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Abstract Parasites and mutualists can wield great influ-

ence on the fitness of social organisms, yet the effect that the

host’s social structure has on the evolution of parasites,

commensals, and mutualists (collectively referred to here as

symbionts) is poorly known. Evolutionary theory suggests

that host social structure may select for more cooperative

symbiont strains in comparison to symbionts of solitary

hosts. We compared the productivity of one social and one

solitary bee species (Halictus ligatus and Augochlora pura)

in the family Halictidae with and without the presence of

their nematode symbionts (Acrostichus halicti and Acrosti-

chus puri, respectively). We measured the number of

offspring produced, the number of cells provisioned, and

nesting activity (for Au. pura) to test the hypothesis that

symbionts specific to a social host exhibit greater coopera-

tion than symbionts specific to a solitary host. Infected and

uninfected nests of both species did not differ in any fitness

estimates indicating that: (1) Acrostichus species are com-

mensals, or at least lack large fitness effects on their hosts,

and (2) the transition from association with a solitary host to

association with a social host that lives in small colonies does

not have detectable effects on the evolution of conflict and

cooperation in this system. This is the first comparative study

to test the idea that host social structure may influence the

evolution of symbionts; future work should compare closely

related mutualists and parasites of more advanced eusocial

insects to mutualists and parasites of solitary insects.
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Introduction

Nearly all organisms are involved in close associations with

other organisms, and these relationships are of central impor-

tance to population viability and dynamics. The evolution

of conflict and cooperation between hosts and symbionts

(sensu lato: parasites, commensals, and mutualists) has, there-

fore, been the object of intense study. There is no central

theory that explains the evolution of all symbiotic rela-

tionships; there is, however, a basic understanding of the

factors that can select for the evolution and maintenance of

cooperative behavior.

One of the most useful concepts for understanding the

evolution and maintenance of interspecific cooperation is

partner fidelity feedback (Sachs et al., 2004; Bull and Rice,

1991). Partner fidelity feedback occurs in associations in

which the fitness of each partner feeds back positively into

the other partner’s fitness (Sachs et al., 2004). Cooperation

benefits both partners, as increasing the other partner’s fit-

ness increases the benefits available to the cooperator. If one

partner fails to cooperate, this defection results in a reduc-
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tion of its own fitness, as the benefit available from the other

partner is reduced by defection. The strong coupling of host

and symbiont that occurs under strict vertical transmission

(maternal inheritance) is the ultimate expression of partner

fidelity feedback, and both theoretical and empirical evi-

dence support the notion that vertical transmission selects for

greater benevolence (Bull et al., 1991; Ewald, 1987; Fine,

1975). Partner fidelity feedback is also an important tool for

the understanding of virulence evolution (Sachs et al., 2004).

When a tradeoff exists between increased parasite trans-

mission and greater negative effects on the host, both caused

by parasite reproduction within a host, the optimal level of

virulence strikes a balance between the two (Alizon et al.,

2009). A general result of virulence evolution models is that

greater partner fidelity feedback results in decreased viru-

lence (Sachs et al., 2004).

How host social structure affects symbiont evolution

is a subject that is just beginning to receive attention (Berg-

hoff et al., 2009; Hughes et al., 2008). When placed in the

context of partner fidelity feedback, it can be reasoned that

host social structure may serve to increase selection for

symbiont strains that exhibit greater cooperation. For exam-

ple, social transmission between sisters in an insect colony

may be akin to vertical transmission and, therefore, serve to

more tightly couple the reproductive interests of social hosts

and their symbionts (Hughes et al., 2008). Put another way,

when one symbiont strain is introduced and spreads within a

colony, that symbiont strain will be shared in the same way

that genes are shared amongst colony mates. Cooperative

symbiont strains, like genes underlying altruistic traits, may

more readily increase in frequency when shared by relatives

in a social colony when compared to solitary hosts.

To investigate the effect of host social structure on

symbiont evolution, we studied nematodes associated with

the halictid bees Augochlora pura and Halictus ligatus.

