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SUMMARY

Host nutrition plays an important role in determining the development and success of parasitic infections. While studies of

vertebrate hosts are accumulating, little is known about how host nutrition affects parasites of invertebrate hosts. Crithidia

bombi is a gut trypanosome parasite of the bumble bee, Bombus terrestris and here we use it as a model system to determine

the impact of host nutrition on the population dynamics and development of micro-parasites in invertebrates. Pollen-

starved bees supported significantly smaller populations of the parasite. In pollen-fed bees the parasite showed a temporal

pattern in development, with promastigote transmission stages appearing at the start of the infection and gradually being

replaced by choanomastigote and amastigote forms. In pollen-starved bees this developmental process was disrupted, and

there was no pattern in the appearance of these three forms. We discuss the implications of these results for parasite

transmission, and speculate about the mechanisms behind these changes.
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INTRODUCTION

The nutritional status of host animals has an im-

portant impact on the dynamics of host-parasite

interactions. Hosts suffering from malnutrition may

have increased susceptibility (e.g. Ing et al. 2000;

Koski & Scott, 2001; Pedersen et al. 2002), and may

suffer more severely from parasitism (e.g. Holmes

et al. 2000; Anstead et al. 2001; Coop & Kyriazakis,

2001; Koski & Scott, 2001; Pedersen et al. 2002).

From the parasite perspective, host nutritional status

may determine growth, of both individuals and

populations, within the host, with obvious impli-

cations for transmission and parasite fitness (e.g.

Keymer, Crompton &Walters, 1983; Shi et al. 1995;

Sudati, Rivas & Fried, 1997; Petkevicius et al. 2001;

Neves et al. 2001; Oliveira et al. 2003; Ezenwa, 2004;

but see Simoes et al. 2002). In the natural world,

hosts frequently undergo nutritional stress due to a

lack of, or competition for resources. Consequently,

understanding the interaction between host nutrition

and the host-parasite dynamics is essential if we are

to unravel complex host-parasite relationships.

Studies of gut parasites in vertebrates have

suggested three main mechanisms by which host

nutritional status might influence parasites (Bundy &

Golden, 1987), (i) nutritionally mediated changes in

hostdefences, (ii)malnutritionof theparasite, and (iii)

nutritionally mediated changes in the environment of

the parasite. These mechanisms may act singly or

synergistically. For example, suppression of the host

immune response due to malnutrition (e.g. Shi et al.

1994; Scott & Koski, 2000) is likely to lead to

increased numbers of infective stages successfully

establishing, maturing and reproducing themselves

in the host. Concomitant changes in the environ-

ment, perhaps through changes in the physiology of

the host-gut, may have the opposite effect, with in-

fective stages failing to establish themselves (Ongele

et al. 2002). Finally, a general lack of resources may

either have no effect on parasite population estab-

lishment and growth, or lead to its reduction,

depending upon how the parasite obtains its own

nutritional needs from the host. While a number of

studies in vertebrates have assessed the impact of

these various mechanisms (see references above), so

far too little is known to predict general patterns in

the relationship between host nutrition and parasite

success.

Our understanding of the impact of host nutrition

in invertebrate host-parasite systems is even more

limited. To the best of our knowledge, only Kollien

& Schaub’s work (reviewed in 2000, 2002, 2003),

which quantified the impact of feeding and starvation

of the hemimetabolous bug Triatomine infestans on

its heteroxenous and homoxenous trypanosomes

(Trypanosoma cruzii and Blastocrithidia triatomae,

respectively), has examined the role of host nutrition

in invertebrate host-parasite systems. In starving

bugs, parasite populations decrease and show poten-

tially adaptive changes in the relative proportion of
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different developmental stages. The mechanism

behind these changes is unclear, although it is likely

to be due to parasite malnutrition, changes in host

gut physiology, or both. However, starvation is a

normal part of the life-cycle of this host species, and

thus the impact of starvation on parasites in invert-

ebrate hosts where it is an abnormal agent of stress

remains unclear. Here we investigate the impact of

host nutrition on the population dynamics of the gut

trypanosome Crithidia bombi in its holometabolous

host, the bumble bee Bombus terrestris.

