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Social insects face strong selection from parasites because the conditions
of group living often favor the transmission of infection among nestmates.
However, there is little detailed information on the effects of parasite
infection in the host species. Workers of Polybia species, neotropical
swarm-founding wasps, are commonly infected by gregarines, protozoans
that are exclusively parasitic on invertebrates. Previous studies showed
that high rates of gregarine infection in workers of Polybia occidentalis
(Olivier) have negative effects on their colony performance. However, the
effect of seasonality on infection rates throughout the year or between
wet and dry seasons has not been examined. Host-parasite interactions
cannot be understood without consideration of the overall population
dynamic. We compared rates of gregarine infection in workers of
Polybia paulista (Ihering) between wet and dry seasons and among
months. The 35% rate was by far the highest of the four wet seasons
sampled, but the rates declined in the mid-wet season and were very
low during the dry season. Strong seasonal differences in infection rates
were also observed between the dry and wet seasons. Several potential
factors affecting the seasonal differences are discussed.

Introduction

Parasites induce physiological, behavioral, andmorphological
effects on their hosts. Additionally, the co-evolution of para-
sites and their hosts often leads to drastic changes in the life
history of the host species (e.g., Avilés et al 2006). Social
insects face strong selection from parasites, as shown by
the following common observations among colony mates
of high-colony genetic relatedness, frequent interactions,
and grooming and hygienic behavior (reviewed by Schmid-
Hempel 1998, Pie et al 2004). Thus, it is important to eluci-
date the relationships between social insects and their para-
sites in order to understand the evolution of social behavior.

In social wasps, well-documented interactions with gre-
garines have been investigated in colonies of Polybia
occidentalis (Olivier), a common swarm-founding wasp of
the American tropics (Howard & Jeanne 2004, Bouwma

et al 2005, Howard & Jeanne 2005, Kudô et al 2011).
Gregarines (Phylum: Apicomplexa, Order: Eugregarinida)
are common and diverse protozoans that are exclusively par-
asitic on invertebrates, especially arthropods. Jeanne and
others investigated the relationships between foraging activ-
ities and rates of gregarine infection in workers of
P. occidentalis (Howard & Jeanne 2004, 2005, Bouwma
et al 2005). Howard & Jeanne (2004) showed that infection
by gregarines increased brood development time, indepen-
dently of colony size, possibly due to reduced foraging suc-
cess of infected workers. Bouwma et al (2005) also showed
the negative effect of gregarine infections on per-capita
brood production and hypothesized that foraging rates per
brood may be a more direct result than those per larva.
Howard & Jeanne (2005) partially supported this interpreta-
tion and showed in pre-emergence colonies that foraging
rates per larva did not correlate with infection rates by
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gregarine. In P. occidentalis, the effect of gregarine infection
on worker body size was examined. Kudô et al (2011) found
that workers infected by gregarines were larger than unin-
fected workers. The authors hypothesized that infection by
gregarines makes larvae hungrier and induces them to solicit
more food from adults.

The same effect on worker body size by gregarine infec-
tion has been shown in a swarm-founding polygynous wasp
P. paulista ( Ihering), a consubgeneric species of
P. occidentalis (Kudô et al 2004). These authors collected
four colonies of this species during the wet season in
Ribeirão Preto, southeastern Brazil, and showed that infec-
tion rates varied among colonies (0–14%). Infection rates by
gregarines were shown to change throughout the wet sea-
son in a Finca Las Pumas population (Costa Rica) of
P. occidentalis during 1999 and 2000 (Bouwma et al 2005).
The authors showed that intra-colony infection rates de-
clined from the early wet season to the late wet season in
1999, beginning low in the wet season, increasing in the mid-
wet season, and then declining in the late wet season in
2000. These previous works suggest that infection rates by
gregarines vary among colonies as well as seasons. However,
the effect of seasonality on infection rates by gregarines
throughout the year or between wet and dry seasons has
not yet been examined. Because gregarines may be an im-
portant source of selection in the behavioral ecology and life
history of Polybia species (Bouwma et al 2005), information
about the long-term changes of the infection rates is needed.

Here, we examine seasonal changes in the rates of greg-
arine infection in workers of P. paulista. First, we collected
workers from several colonies at regular intervals throughout
a year and compared the rates of gregarine infection be-
tween wet and dry seasons and among months. Next, we
collected colonies of this species in wet and dry seasons and
compared rates of gregarine infection between seasons.

