly lower than that of unparasitized termites (71.99 + 2.23%). Parasitized

hosts also had significantly lower total body water loss rates (5.72 + 0.06%/h) and higher cuticular perme-
ability (49.37 £11.26 pg/cm/h/mmHg) than wunparasitized major soldiers (6.75+0.16%/h and
60.76 + 24.98 ng/cm/h/mmHg, respectively). Parasitized major soldiers survived almost twice as long
as unparasitized termites (LTso = 6.66 h and LTsq = 3.40 h, respectively) and they had significantly higher
tolerance to water loss compared to unparasitized termites (45.28 + 6.79% and 32.84 + 7.69%, respec-
tively). Body lipid content in parasitized hosts (19.84 + 6.27%) was significantly higher than that of unpar-
asitized termites (6.17 + 7.87%). Finally, parasitized hosts had a significantly lower percentage of cuticular
water content than unparasitized major soldiers (10.97 + 1.84% and 13.17 + 2.21%, respectively). Based on
these data, we conclude that the parasitism-induced physiological changes in the host are beneficial to
the parasitoids as the alterations can clearly increase the parasite’s chances of survival when exposed
to extreme environmental conditions and ensure that the parasitoids are able to complete their larval
development successfully before the host dies.

Host physiology
Metabolic rate
Water balance
Desiccation tolerance
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1. Introduction

The process of successful parasitism requires a hierarchy of
steps, including habitat location, host location, host acceptance,
and host regulation (Brodeur and Boivin, 2004). Host regulation
may involve intricate interactions between a parasitoid and its
host including induction of numerous modifications in the physiol-
ogy of the host insect (Poulin, 1998). Many of these interactions
can be viewed as adaptations to ensure successful parasitism and
to create a host environment suited to meet the demands of the
parasitoids (Godfray, 1994). Changes in metabolic rate (Alleyne
et al., 1997; Roces and Gnatzy, 1997; Haspel et al., 2005), lipid
and carbohydrate contents (Thompson and Redak, 2008), growth
and development (Alleyne and Beckage, 1996; Alleyne et al.,
1997; Consoli and Vinson, 2004), and hemolymph solutes and
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protein content (Baker and Fabrick, 2000) are some aspects of
the physiological interactions related to host regulation.

Recently, Neoh and Lee (2010) found the koinobiont fly larval
endoparasitoid Misotermes mindeni Disney and Neoh (Diptera:
Phoridae) exclusively in the head of major soldiers of the fungus-
growing termite Macrotermes gilvus (Hagen) (Isoptera: Termitidae).
The fly larva consumed the entire contents of the major soldier’s
head capsule. Parasitization by this parasitoid causes morphologi-
cal and behavioral changes in the major soldiers (Neoh and Lee,
2010). For example, parasitized major soldiers possess a rounded
head capsule with a pair of short mandibles, and they show a lower
level of interspecific aggressiveness compared to unparasitized
individuals. However, little is known about the effect of parasitism
on the termite host’s physiology.

Parasitization by M. mindeni can occur in the early termite larval
stage and remain through at least three termite development stages
(Neoh and Lee, 2010; Foo et al., 2011a). Neoh and Lee (2010) found
that parasitized termites were always aggregated in the dry
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peripheral zone of the mound, which was isolated from areas where
healthy termites usually were found. Based on the different micro-
environments inhabited by parasitized and unparasitized major
soldiers, we hypothesized that certain physiological changes must
occur in the parasitized termites that allow them to survive in the
dry habitat; these changes likely also allow the parasitoids to
complete their larval development before their host dies.

Hadley (1994) reported that insects inhabiting warm and dry
environments exhibit a variety of adaptive differences in water
balance. Among them, cuticular permeability (CP) is the most
important factor for regulating water loss. The permeability of
the cuticle (which affects cutaneous water loss) is influenced by
abiotic factors such as temperature and humidity (Edney, 1957;
Hadley, 1994). Insects that live in a drier environment tend to have
lower permeability or water loss rate (Appel, 1991; Shelton and
Grace, 2003; Kaersgaard et al., 2004) compared to those living in
a wetter environment, and thus they are more tolerant to desicca-
tion (Sponsler and Appel, 1990). CP may be affected by the water
content of the endo- and exocuticle and the epicuticular lipid layer
(Appel and Tanley, 1999). In addition to CP, insect body water con-
tent and lipid reserves may also affect water loss rates (Mazer and
Appel, 2001).