The Crithidia/Bombus system has become a model

invertebrate host-parasite system (Schmid-Hempel,

2001). The parasite infects its adult host per os and

then develops in the gut, before transmission stages

are passed out in the host faeces from about 2 days

after infection (Schmid-Hempel & Schmid-Hempel,

1993; Imhoof & Schmid-Hempel, 1998). Previous

work has shown that there are strong genotypic and

physiological interactions between the host and

parasite (Shykoff & Schmid-Hempel, 1991a, b ;

Schmid-Hempel et al. 1999; Brown, Moret &

Schmid-Hempel, 2003). While generally benign and

highly prevalent (Shykoff & Schmid-Hempel,

1991c,d ; Imhoof & Schmid-Hempel, 1998, 1999),

under conditions of host-stress the parasite has a

significant impact on its host’s survival and repro-

duction (Brown, Loosli & Schmid-Hempel, 2000;

Brown, Schmid-Hempel & Schmid-Hempel, 2003).

In the current study we address 2 questions: (1) how

does host starvation affect parasite population

growth and potential for transmission and (2) does

host nutrition impact on the presence of different

developmental forms of the parasite?

MATERIALS AND METHODS

Bees for the experiment were taken from 2 colonies of

B. terrestris supplied by Hortico Industries, Ireland.

Twenty bees were taken from each colony and ran-

domly assigned to one of two treatments, ‘Pollen’

and ‘No Pollen’. Prior to the experiment, the

bees were fed pollen and sugar water (Apiinvert1)

ad libitum. In addition, their faeces were checked to

make sure that the bees were parasite-free.

To prepare the inoculum, faeces were collected

from 17 B. terrestris workers infected with C. bombi

taken from 2 naturally infected B. terrestris queens

caught in the spring of 2003 in Dublin, Ireland. The

faeces were mixed and cell counts were made using

an improved Neubauer slide. The faeces were then

mixed with sugar water to produce an inoculum

concentration of 2500 parasite cells/ml.
Prior to inoculation, bees were deprived of all food

for 3 h to facilitate infection. Each bee was then

presented with a 10 ml drop of inoculum and

observed until the inoculum was drunk. Thus, each

bee ingested a total of 25 000 parasite cells. Post-

inoculation, bees were kept separately in plastic

boxes (10.5r13r6 cm). Pollen bees were provided

with ad libitum pollen and sugar water, while No

Pollen bees were provided only with sugar water. In

the absence of sugar water, bees die within about 12 h

(Brown et al. 2000). The bees were kept in a dark

room at 30 xC and 50% relative humidity for the

duration of the experiment.

For the following 15 days, faeces were collected

from each of the 40 bees and parasite cells were

counted using an improved Neubauer slide. In

addition, for each count we determined the presence

or absence of the 3 morphological forms of the

parasite – promastigote, choanomastigote and

amastigote. By using faecal counts, rather than

dissections, we were able to track directly the

development of the infection in individual bees.

Prior to the main experiment described above, we

ran a pilot experiment using 20 bees from one of the

two colonies. In this experiment, faecal parasite

counts were only made for days 10 to 15, and

morphotypes were not recorded, but in all other

respects the experimental design was the same.

A repeated-measures ANOVA was used to deter-

mine the effects of pollen treatment, colony, time and

their interactions on the growth of the parasite

population. Because the data did not meet the as-

sumption of sphericity, Greenhouse-Geisser values

were used to determine significance. Mann-Whitney

U-tests were used to examine differences between

the pollen treatments on each day of the experiment.

To determine whether the parasite morphotypes

appeared asynchronously we used paired t-tests

(where forms were paired within bees) to analyse the

order in which they appeared in the faeces, and

x2-tests to analyse the prevalence of each form on

each day. Because data points across days are not

independent, the improved sequential Bonferroni

technique was used to assess true statistical signifi-

cance (Hochberg, 1988). All statistical analyses were

done on SPSS 10 for the Macintosh.