Both bees belong to social lineages within the Halictidae,

but Au. pura has reverted to a solitary lifestyle (Danforth

and Eickwort, 1997). Augochlora pura and H. ligatus are

associated with the closely related, host-specific nematodes

Acrostichus puri and Acrostichus halicti, respectively

(Giblin-Davis et al., 1990; Kanzaki et al., 2010; McFred-

erick and Taylor, 2013). Both bee species create nests by

excavating the nesting substrate and building brood cham-

bers (brood cells); however, H. ligatus nests in the soil,

while Au. pura nests in rotting logs (Packer and Knerer,

1986; Stockhammer, 1966). In Kansas, Au. pura has 2–3

short lived generations per year and is active from mid April

until early September (Stockhammer, 1966). In Virginia, we

have collected Au. pura at flowers from April through October

(McFrederick, unpubl. data), indicating that Virginian Au.

pura populations also likely have multiple generations per

year. Halictus ligatus colonies in Ontario were founded in late

May to early June and continued to be active for 16–18 weeks

(Richards and Packer, 1998). In Virginia, we have collected H.

ligatus at flowers from April through October (McFrederick,

unpubl. data). In both species, each brood cell is provisioned

with a pollen ball, upon which the mother lays a single egg.

After the egg has been laid, the brood cell is sealed with a plug

and usually left unopened until the offspring ecloses and

leaves its natal brood cell (Michener, 1974).

The nematodes Ac. puri and Ac. halicti live in tight

synchrony with their hosts. Acrostichus puri and Ac. halicti

are found in the Dufour’s gland of infected adult female

hosts as non-feeding dauers (a juvenile transport stage)

(Giblin-Davis et al., 1990). The Dufour’s gland, which is

located in the abdomen of female bees, secretes lactones

that the bee uses to create a waterproof lining for brood cells

(Cane, 1981; May, 1974). Infected mothers thereby verti-

cally transmit nematodes to their offspring when the mother

builds a brood cell (Giblin-Davis et al., 1990). Once inside

the brood cell, Acrostichus molts, feeds upon bacteria and

yeast, and undergoes several generations of sexual repro-

duction while the host develops (Giblin and Kaya, 1984;

Giblin-Davis et al., 1990). When the host bee pupates,

young nematodes molt into the dauer stage and, when the

bee ecloses into adulthood, climb into either the Dufour’s

gland of female hosts or the penis valves of male hosts

(Giblin and Kaya, 1984). The presence of Acrostichus

species in the penis valves of adult male bees suggests that

the nematodes are sexually transmitted, and it is not pres-

ently known if there are other means of horizontal trans-

mission. North American halictid-associated Acrostichus

species are host species-specific and have evolved via a mix-

ture of cospeciation and host switching (McFrederick and

Taylor, 2013), which indicates that between-species trans-

mission is absent or exceedingly rare.

The Acrostichus-halictid association presents a unique

opportunity to test for effects of host sociality on symbiont

evolution. The social nature of H. ligatus may increase

opportunities for partner fidelity feedback to operate com-

pared to Au. pura. For example, sociality may allow for

transmission between nestmates in a social H. ligatus col-

ony, leading to a greater coupling of host and symbiont

fitness (Hughes et al., 2008), while this social transmission

is impossible in an Au. pura nest. The greater longevity of

social reproductives compared to solitary females may also

increase selection for more cooperative symbiont strains

(Hughes et al., 2008). Here, we test the hypothesis that

partner fidelity feedback, and therefore, selection favoring

more cooperative symbiont strains, has historically been

greater in the association between Ac. halicti and its social

host, H. ligatus, than between Ac. puri and its solitary host,

Au. pura. While we can only speculate as to how selection

for conflict or cooperation may have manifested itself in
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this association, opportunities for both exist. For example,

cooperative nematode strains may preferentially feed on

spoilage or pathogenic bacteria and yeast and avoid feeding

on beneficial microbes. Uncooperative nematode strains

may overcrowd the host’s Dufour’s gland, possibly limiting

the function of the gland or perhaps limiting host activity.