In this study, we compared the water balance, desiccation resis-
tance and metabolic rate between parasitized and unparasitized M.
gilvus major soldiers. Based on these data, we evaluated the impli-
cations of physiological changes in parasitized major soldiers on
the ecological success of M. mindeni.

2. Materials and methods
2.1. Termite sampling

Parasitized and unparasitized major soldiers were freshly col-
lected from previously surveyed colonies at Minden Campus of
Universiti Sains Malaysia (5° 21’ N, 100° 18’ E), Bayan Lepas (5°
17" N, 100° 15" E), and Gelugor (5° 22’ N, 100° 18’ E) in Penang,
Malaysia (Foo et al., 2011b). Parasitized major soldiers were iden-
tified based on Neoh and Lee (2010) (i.e., rounded head capsules
with a pair of short mandibles). The mounds were opened partially
by trenching around the base of the nest. The hive (the inner part
of the nest where termite larvae and the royal pair reside) was re-
vealed by applying sideways force to remove the outer casing of
the mound. Parasitized major soldiers were commonly aggregated
at the inner part of the outermost layer of the mound (Neoh and
Lee, 2010; Foo et al., 2011b). The soldiers were placed in a con-
tainer and then transported to the laboratory. Only intact termites
(age unknown) were selected for further analysis.

2.2. Metabolic rates

To measure metabolic rate of the termites, the amounts of oxy-
gen (0,) uptake and carbon dioxide (CO-,) release were measured
using a Wardburg constant-volume respirometer (model V 220, B.
Braun Melsungen AG, Melsungen, Germany) based on the method
described by Umbreit et al. (1972). Two sets of 10 parasitized and
10 unparasitized major soldiers were tested. For a given test, 10 ter-
mites were placed in a single sidearm reaction flask (10-15 ml
internal volume) without potassium hydroxide (KOH). A second
reaction flask, which was attached to the one containing the ter-
mites, contained 0.1 ml of 10% KOH in the center well to absorb car-
bon dioxide. The reaction flasks and manometers were paired and
placed in the shaker with the flasks immersed in a water bath main-
tained at 28 °C. Readings were recorded every 15 min for 6 h and
corrected based on the changes in a thermobarometer containing
1 ml of water and 0.1 ml 10% KOH in the center well. Metabolic

rates were calculated based on Umbreit et al. (1972). This experi-
ment was conducted with termites from each of the three colonies.

2.3. Water balance

Total body water (% TBW) content, % TBW loss over desiccation
time, and CP of 103 parasitized and 103 unparasitized major soldiers
from three colonies were determined gravimetrically (Sponsler and
Appel, 1990; Shelton and Grace, 2003). All soldiers were weighed to
the nearest 0.01 mg with a digital analytical balance (Sartorius BP
190S, Goettingen, Germany). The specimens were placed individu-
ally in uncovered 15 ml glass vials and then put into an air-tight
polyethylene container (370.0 cm x 300.0 cm x 150.0 cm) contain-
ing ~1.5 kg of silica gel at the base to obtain 5% relative humidity
(RH) inside the container. The silica gel was pre-dried at 110 °C for
24 h prior to the test. The desiccator chamber that contained the
specimens was placed in an Incucell incubator (MMM Medcenter
Einrichtungen GmbH, Miinchen, Germany) kept at 28 °C. Tempera-
ture and RH in the desiccator chamber were measured at each
weighing using a thermo-hygrometer (Model RH 520, Waltham,
MA, USA). The specimens were weighed hourly for 10 h. Mortality
was also recorded. Mortality was defined as failure of a test insect
to show any perceptible movement. It was assumed that weight loss
between weighing was the result of water loss. After 10 h, specimens
were removed from the desiccator chamber and dried at 60 °C for
48 h in an oven, then reweighed to obtain the dry weight. % TBW
and % TBW loss were calculated as follows:

% TBW content

= ([initial weight — dry weight]/initial weight) x 100

% TBW loss

= ([initial weight — weight at each hour]/[initial weight — dry weight])
x 100.