RESULTS

Of the 40 experimental bees, 3 died (2 from the No

Pollen treatment and 1 from the Pollen treatment)

and 2 escaped and were lost during the course of the

experiment; only 1 bee (No Pollen treatment) failed

to establish a C. bombi infection. There was a

significant effect of treatment on the parasite popu-

lation, with Pollen bees carrying consistently higher

parasite loads (Table 1, Fig. 1). A day-by-day

analysis showed that parasite loads were significantly

higher on days 3 to 8, and days 10 to 13 of the

experiment (Table 2, Fig. 1). There was also a sig-

nificant effect of time, with parasite load generally

increasing across the experiment (Table 1, Fig. 1).

This trend was best captured by a linear relationship

(F1,30=40.454, P<0.001) and represents the devel-

opment of the parasitaemia. In contrast, there was no
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effect of colony-of-origin, or any of the interactions

between these factors (Table 1).

In the pilot experiment, we found similar results.

Parasite counts were significantly higher in pollen-

fed bees for days 10 to 15 (RMANOVA; Pollen,

F1,11=8.286, P=0.015, Day, F4,44=1.143, P=0.349,

PollenrDay, F4,44=0.555, P=0.696), and signifi-

cantly so for days 10, 12 and 13 (Mann-Whitney U-

test ; day 10, Z=2.666, P=0.008; day 11, Z=0.889,

P=0.374; day 12, Z=2.062, P=0.039; day 13,

Z=2.205, P=0.027; day 14, Z=1.389, P=0.165;

day 15, Z=1.886, P=0.059).

The promastigote form of the parasite appeared

earlier in faeces during the course of the experiment

than either the choanomastigote (mean day of first

appearance¡S.E., 4.0¡0.18 vs 5.0¡0.19, D.F.=38,

t=6.325, P<0.001; Fig. 2) or amastigote forms

(mean¡S.E., 4.0¡0.18 vs 5.2¡0.19, D.F.=38, t=
5.972, P<0.001; Fig. 2). There was no significant

difference between the appearance of the choano-

mastigote and amastigote forms (D.F.=38, t=1.156,

P=0.255; Fig. 2).

Because of the significant differences between food

treatments in the parasitaemia, we examined the

relative prevalences of the three morphotypes across

all bees and for each food treatment individually.

After Bonferroni adjustment, across all bees and

within the Pollen treatment, there were significant

differences in morphotype prevalence for days 3, 4,

10, 11, and 13 of the experiment (Table 3, Fig. 2).

These differences were due to a higher prevalence of

the promastigote form on days 3 and 4, and a lower

prevalence of the promastigote on days 10, 11 and 13

(Fig. 2). It should be noted that the promastigote was

consistently the most prevalent form for days 2–5 of

the experiment, after which it showed a general de-

cline in prevalence concomitant with an increase in

the prevalence of the two other forms (Fig. 2). In

contrast, in the No Pollen treatment there were no

significant differences in morphotype prevalence

throughout the experiment, even without Bonferroni

adjustment (Table 3).

Table 1. Results from the repeated-measure ANOVA analysis of parasite population dynamics

(Because the data did not meet the assumption of sphericity, statistics for the repeated measure and its interactions are the
Greenhouse-Geisser values explaining the non-integer values for degrees of freedom.)

Factor MS D.F. F-value P-value

Food 3.089r1010 1, 30 17.232 <0.001
Colony 6.769r109 1, 30 3.776 0.061
Day 1.592r1010 3.473, 104.2 4.251 0.005
Food*Colony 5.545r109 1, 30 3.088 0.089
Food*Day 7.389r109 3.473, 104.2 1.973 0.113
Day*Colony 3.146r109 3.473, 104.2 0.84 0.489
Food*Colony*Day 3.514r109 3.473, 104.2 0.938 0.435
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Fig. 1. The population dynamics of Crithidia bombi

infections in pollen-fed (–$–) and pollen-starved (–%–)

bees. Data shown are mean¡standard error. Note how

the parasite population increases earlier and to higher

levels in the pollen-fed bees. Bars with asterisks indicate

the within-day comparisons that showed a significant

difference between pollen-fed and pollen-starved bees

(see Table 2 for statistics).

Table 2. Pollen-fed bees maintained significantly

larger parasite populations

(Results are from the Mann-Whitney U-test analyses of
differences between food treatments within days.
Significant values after Bonferroni correction are shown in
bold. See Fig. 1 for parasite population dynamics.)