To test the hypothesis of evolution of greater cooperation in

an association between a social host and symbiont, we

reared laboratory nests that were infected or uninfected with

nematodes and measured reproductive fitness and proxies of

reproductive fitness of those nests.

Materials and methods

Laboratory nests

We collected Au. pura from nests in rotten logs (N = 208)

or from flowers (N = 52) and H. ligatus from flowers (N =

896) at Blandy Experimental Farm in Boyce, Virginia.

During the summers of 2007 and 2009, we made collections

weekly, beginning in May and ending in September, and

used these wild collected bees to found experimental nests.

We started 102 H. ligatus nests in 2007, of which 18 pro-

visioned brood cells. In 2009, we started 82 H. ligatus nests,

of which 11 provisioned brood, and 228 Au. pura nests, of

which 35 provisioned brood cells. Upon collection, we

immediately placed bees in coolers for transport and pro-

cessing in the laboratory at the University of Virginia. We

kept the bees at 4 �C until we were able to confirm identi-

fication under a dissecting microscope and label individual

bees (in 2009 only) with a series of 3–4 colored dots of

Testor’s enamel paint applied to the thorax. We processed

and placed all specimens in experimental nests on the day of

collection. The experiments took place between May 8 to

December 29 in 2007 and from May 11 to December 18 in

2009.

We based the design of our experimental nests on

Michener (1974), and Roulston and Cane (2002). Briefly,

the nests consisted of two sheets of glass separated by

Tygon tubing (Saint-Gobain, Paris, France). We used binder

clips to secure the sheets of glass and filled the space created

by the tubing with either sandy loam soil that we collected

from a riverside in Shadwell, Virginia for H. ligatus or with

rotten wood collected from the heart of a rotting log found at

Blandy Experimental Farm for Au. pura. We autoclaved the

soil and wood and then packed the substrate into the nests

with a rolling pin. To encourage burrowing by the bees, we

started a tunnel at the top of the nest. To help control fungi,

we moistened the soil with the food grade fungicide methyl

paraben at a concentration of 0.1 % in sterile deionized

water.

For H. ligatus nests, we designed feeding chambers that

could be sealed. During 2007, we kept these chambers

sealed throughout the experiment. During 2009, we kept the

chambers sealed until the bees began nesting activity, at

which point we removed the lids and allowed the bees to fly

in and out of the nests. We tested significant differences

between the 2007 and 2009 samples using Student’s t test.

Halictus ligatus nests vertically in the soil, so we kept their

nests positioned vertically, allowing the bees to tunnel

downwards. We started with five randomly selected H. lig-

atus individuals that had been collected at flowers for each

colony, and recorded any loss so that we could control for

number of bees. As the individuals that we used to found the

H. ligatus colonies were likely not from the same colony, we

observed very little cooperative nesting behavior, and a

single female usually tended active nests. In 2007, active

nests had an average of 3.27 females, but most nesting

activity appeared to be performed by a single female, while

the other females either expired or remained in the foraging

chamber. In 2009, there was only one nest that contained

two females, and a single female tended all other nests.

Halictus ligatus, therefore, nested in a solitary fashion, and

we used single factor analyses of variance to determine if

the number of females was a significant predictor of the

amount of substrate excavation, the number of brood cells

provisioned, or the number of offspring produced. As we

were testing for evolved differences between Ac. puri and

Ac. halicti, the solitary behavior of our H. ligatus experi-

mental nests does not affect our results. Although we did not

determine whether we started our experimental H. ligatus

colonies with queens or workers, 10 of the 29 active colo-

nies (seven uninfected and three infected) were begun by

bees collected in May and June, and may have been started

with queens, while later nests were likely started with

workers. To control for potential bias that may have been

introduced using both queens and workers to found the

experimental nests, we performed three separate analyses:

(1) with all the H. ligatus data, (2) with the May and June

H. ligatus nests excluded, and (3) with May and June

H. ligatus nests only, excluding nests that were started after

June.