The time by which 50% of the major soldiers died (LTso) and % TBW
that was lost before immobility occurred also were determined.
Only data from the first 2 h of the experiment were used to gen-
erate CP values; this time interval represented the maximal water
loss period due to the maximum water gradient between insects
and the chamber (Sponsler and Appel, 1990; Shelton and Grace,
2003). Although desiccation can affect termite shape, this was
not a problem during the first 2 h. No significant relationship
was found between CP and initial weight in unparasitized major
soldiers (P> 0.05). However, CP was positively correlated with
the initial weight in parasitized major soldiers, but the relationship
was relatively weak (r? =0.08; P> 0.01). This shows that Meeh'’s
formula is an accurate estimation of surface area in major soldiers,
so it was used to calculate surface area as follows: S=12M%?,
where S =surface area (cm?) and M = initial weight (g) (Collins,
1969; Sponsler and Appel, 1990). CP then was calculated as water
loss [initial weight — weight loss at 2 h] (pg)/surface area (cm?)]
time (h)/saturation deficit (mmHg). Because only one temperature
(28°C) and RH (5%) were used, the saturation deficit of
26.95 mmHg remained constant throughout the experiment.

2.4. Body lipid content

Termites from the water balance study (101 parasitized and 99
unparasitized major soldiers) were used to determine the body lipid
content. When determining the lipid content of parasitized termites,
the termite head that contained larval parasitoid was excluded from
the bioassay to eliminate the parasitoid’s lipid content from the
measurement. Thorax and abdomen were used for both types of sol-
diers. Individual specimens were preweighed and broken into two
pieces, and the pieces were transferred to a 15 ml glass vials. The
specimens were soaked in 2 ml of chloroform/methanol (2:1 v/v)
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solution for 48 h to extract lipid from the body parts. After extrac-
tion, the solution was removed from the glass vial and the specimens
were dried at 60 °C for 48 h in an oven to ensure that the remaining
solution had evaporated. The specimens were then reweighed. Per-
centage of body lipid content was calculated as ([initial weight — dry
weight]/initial weight) x 100.

2.5. Cuticular water content

Cuticular water content was determined following the methods
of Appel and Tanley (1999) with some modifications. Abdominal
tergites and sternites of the specimens were removed. The adher-
ing tissues were scraped off gently from the cuticle. Cuticles were
weighed and dried at 60 °C for 48 h in an oven and then reweighed.
A total of 1-6 replicates from each of the five colonies were used
and each replicate contained 4-5 randomly selected individuals.
Percentage of cuticular water content was calculated as ([initial
weight — dry weight]/initial weight) x 100 per individual.

2.6. Nest materials

To determine whether parasitized major soldiers inhabited in a
drier region of the mound, samples of nest materials were ran-
domly collected from six M. gilvus mounds infected by M. mindeni
at Minden Campus of Universiti Sains Malaysia. The nest materials
were taken from two regions of each mound: the peripheral and
habitacle (nursery) zones (Noirot, 1970). Freshly collected nest
materials were ground into smaller pieces and sieved using a 16-
mesh sieve. Three subsamples (5 g each) of the materials from each
region per mound were weighed in Petri dishes (9.0 cm diameter
and 1.5 cm depth). The samples were dried at 60 °C for 7 d in an
oven and then reweighed. The percentage of moisture content
was calculated as ([initial weight — dry weight]/dry weight) x 100
(Fyfe and Gay, 1938).

2.7. Statistical analysis

Data in percentages were subjected to arcsine square transfor-
mation prior to analysis. One-way analysis of variance (ANOVA)
was used to test whether the colonies varied physiologically for
both parasitized and unparasitized major soldiers. Individual data
from the three colonies were pooled for all of the bioassay studies
except for cuticular water content, in which data from five colonies
were pooled if no significant colony differences were detected. A
Student’s t-test was conducted to compare the O, uptake and
CO, release rates, initial weight, % TBW content, CP, % TBW that
was lost before immobility, body lipid content, and cuticular water
content between parasitized and unparasitized major soldiers.
Differences in moisture content of the nest materials between
peripheral and habitacle zones were also compared using Student’s
t-test. LTso values at 5% RH and 28 °C were generated using probit
analysis. The relationship between CP and initial weight of both

Table 1

parasitized and unparasitized major soldiers was analyzed using
linear regression. The same test was applied to determine how %
TBW loss was related to desiccation time, how mean % TBW loss
was related to mean % TBW content, and how percentage of body
lipid content was related to % TBW content. Regression lines were
considered to be significantly different if the slopes + SE did not
overlap. All analyses were performed using SPSS 2002 version
11.0 for Windows (SPSS Inc., Chicago, IL, USA) and were performed
at o = 0.05.