Day U-statistic P-value

1 144.0 1.000
2 136.0 0.798
3 64.5 0.005
4 56.5 0.002
5 55.5 0.002
6 56.5 0.002
7 36.0 <0.001
8 45.5 <0.001
9 91.0 0.070

10 33.5 <0.001
11 60.0 0.003
12 67.0 0.007
13 53.0 0.001
14 79.5 0.025
15 76.0 0.018
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DISCUSSION

Our results show that the dynamics of Crithidia

bombi populations in their bumble bee hosts are

dramatically affected by the host’s nutritional status.

Pollen-starved bees maintained significantly lower

parasite populations that developed later after in-

fection. Furthermore, pollen-starvation disrupted

the order in which different developmental forms of

the parasite appeared as transmission stages.

Given the opportunity, worker bumble bees will

consume pollen throughout their natural life-span

(Smeets & Duchateau, 2003; M.J.F.B., personal

observation). Consequently, in conditions of high

resource availability, populations of the parasite

within individual hosts should be high. In contrast,

when colonies are food-stressed, individual parasite

populations should decline rapidly. The implications

of such fluctuations for parasite transmission and

epidemiology depend upon the transmission route

being considered. In this host-parasite system,

transmission can occur either intra-colony (within

the nest and between nest-mates; Schmid-Hempel

(2001)) or inter-colony (via flowers and between

non-nestmates; Durrer & Schmid-Hempel (1994)).

Intra-colony transmission is unlikely to be affected

by the nutritional status of hosts. Previous work has

shown that a dose of 5000 parasite cells is sufficient to

allow the successful transmission of the parasite

(Brown et al. 2003), equivalent to the number of cells

present in a single defecation from a pollen-starved

bee. In dark, warm and humid nest conditions such

defecated cells are unlikely to suffer rapid environ-

ment-induced mortality and thus will remain a

potent source of infection. In contrast, our results do

have implications for inter-colony transmission via

flowers. In a previous experiment, Schmid-Hempel

et al. (1999) showed that exposure to the environ-

ment dramatically reduced the infection potential of

parasite inocula. While the mechanism behind this

reduction was not assessed, it seems likely that it is

due to parasite mortality caused by dessication and

UV-light. The reduced parasite population in the

faeces of pollen-starved bees would enhance this

effect, leading to a reduction in inter-colony trans-

mission of the parasite and thus a reduction in the

overall parasite population. Consequently, we would

expect the parasite to be less prevalent in food-

stressed host populations, in contrast to simple

expectations based on host-susceptibility.

What is the mechanism behind the reduction in

parasite populations? The framework of Bundy &

Golden(1987),developedforvertebratesystems, sug-

gests twopotential explanations.First, decreasedhost

nutrition may negatively impact parasite populations
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Fig. 2. The comparative temporal dynamics for the

prevalence of promastigote, choanomastigote and

amastigote forms of the parasite in pollen-fed and

pollen-starved bees. Contrast the absence of any significant

pattern in the prevalence of the three types in the upper

graph (pollen-starved bees) with statistically significant

differences (shown with an asterisk above the relevant

columns) in the increase and decrease in prevalence of

the three forms in the lower graph (pollen-fed bees) (see

text and Table 3 for statistical details).

Table 3. Results from the x2 analyses of the relative
prevalences of the three parasite morphotypes (i)

across all bees, (ii) across bees within food treatments

(Significant values after Bonferroni correction are shown in
bold.)

All bees Pollen No Pollen

Day x2(2) P-value x2(2) P-value x2(2) P-value

1 — — — — — —
2 4.1 0.131 4.1 0.126 — —
3 21.4 <0.001 20.4 <0.001 3.3 0.189
4 12.3 0.002 12.2 0.002 2.5 0.292
5 9.5 0.009 8.2 0.016 5.0 0.131
6 4.3 0.119 3.1 0.217 4.1 0.081
7 8.9 0.012 4.4 0.110 4.7 0.098
8 2.8 0.243 4.6 0.102 3.6 0.165
9 6.4 0.040 7.8 0.020 1.3 0.519

10 15.6 <0.001 14.9 0.001 2.9 0.231
11 20.3 <0.001 15.5 <0.001 5.5 0.063
12 10.2 0.006 8.9 0.012 5.7 0.058
13 12.2 0.002 13.3 0.001 2.0 0.375
14 6.4 0.042 9.7 0.008 3.1 0.207
15 6.5 0.039 4.7 0.097 2.3 0.312
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through a simple reduction in resource availability.