Augochlora pura nests horizontally in rotting logs, and

we kept their nests horizontal. The Au. pura nests lacked a

feeding chamber, and a gap in the tygon tubing served as an

entrance into the nest. We started nests by randomly placing

marked bees either into the feeding chamber for H. ligatus

or into the artificially started nest tunnel for Au. pura.

We kept the experimental nests in two Conviron (Winni-

peg, Canada) environmental chambers. We set the chambers

to a 14-h light cycle, with the daytime temperature set to

29 �C and the nighttime temperature lowered to 24 �C. For

2009, the nighttime portion of the program was set to occur

from 9 a.m to 7 p.m, so that during human working hours
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the bees would be in their nighttime resting places. This

allowed us to open the chambers during the day without the

bees escaping, so that we could take observations within the

chambers and perform tasks such as removing spent flowers

and adding fresh ones. To provide provisions for the bees,

we used several sources of nectar and pollen. We collected

wild flowers daily (mostly Asteraceae such as Rudbeckia

hirta), which we added directly to the environmental cham-

bers. In addition, we grew Helianthus annuus (Mammoth

Russian variety) and Cosmos sulphureus, which we also

added directly to the chambers or, in the case of C. sulphu-

reus, to the feeding chambers. We also collected pollen from

the H. annuus heads and added dishes filled with pollen to

both the environmental chambers and the feeding chambers.

For additional nectar, we filled 1.5 mL microcentrifuge tube

lids with cotton and added a honey water solution (50 %

honey) to the cap. These provisions were topped off or changed

daily as needed. As their common name (sweat bees) implies,

halictids are known to imbibe solutions of sodium chloride

(Barrows, 1974). We, therefore, supplied each chamber with

a Petri dish stuffed with cotton and soaked in a one percent

sodium chloride solution.

As experimentally manipulating nematode infection was

not feasible, we relied on natural infection for our nematode

treatments. The infection rate of wild, foraging H. ligatus

females is 32 %, while the infection rate of wild, foraging

Au. pura females is 42 % (McFrederick and Taylor, 2013),

and a small amount of skew in sample size for each class

was expected. Infection in H. ligatus nests could have arisen

from one or more infected adults, but as most H. ligatus

nests were functionally solitary, competition or synergism

amongst nematode strains from two or more adult bees was

unlikely. To assay infection status, we used dissecting

microscopes and digital photographs of brood cells (Fig. 1).

All nests were examined daily. For analyses, we only con-

sidered nests in which females built and provisioned brood

cells. We marked and recorded all provisioned cells. We

supplied the nesting females with nectar and pollen ad libi-

tum and allowed the bees to nest until they either expired or

abandoned the nest. Once nesting activity ceased and all

remaining brood emerged, we assayed nesting activity by

weighing the amount of soil excavated into the feeding

chambers of the H. ligatus nests. For Au. pura, we were

unable to collect excavated substrate as we did with H. lig-

atus, due to the lack of a feeding chamber for Au. pura nests.

We, therefore, took digital photos of the nests, which we

analyzed with the software ImageJ (Abramoff et al., 2004).

We calibrated the picture by drawing a line across the dia-

meter of a coin (19 mm) that was included in the picture and

used the line to set the scale of the picture. We then converted

the image to a binary image, outlined the nest, and used the

measure function to obtain a measurement of the excavated

area in millimeters2.

To investigate the level of infection in wild nests, we

collected and dissected 56 Au. pura nests between June 16

and July 20, 2005 at Blandy Experimental Farm. We col-

lected all the brood cells in each nest and brought the nests

back into the laboratory. We then opened each brood cell

and used a dissecting scope to examine the brood, cell walls,

and pollen provisions for the presence of nematodes.