Materials and Methods

Wasp sampling at regular intervals

Every two months between November 2000 and November
2001, we collected wasps with insect nets from a total of 10
colonies at the campus of Universidade de São Paulo (USP) in
Ribeirão Preto city (21°11′S, 47°48′W), after these nests were
partially destroyed. In each colony, collections were carried
out until the colony was destroyed by unknown predators
(absconding swarming) or exhibited swarm emigration (re-
productive swarming or emigration swarming). The numbers
of wasps in each colony collected by sampling month are
summarized in Table 1. In our study locality, P. paulista exhib-
its colony activity throughout the year, but the activity is
commonly higher between October and April (hereafter

referred to as “wet season”) than between May and
September (hereafter referred to as “dry season”) (Kudô
et al 2003, 2011). Our sampling was carried out four times
during the wet season and three times during the dry season
(Table 1). On average, 233.7 ± 33.9 wasps (± SE; range, 20–
168 wasps) from 4.1 ± 0.7 colonies were collected in each
sampling month and immersed in 99% ethanol for later
dissection.

Nest collection

We collected 11 colonies in August 2012 (dry season) and 12
colonies in January to March 2013 (wet season) on the cam-
pus of USP and its adjacent area. All wasps were immersed in
99% ethanol for later dissection.

Dissections

The abdomen was dissected from all wasps collected in 2000
and 2001 (N = 1636) under a binocular microscope (Olympus,
SZ-61), whereas the abdomen was dissected from 100 ran-
domly selected wasps from each of 23 colonies collected in
2012 and 2013 (N = 2300). As Noll & Zucchi (2000) noted in
P. paulista, the following three development types were rec-
ognized in the ovary: type A with filamentous ovarioles bear-
ing no visible or slightly developed oocytes, type B with at
least somemature or nearly mature oocytes, and type C with
well-developed and longer ovarioles each bearing from two
to several mature oocytes. Since only type C females
contained sperm in the spermatheca, females with ovaries
A, B, and C were characterized as workers, intermediates,
and queens, respectively. By dissection of the abdomen,
we found milky white spheres in the host wasps (length
and width: ca. 500 μm), which were the gametocysts of
the gregarine (Kudô et al 2004). We treated these wasps
as “parasitized by gregarines,” but did not measure the in-
fection intensities (numbers of the gametocysts) or develop-
mental stages of the parasites.

Results

The numbers of queens, intermediates, and workers collect-
ed in 2000 and 2001 were 7, 19, and 1610, respectively. No
queens or intermediates were parasitized by the gregarines.
The proportion of parasitized workers per colony changed
drastically (Fig 1); more than 30% of workers were parasitized
in November 2000 (early wet season), and the proportion
decreased gradually through the mid-wet to the late wet
season. There were very few parasitized workers between
March and July 2001, and so the proportion per colony was
particularly low in those months. After September 2001,
however, the proportion of parasitized workers per colony
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increased again. Proportion of infected workers in individual
colonies changed consistently; no infected workers were ob-
served over four months spanning wet to dry season in two
colonies (PP0011 and PP0034) (Fig 2), while proportion of
infected workers spanning dry to early wet season in one
of other two colonies (PP0151 and PP0152) increased gradu-
ally (Fig 3).

In 11 colonies collected in the dry season (2012), mean
proportion of infected workers per colony was only 0.09%
(± 0.09%, ± SE). In addition, four of 17 queens were parasit-
ized by the gregarines, but no intermediates (N = 85) were
parasitized. In 12 colonies collected in the wet season (2013),
mean proportion of infected workers per colony was 1.95%
(± 0.98%, ± SE), but no queens (N = 34) or intermediates (N =

22) were parasitized. The mean proportion of parasitized
workers per colony during the wet season (2013) was signif-
icantly larger than the dry season (2012) (Mann-Whitney U
test, z = 2.388, P = 0.017).

Discussion

We studied seasonal differences in the rates of gregarine
infection in workers of the swarm-founding wasp
P. paulista. Two different sampling methods consistently
showed that infection rates were (1) higher during wet sea-
sons than during dry seasons and (2) not constant through-
out the wet season.