3. Results
3.1. Metabolic rates

0, uptake and CO, release rates of parasitized major soldiers
were significantly higher than those of unparasitized major sol-
diers (Table 1). No significant colony differences in O, uptake
and CO, release rates were detected (Table 2).

3.2. Water balance

3.2.1. Body weight and water composition

Parasitized major soldiers had significantly greater initial body
weight and lower mean % TBW content than unparasitized major
soldiers (Table 1). No significant colony differences in initial body
weight and % TBW content were observed (Table 2).

3.2.2. Percentage of total body water lost

Cumulative % TBW loss for parasitized and unparasitized major
soldiers increased linearly between O and 10 h. % TBW loss rates
ranged from 5.72 +0.06%/h in parasitized major soldiers to
6.75 +0.16%/h in unparasitized major soldiers (Fig. 1). Generally,
the slope of the linear regression of cumulative % TBW loss for par-
asitized major soldiers was significantly lower than that for unpar-
asitized ones, indicating that parasitized termites had lower % TBW
loss rates. There was a significant positive relationship between
mean % TBW loss rates and mean % TBW content for parasitized
(r?=0.70; P<0.01) and unparasitized major soldiers (r*=0.96;
P<0.01) (Fig. 2).

3.2.3. Cuticular permeability

Parasitized major soldiers had a significantly lower CP value
than unparasitized major soldiers (Table 1). There were significant
colony differences in CP (Table 2).

3.2.4. Mortality and tolerance to water loss

Parasitized major soldiers survived almost twice (LTso = 6.66 h;
range = 6.10-7.30 h; n = 91) as long as unparasitized major soldiers
(LTsp=3.40 h; range=2.79-4.01 h; n=102) in the desiccation
chamber, with 10.78% of parasitized major soldiers remaining alive
after 10 h, whereas all unparasitized termites died. Unparasitized
major soldiers had significantly lower tolerance to water loss than

Metabolic rates, water relation, and lipid composition of parasitized and unparasitized M. gilvus major soldiers.

Parameters Parasitized major soldiers Unparasitized major soldiers Test statistics

n Mean = SD Range n Mean = SD Range
Oxygen uptake (pl Oy/h/individual) 72 0.89£0.25 0.52-1.85 72 0.40 £ 0.21 0.13-1.48 t=12.855, df = 142, P < 0.01
Carbon dioxide release (jul O»/h/individual) 72 0.69£0.14 0.31-0.94 72 0.23+£0.11 0.06-0.74 t=20.950, df = 142, P< 0.01
Initial body weight (mg) 103 42.61+£4.59 34.50-54.20 103 25.09 £2.69 19.70-32.30 t=33.507; df =163; P<0.01
TBW content (%) 102 64.73 +3.26 54.26-77.21 102 71.99+2.23 68.07-84.59 t=-18.316; df = 187; P<0.01
Cuticular permeability (pg/cm/h/mmHg) 102 49.37+11.26 23.75-81.70 102 60.76 + 24.98 18.85-150.67 =-4.196; df = 140; P<0.01
Total body water that can be lost (%) 102 45.28 £6.79 28.00-62.12 102 32.84+7.69 15.20-72.90 t=11.761; df = 191; P<0.01
Body lipid content (%) 101 19.84 £ 6.27 3.95-45.21 99 6.17 +7.87 0.00-33.33 t=13.77; df = 133; P<0.01
Cuticular water content (%) 17 1094+ 1.84 6.41-13.75 23 13.17+£2.21 10.29-18.80 t=-3.443; df =38; P<0.01
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Table 2

Results of one-way analysis of variance (ANOVA) testing for colony variations.
Parameters F df P
Oxygen uptake 2.788 2 P>0.05
Carbon dioxide release 1.340 2 P>0.05
Initial body weight 2.196 2 P>0.05
% TBW content 3.102 2 P>0.05
Cuticular permeability 31.386 2 P<0.01
% Total body water that can be lost 1.798 2 P>0.05
% Body lipid content 0.206 2 P>0.05
% Cuticular water content 1.431 4 P>0.05

80

® Parasitized soldiers
O  Unparasitized soldiers

Total body water loss (%)

0 T T T T T
0 2 4 6 8 10 12
Time (h)

Fig. 1. Relationship between mean cumulative percentage of total body water loss
and desiccation time (h). Y=(5.715%0.055) X+ (3.388 +0.341); r?=0.9993;
P<0.01 for parasitized major soldiers and Y =(6.754 +0.163) X +(5.251 + 1.009);
2 =0.9954; P< 0.01 for unparasitized major soldiers.