Statistical analyses

Many of the females that provisioned brood cells did not

successfully raise any offspring, so we used several differ-

ent statistical tests to analyze the data. First, we ran analyses

on all nests that provisioned brood cells, regardless of

whether the nests successfully produced any offspring or

not. With these data, we first tested if the number of suc-

cessful (offspring survived to adulthood) versus failed

(offspring failed to develop to adulthood) brood cells was

independent of nematode infection with the G test of inde-

pendence, employing the William’s correction (Sokal and

Rohlf, 1995). Next, we used a two-way analysis of variance

to test for effects of the nematodes, host species, and the

interaction between nematodes and host species on the

number of brood cells provisioned. We log transformed the

number of brood cells so that the variances of error terms

were homogenous and the error terms fit a normal distri-

bution (Quinn and Keough, 2002). To test for effects of

nematode infection on nesting activity, we performed a t test

on the amount of substrate excavated by infected versus

uninfected Au. pura females. We used the package Aster

(Shaw et al., 2008) to test associations between the response

variables of successful reproduction (whether any provi-

sioned brood cells survived or not) and how many offspring

the nest produced and the independent variables of nema-

tode infection and host species. Aster can be used to model

two interdependent components of fitness (e.g., survival and

reproduction) and allows the use of different probability

Fig. 1 Halictus ligatus laboratory nest brood cell infected with

Acrostichus halicti. The dashed arrow indicates the pollen provision,

while the solid arrow indicates a cluster of nematodes

Q. S. McFrederick et al.
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distributions for the different fitness components. For our

Aster analyses, we used a Bernoulli distribution for successful

reproduction and a zero-truncated Poisson distribution for

number of offspring. To determine if nematode infection

was related to the fitness variables, we built three nested

models: nematode infection, host species, and nematode

infection by host species interaction; nematode infection

and host species; and host species alone. We then hierar-

chically tested if the fit of the more complex model was

better than the fit of the simpler model. We conducted the

ANOVA, t test, and Aster analyses in the program R (R

Core Development Team, 2009), while we computed the

G tests by hand.

Results

By examining 56 field-collected Au. pura nests, we deter-

mined that 60.7 % of wild nests were infected. We found a

combination of infected and uninfected brood cells in

42.1 % of the infected nests. All brood cells were infected in

the remaining nests.

In our experimental Au. pura and H. ligatus nests, there

were a total of 64 nests in which females built and provi-

sioned brood cells (35 Au. pura and 29 H. ligatus). Twenty-

four of the 35 Au. pura nests were infected with nematodes,

for a prevalence of infection in nests of 0.68. This preva-

lence differs significantly (Fisher’s exact test, df = 1,

P = 0.001) from the prevalence of infection of wild females

collected at flowers, (0.46; McFrederick and Taylor, 2013),

but does not differ significantly (Fisher’s exact test, df = 1,

P = 0.299) from the prevalence of infection of wild nests

(0.607). Eleven of the 29 H. ligatus nests were infected

(prevalence of infection in nests = 0.38), which does not

differ significantly (Fisher’s exact test, df = 1, P = 0.412)

from the infection rate of wild bees collected on flowers

(0.30; McFrederick and Taylor, 2013). Of the 64 nests that

provisioned brood cells, 30 successfully raised at least one

offspring: 14 Au. pura nests (11 infected and three unin-

fected) and 16 H. ligatus nests (six infected and ten

uninfected).

The 2007 and 2009 H. ligatus data were not significantly

different (t = 0.86, df = 10.94, P = 0.41 for percentage

surviving; t = 0.31, df = 9.35, P = 0.77 for number of

offspring, ln transformed data; t = 0. 65, df = 16.94,

P = 0.52 for number of brood cells provisioned, ln trans-

formed data), and we combined these replicates. We

determined that the number of bees in a H. ligatus nest did

not significantly affect the number of offspring produced

(F1,14 = 1.094, P = 0.313, ln transformed data) or the

number of brood cells provisioned (F1,27 = 0.653,

P = 0.426, ln transformed data). The number of bees in a

H. ligatus nest, however, did significantly affect the amount

of soil excavated (F1,22 = 11.49, P = 0.003). We, there-

fore, excluded the H. ligatus substrate excavation data from

further analysis, as we were unable to determine the infec-

tion status of all the bees in a single nest and thereby control

for infection when analyzing the H. ligatus substrate exca-

vation data.