We do not know how much of the nutritional re-

quirements of C. bombi are absorbed directly from

the gut contents compared to from the host itself. If

direct absorption is important, then pollen-starvation

will immediately impact on parasite population

growth. However, the presence of sustained parasite

populations in pollen-starved bees suggests that

C. bombi does derive significant nutritional supplies

directly from its host. Consequently, the reduction in

parasite populations may be due to a reduction in

host-derived resources. Previous work has shown

that pollen-starved bees reallocate resources away

from maintenance and growth to the costly immune

system (Moret & Schmid-Hempel, 2000; Brown

et al. 2003), potentially making resources less avail-

able to gut-parasites such as C. bombi. A second

explanation is that the absence of pollen changes the

gut environment to make it detrimental to parasite

growth. Such effects have been shown in a trypano-

some-vertebrate system (Ongele et al. 2002).

Selenium is an important anti-oxidant, and a

selenium-deficient diet resulted in reduced parasite

growth in mice. Whether similar effects might

be present in invertebrate hosts in general, and

B. terrestris specifically, remains unknown.

To our knowledge, the only other trypanosomes of

insects for which development and the impact of

starvation and feeding have been quantified are

Trypanosoma cruzi and Blastocrithidia triatomae in

the reduviid bug Triatoma infestans (Kollien &

Schaub, 2000, 2002, 2003). Unlike bumble bees,

which show holometabolic development and are in-

fected by C. bombi as adults only, T. infestans is a

hemimetabolous insect, where development from

one instar to the next depends upon a natural cycle of

feeding and starvation, and infection can occur at any

point in the host life-cycle. However, despite these

apparently large host differences, the impact of

starvation in this system on parasite populations

shows strong parallels with that seen in our exper-

iments. The response of T. cruzi and B. triatomae to

host starvation involves both dramatic decreases in

population size and changes in the relative presence

of different developmental stages.

It is currently unclear what the functions of the

three different developmental forms of C. bombi are,

but the temporal pattern in their presence during an

infection (except in the absence of pollen, when this

pattern was disrupted) and correlated variation

across an infection in the ability for the parasite to be

transmitted successfully from one host to another

(Schmid-Hempel & Schmid-Hempel, 1993)

suggests that the parasite forms may have different

roles in transmission. For example, the rapidly

moving promastigote form, with its large surface

area: volume making it prone to dessication, may

be more important for transmission intra-colony,

while the presumably more resistant, small surface

area: volume amastigote and choanomastigote forms

maybemore important for inter-colony transmission,

where the ability to withstand environmental stress is

more important (Schmid-Hempel et al. 1999). Thus,

the developmental pattern makes sense from the

perspective of the parasite, as the propensity for

bees to forage outside the nest increases as they

age (Schmid-Hempel, 2001). An alternative, non-

adaptive explanation is that the parasite life-cycle

may be fixed within this group of trypanosomes,

making its potential fit with transmission routes a

non-adaptive, but fortuitous accident. It should be

noted that both of these explanations assume that all

parasite morphotypes have an equal probability of

entering the host faeces. If there is niche-partitioning

within the gut by morphotypes, and no migratory

behaviour between niches, then temporal patterns

within the faeces may simply reflect such niche

partitioning by the parasite within the gut. All of

these suggestions remain to be tested.

To conclude, our results suggest that host nu-

trition is an important determinant for the within-

host demography of parasites of invertebrates, just as

it is in the more well-studied parasites of vertebrates.

However, further studies are required to determine

both the mechanisms behind such impacts and the

relative importance of them with respect to estab-

lishment, reproduction and transmission forparasites

in these two fundamentally dissimilar types of host.
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