®  Parasitized soldiers

O Unparasitized soldiers
94 —

Mean total body water loss rate (%o)

5 T T T T T
10 20 30 40 50 60 70
Mean total body water content (%)

Fig. 2. Relationship between mean percentage total body water loss rate and mean
percentage total body water content. Y=(0.063+0.015) X+(4.016 £0.633);
?=0.7010; P<0.01 for parasitized major soldiers and Y=(0.0540.004)
X+(5.872+0.161); r?=0.9641; P<0.01 for unparasitized major soldiers.

parasitized major soldiers (Table 1). No significant differences were
observed among colonies (Table 2).

3.2.5. Body lipid content

Body lipid content in parasitized major soldiers was signifi-
cantly higher than that of unparasitized major soldiers (Table 1).
There was a significant negative relationship between % body lipid

content and % TBW content (Y =[97.197 £ 8.651] — [1.231 £ 0.126]
X, where X = % body lipid content and Y= % TBW content; r*> = 0.32;
P <0.01) in both types of major soldiers. Major soldiers from differ-
ent colonies showed no difference in body lipid content (Table 2).

3.2.6. Cuticular water content

Cuticular water content of parasitized major soldiers was signif-
icantly lower than that of unparasitized ones (Table 1). No signifi-
cant colony variation in cuticular water content was found (Table 2).

3.2.7. Moisture content of the nest materials

Moisture content of the nest materials from the habitacle zone
(mean = 22.64 + 4.38%; range = 15.17-27.65%; n=6) was signifi-
cantly higher than that of the peripheral zone (mean=
16.24 + 2.73%; range =11.13-18.85%; n=6) (t=-2.971; df=10;
P<0.01).

4. Discussion

The physiological changes induced by parasitism have never
been reported for termites, but they have been studied previously
in moths, cockroaches, and crickets (Alleyne et al., 1997; Roces and
Gnatzy, 1997; Haspel et al., 2005). These authors reported that the
presence of parasitoids interfered with the normal metabolism of
the hosts. For example, metabolic rates were markedly reduced
in tobacco hornworms (Manduca sexta (Linnaeus)) after they were
parasitized by the braconid wasp Cotesia congregata (Say) (Alleyne
etal., 1997). An analogous phenomenon was noted in the American
cockroach Periplaneta americana Linnaeus parasitized by the wasp
Ampulex compressa (Fabricius) (Haspel et al.,, 2005) and in the
cricket Acheta domesticus (Linnaeus) parasitized by the digger wasp
Liris niger (Fabricius) (Roces and Gnatzy, 1997). However, contrary
results were reported in the current study. Our data showed that
parasitized major soldiers had greater respiratory metabolism than
unparasitized ones. There are several possible explanations for
these higher rates of metabolism: (1) to provide an adequate
amount of energy for growth and development of the larval para-
sitoids (Smith-Trail, 1980, cited in Varo et al., 2000); (2) more en-
ergy is needed to recover from the damage caused by the
parasitoids (Day and Oster, 1963); and (3) greater size of the par-
asitoid hosts (Berrigan and Partridge, 1997).

Korb and Linsenmair (1999) and Korb (2003) reported that gas
exchange was restricted to the surface at the top of the dome-
shaped Macrotermes bellicosus (Smeathman) mound. If the gas ex-
change pattern in M. gilvus mounds follows that found in M. bellic-
osus mounds, we propose that the parasitized hosts, with their
higher metabolic rate, tend to be restricted to the peripheral zone
of the mound for more efficient gas exchange.

The moisture content of the nest materials in the peripheral
zone was lower than that of the habitacle zone in our study, and
it was in the peripheral zone where we found aggregations of par-
asitized M. gilvus hosts. This result suggests that parasitized indi-
viduals were more tolerant of the drier environment than
unparasitized ones, as is also indicated by the higher survivorship
of the former when exposed to desiccation stress. Physiological
characteristics of parasitized termites identified in the present
study, such as larger size, lower water loss rates, higher water loss
tolerance, and a greater amount of metabolic water stores com-
pared to unparasitized termites correlate with this distribution
pattern and suggest potential physiological adaptations that help
parasitized soldiers (and parasitoids) to survive.