Augochlora pura females provisioned 159 brood cells,

while H. ligatus provisioned 178 brood cells. G tests of

independence between the number of successful (offspring

survived to adulthood) versus failed (failed to develop to

adulthood) and infected versus uninfected brood cells were

not significant for either the Au. pura data (GAdj. = 1.701,

df = 1, P [ 0.10, Table 1) or the H. ligatus data

(GAdj. = 0.007, df = 1, P [ 0.90, Table 1; with May and

June nests excluded GAdj. = 0.633, df = 1, P [ 0.50; May

and June nests only GAdj. = 0.842, df = 1, P [ 0.10). We

were, therefore, unable to reject the null hypothesis that the

number of successful versus failed brood cells is indepen-

dent of nematode infection.

The number of brood cells provisioned (Fig. 2, Fig. S1)

did not differ by infection status of the nest (F1,60 = 0.803,

P = 0.373) or by infection status-host species (which is

interchangeable with social structure of the host) interaction

(F1,60 = 0.404, P = 0.527). The social host species provi-

sioned more brood cells per nest [back-transformed

mean = 4.915, back-transformed 95 % confidence interval

6.28 (upper), 3.85 (lower)] than the solitary host species

[back-transformed mean = 3.151, back-transformed 95 %

confidence interval 4.19 (upper), 2.37 (lower); F1,60 =

7.233, P = 0.009]. When we excluded the H. ligatus nests

that were founded by females collected in May and June, the

significant difference between host species disappeared

(F1,50 = 1.741, P = 0.193), while infection status (F1,50 =

1.400, P = 0.242) and infection by host species interaction

(F1,50 = 0.062, P = 0.804) remained non-significant. Not

surprisingly, when we considered H. ligatus females col-

lected only in May and June and all Au. pura females, the

two species produced significantly different numbers of

brood cells (F1,41 = 6.029, P = 0.018), but infection status

(F1,41 = 2.069, P = 0.158) and infection by host species

interaction (F1,41 = 1.403, P = 0.243) were non-signifi-

cant. Halictus ligatus females collected in May and June,

therefore, provisioned more brood cells than females

Table 1 Frequency of failed and successful brood cells by host

species and infection status

Fail Succeed

Augochlora pura infected 76 43

Augochlora pura uninfected 30 10

Halictus ligatus infected 66 22

Halictus ligatus uninfected 68 22
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collected later in the season, suggesting that they may have

been queens.

We measured substrate excavation as a proxy of fitness

and general nesting activity. There was no significant rela-

tionship between infection and amount of substrate

excavated for Au. pura (t = 0.578, df = 33, P = 0.284,

Fig. 3). As mentioned above, we excluded the H. ligatus

substrate excavation data from further analysis after deter-

mining that the number of bees in a nest significantly

influenced how much soil was excavated.

We used the Aster package to fit several models of the

effects of nematode infection and host social structure on

host fitness variables (Figs. 4, S1). The model with nema-

tode infection, host species, and the interaction term did not

fit the data significantly better than the model without an

interaction term (with all data P = 0.712, with May and

June H. ligatus nests excluded P = 0.359, with only May

and June H. ligatus nests and all Au. pura nests P = 0.496).