Bouwma et al (2005) investigated intra-colony infection
rates by gregarines during wet seasons in the Costa Rican
P. occidentalis, but the infection rates over a year to include
the dry season had not previously been examined. This is the
first study to examine changes in infection rates by gregarines
throughout the year and whether the rates differ between wet
and dry seasons in social wasps. Because themode of transmis-
sion for gregarines is not known, there are no data bearing
directly on the mechanism for the observed change in infection
rates between seasons. One possibility is that colonies with high
gregarine infection rates in workers during the wet season are
unable to survive for a long duration, at least over seasons.
Because infected workers commonly forage at lower rates than
uninfected workers (Bouwma et al 2005), it appears that the
wasp population in such colonies is not maintained. In fact,
demographic data of P. paulista workers indicated that even
colonies with several thousand workers would quickly be re-
duced to very small numbers unless new workers were pro-
duced to replace old workers (Kudô et al 2011). Another possi-
bility for the observed change in infection rates between

Table 1 The number of wasps collected for dissection to examine seasonal change in infection rates by gregarines.

Nest 2000 2001

November January March May July September November

7 34 100

10 88 102 50

11 20 20 39 24

34 36 32 21 21

44 73 85 78 20

47 26 28

48 168 100

51 40 103 88

52 40 104 51

53 25 20

Total 108 192 294 324 332 247 139

Average ± SE 54.0 ± 34.0 48.0 ± 18.3 58.8 ± 12.4 64.8 ± 28.4 47.4 ± 11.3 61.8 ± 24.1 69.5 ± 18.5
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Fig 1 Monthly changes inmean (± SE) proportion of workers infected by
gregarines per colony throughout a year (November 2000 to November
2001).
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seasons could be associated with environmental temperature
and temperature variation. Several recent studies indicated im-
mediate and longer-lasting effects of environmental tempera-
ture and temperature variation in the outcome of future host-
parasite interactions (Eggert et al 2015, Pamminger et al 2016).
If this is the case, the temperature difference between seasons
in our study locality would affect the susceptibility of workers to
infection.

We found very few workers infected by gregarines from
late in the wet season to the middle of the dry season. These
very low infection rates could be associated with a longer
lifespan of workers infected late in the wet season. In
Ribeirão Preto, 60–70% of P. paulista colonies do not rear
broods during the dry season (K. Kudô unpublished data),
suggesting that the life span of such infected workers is pro-
longed. Additionally, because infected workers commonly
forage at lower rates than uninfected workers (Bouwma
et al 2005), it appears that very few P. paulista workers
infected by gregarines at the end of the wet season would
have survived longer than a few months.

Infection rates by the gregarines were not constant through-
out the wet seasons in the Ribeirão Preto population of
P. paulista during 2000–2001. Bouwma et al (2005) analyzed

the relationship between infection rates by gregarines and col-
lection date (from early to late wet season) in P. occidentalis
and found different patterns in the relationships between two
years; the infection rates declined from the early to late wet
season in 1999, whereas in 2000 the rates began in the early
wet season, increased in themid-wet season, and then declined
in the late wet season. Again, because the mode of
transmission is not known, it is unclear why the pattern of the
gregarine infection rates throughout the wet seasons differed
between years.

Heavy infection by gregarines in workers during wet seasons
must have a negative effect on fitness via smallermature colony
size as a consequence of reduced productivity and retarded
growth, and there is evidence to support this view. Howard &
Jeanne (2004) measured brood development rates in colonies
of founding stages in P. occidentalis and showed that infection
by gregarines increased brood development time, independent-
ly of colony size. Howard & Jeanne (2005) also observed that
infected workers of this species forage at lower rates than unin-
fected workers. In P. paulista, the extranidal activities of workers
during the wet season were much higher than those during the
dry season (Kudô et al 2003). Moreover, reproductive swarms
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during the wet season occur frequently compared with the dry
season in P. paulista (Kudô unpublished results). If infectedwork-
ers of P. paulista tend to forage at lower rates, as observed in
P. occidentalis, the reduced foraging rates during the wet season
cause smaller and/or fewer reproductive swarms.

This study showed that in the swarm-founding wasp
P. paulista, infection rates by gregarines in workers were
higher during the wet season than during the dry season
and were not constant throughout the wet season. As previ-
ous studies in P. occidentalis suggested, our results suggest
that gregarines must be an important selection factor in the
behavioral ecology and life history of P. paulista. Further
studies on annual and seasonal changes in foraging, individ-
ual or colony mortality, and colony productivity are needed
to further elucidate on the potential effects of gregarines.
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