Smaller sized terrestrial arthropods have a large surface area to
volume ratio, which makes them particularly vulnerable in dry sur-
roundings (Gibbs et al., 1997; Danks, 2000; Kaersgaard et al.,
2004). The fact that parasitized major soldiers were larger in size,
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this suggests that they were less susceptible to desiccation com-
pared to unparasitized major soldiers. As an apparent result of re-
duced CP, parasitized termites also had lower rates of water loss
than unparasitized ones when exposed to desiccation stress. This
may indicate that the presence of the larval parasitoid decreases
CP, thus enabling the host to better withstand lower humidity.
Moreover, CP of most insects that live in dry environments is usu-
ally lower than those living in wetter environments (Appel, 1991;
Shelton and Grace, 2003; Kaersgaard et al., 2004). Two factors that
may affect CP in an insect are cuticular water content and chemical
and physical properties of the epicuticular lipid layer (Gibbs, 1998,
2002; Appel and Tanley, 1999). We found that parasitized major
soldiers had lower cuticular water content than unparasitized ter-
mites. Riddle (1981) reported that in drier environments, cuticular
water content was reduced in less permeable cuticles because
water movement into the cuticle was restricted by the epidermis.
Appel and Tanley (1999) found that the water content of the proc-
uticle contributed significantly to permeability of the German
cockroach Blattella germanica (Linnaeus). Chemical and physical
properties of the epicuticular lipid layer were not evaluated in
the present study, and they merit further investigation.

In the current study, significant colony differences were ob-
served in CP (Table 2). However, the data were pooled across all
colonies because water balance in insects is generally influenced
by environmental factors (Edney, 1957). Because the three colonies
used in this study were obtained from different locations, the col-
ony differences in CP likely were due to the variation in environ-
mental conditions. However, the general trend of parasitized
major soldiers having lower CP values remained (Table 1).

Generally, lower body water content in insects contributes to
water conservation and lower water loss rates (Danks, 2000; Mazer
and Appel, 2001). Body fat and body water content are inversely
proportional in many arthropods (Hadley, 1994), as was found in
this study. Mean % TBW content increased with an increasing mean
% TBW loss rate in parasitized and unparasitized major soldiers
(Fig. 2). Concurrently, body lipid content of major soldiers was in-
versely proportional to the total % TBW content, indicating that li-
pid reserves may play a role in reducing water loss rates in
parasitized major soldiers, as they contained significantly higher
body lipid content than unparasitized major soldiers. Metabolic
water gained from catabolism of fat bodies is an important process
that allows insects to withstand long periods of desiccation (Danks,
2000; Mazer and Appel, 2001).

Hadley (1994) proposed various ways to measure tolerance to
water loss, such as % TBW content at death and % TBW. In our
study, parasitized major soldiers appeared to tolerate greater
losses of body water than unparasitized ones, as indicated by %
TBW that could be lost before immobility occurred. Tolerance of in-
sects to water loss varies substantially depending on the environ-
ment (Hadley, 1994).

Although higher respiration rates mainly lead to greater losses
of water rates (Gibbs et al., 1997; Davis et al., 2000) the data in
the present study contradict this premise. The respiration rates
of parasitized major soldiers were greater but their water loss rates
were lower than those of unparasitized termites. These conflicting
results could be due to the integument that forms the main barrier
to evaporative water loss, as 90% of total water loss occurs largely
from the integument in several insects (Hadley, 1994; Gibbs, 2002)
and loss through the respiratory surfaces is minimal (William et al.,
1998; Rourke, 2000; Bazinet et al., 2010).

In conclusion, the physiological changes that occur in parasit-
ized M. gilvus are apparently beneficial to the parasitoids, as the
alterations can clearly increase the parasite’s chances of survival
when exposed to extreme environmental conditions and ensure
that the parasitoids are able to complete their larval development
successfully before the host dies. The physiological changes in

parasitized hosts may also explain why the fly parasitoids are so
successful in M. gilvus nests, particularly in Penang, where 19.7%
(137 of 697 surveyed colonies) of M. gilvus colonies were found
to be infected by M. mindeni (Foo et al., 2011b).
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