Likewise, the model with nematode infection and host

species did not significantly fit the data better than the model

with host species alone, although the difference between

the models using only May and June H. ligatus nests and all

Au. pura nests approached significance (with all data

P = 0.139, with May and June H. ligatus nests excluded

P = 0.328, with only May and June H. ligatus nests and all

Au. pura nests P = 0.066). The marginal significance

between the models with species and nematode and with

species only should be interpreted cautiously, as we started

only ten H. ligatus nests in May and June, of which three

were infected. To determine the power of the effect of

nematode infection on fitness, we used the pwr package in

the program R to calculate b for the effect size (Cohen’s

f2 = 0.112) and sample sizes (N = 30) from the Aster

analyses. The power of the test of nematode fitness effects

was low (0.33), and to obtain a type two error rate of 0.80,

we would have needed a sample size of 190 in each

treatment.
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Discussion

Neither Ac. puri nor Ac. halicti have large fitness effects on

their hosts. It, therefore, appears that host sociality may not

affect the evolution of conflict and cooperation between

Acrostichus species and their halictid hosts. Phoresy

between Acrostichus species and halictids appears to be a

commensal relationship, although it should be noted that

small to medium fitness effects or context dependent fitness

effects cannot be ruled out by our experiments.

The hypothesis that host sociality may influence symbi-

ont evolution has been put forth previously. Hughes et al.

(2008) posited that the evolutionary trajectory of symbionts

of large, long-lived insect colonies may be different than

symbionts of solitary insects or small insect colonies.

Hughes et al. (2008) argued that the homeostatic nature of

these large colonies may create a selective environment that

favors less virulent parasites and less beneficial mutualists.

For example, large insect societies exhibit characteristics

that may lead to evolution of decreased parasite virulence.

First, the longevity of social insect reproductives may create

selection for decreased virulence, as virulence evolution

theory predicts that parasites of long-lived hosts should

evolve decreased virulence. Next, social insects are known

for effective defenses such as allogrooming, and these

defenses may lead to selection favoring chronic, avirulent

infections over virulent epidemics. Further, the huge size

of large insect colonies may lower the probability of co-

infection, and thereby diminish selection for increased vir-

ulence. Finally, Hughes et al. (2008) contended that intra-

colony transmission is akin to vertical transmission, and

should select for increased benevolence. Although Hughes

et al. (2008) do not discuss vertical transmission in terms of

partner fidelity feedback, they essentially argue that soci-

ality may increase partner fidelity feedback, and hence

select for less virulent parasites.

Berghoff et al. (2009) studied mites associated with the

army ant Eciton burchellii and found evidence that sup-

ports several of the ideas posited by Hughes et al. (2008).

Berghoff et al. (2009) determined that infection of an indi-

vidual ant with multiple mites is rare; meaning that within-

host competition between mites is probably uncommon.

Additionally, parasitic mites exhibited a clumped distribu-

tion at the colony level, suggesting that intra-colony trans-

mission is more frequent than inter-colony transmission.

The majority of mites were likely harmless to their hosts,

also in agreement with the ideas posited by Hughes et al.

(2008).

Unlike army ants, halictids show a wide range of social

behaviors, and halictids evolved eusocial behavior more

recently than the other major groups of eusocial insects

(Brady et al., 2006). Our comparison between the nema-

todes associated with Au. pura and H. ligatus is between a

solitary host (Au. pura, Danforth and Eickwort, 1997) and a

primitively eusocial host with annual colonies that exhibit

demographic variation across years and within populations

(Richards and Packer, 1995), but do not obtain the large

colony sizes of advanced eusocial insects. Our findings,

therefore, agree with the predictions of Hughes et al. (2008),

in that associating with a solitary bee versus a bee that lives

in small colonies does not affect, or at least does not have

large effects on the evolution of symbiont conflict and

cooperation. Demography instead of sociality per se may be

important for symbiont evolution, and it may be necessary

to compare solitary or small-colony living halictids to

halictids that live in large, perennial colonies, such as

Lasioglossum marginatum (Plateaux-Quénu, 1962). An

alternative explanation is that the lack of differential fitness

effects of Ac. puri and Ac. halicti on their respective hosts is

a relict of the social ancestry of Au. pura, which has reverted

to a solitary lifestyle (Danforth and Eickwort, 1997).

Another possible explanation for our finding that sweat

bee social structure does not appear to affect nematode

evolution may lie in the details of the association. Our data

suggest that halictid-associated Acrostichus are commensal,

yet they also appear to be imperfectly vertically transmitted.

The persistence of commensal associations with only imper-

fect vertical transmission requires some horizontal trans-

mission (Fine, 1975). If sexual transmission is the only form

of horizontal transmission in this association, within-colony

social transmission may not be possible, and host social

structure may not increase opportunities for partner fidelity

feedback. If Acrostichus can move freely within a nest or

colony, this would provide an additional explanation.

Sociality would again fail to increase partner fidelity feed-

back if this were the case, as effectively vertical, intra-nest

transmission would also occur in nests of the solitary host.

Future studies of symbionts that are readily transmitted by

contact among nestmates, but cannot move freely within a

nest may be of great interest.

Alternatively, host social structure may increase oppor-

tunities for partner fidelity feedback, but there may not be

variation in cooperative behavior for selection to act upon.

For example, perhaps Acrostichus species are specialized

on commensal bacteria and yeast, and unable to consume

bacteria and yeast that are spoilage organisms or pathogens.

To determine if host social structure can be important for

symbionts it may be necessary to study parasites or mutu-

alists of social and solitary halictids. An analysis of the

ancestral states of bacteria showed that evolution from

commensal to mutualist or parasite is rare or absent across

the bacterial phylogeny, which suggests that commensalism

is evolutionarily static for some organisms (Sachs et al.,

2011). On the other hand, Parasitodiplogaster, a genus of

nematodes that parasitizes fig wasps, is thought to have

evolved its parasitic lifestyle from a phoretic, commensal

Evolution of conflict and cooperation of nematodes associated with solitary and social sweat bees
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relationship much like the one between halictids and

Acrostichus species (Poinar and Herre, 1991), indicating

that such transitions can occur.

It is also possible that Acrostichus has context dependent

fitness effects on its host, as is common in other systems

(Bronstein, 1994). Acrostichus species may protect their

hosts from pathogens that were not present in our laboratory

setting. We autoclaved and applied fungicide to the nesting

substrates in our laboratory nests and we, therefore, likely

removed many pathogenic microbes. Differential fitness

effects in the social and solitary host may occur in nature yet

remain difficult to detect with our experimental design.

We determined that the prevalence of Ac. puri infection

of Au. pura females caught foraging on flowers is signifi-

cantly lower that the prevalence of infection in Au. pura

nests, which suggests two competing hypotheses. First,

infected females may be less likely to forage. Infected nests

are successfully provisioned, however, which suggests that

infected females may not be too restricted in their foraging

patterns. The second hypothesis is that nematodes may be

able to crawl between nests in rotting logs that serve as Au.

pura nest sites. Wild Au. pura nests are sometimes separated

by sawdust walls only a few millimeters thick (Stockham-

mer, 1966), and transmission between nests may be possible.

Transmission between closely adjacent nests but incomplete

colonization of brood cells may account for the greater

prevalence of infection in nests compared to foraging

females. If this type of inter-nest transmission does occur, it

is also possible that our nest collections are not representa-

tive of the population as a whole. We collected nests from

several nesting aggregations, and if we missed solitary nests

or nesting aggregations that were free of infection, the dis-

connection between the infection rate of nests and foraging

females may be an issue of statistical independence.

Our results suggest that more studies of the effect of

social structure on symbiont evolution are needed. First, it

is necessary to determine if the lack of large effects of host

sociality on symbiont evolution is specific to our system, to

commensals, or to symbionts in general. Future studies of

parasites and mutualists in social and solitary hosts are of

particular interest. Additionally, future work comparing the

symbionts of solitary nests, small colonies, and large colo-

nies could elucidate the effect of colony size on symbiont

evolution. Such studies are possible in the Halictidae, as

halictids exhibit all three nesting habits (Michener, 1974).
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