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Ascosphaera apis; Within-host competition is predicted to drive the evolution of virulence in

chalkbrood; parasites, but the precise outcomes of such interactions are often unpredict-
heterothallic; able due to many factors including the biology of the host and the parasite,
Honey bee; stochastic events and co-evolutionary interactions. Here, we use a serial pas-

sage experiment (SPE) with three strains of a heterothallic fungal parasite
(Ascosphaera apis) of the Honey bee (Apis mellifera) to assess how evolving
under increasing competitive pressure affects parasite virulence and fitness
evolution. The results show an increase in virulence after successive genera-
tions of selection and consequently faster production of spores. This faster
sporulation, however, did not translate into more spores being produced
during this longer window of sporulation; rather, it appeared to induce a
loss of fitness in terms of total spore production. There was no evidence to
suggest that a greater diversity of competing strains was a driver of
this increased virulence and subsequent fitness cost, but rather that strain-
specific competitive interactions influenced the evolutionary outcomes of
mixed infections. It is possible that the parasite may have evolved to avoid
competition with multiple strains because of its heterothallic mode of repro-
duction, which highlights the importance of understanding parasite biology
when predicting disease dynamics.

virulence evolution;
within-host competition.

& Anderson, 1983; Frank, 1996). However, host

Introduction . : . .
co-infections by several strains of the same parasite spe-

The evolutionary arms race between hosts and parasites
is considered a fundamental driver of evolution (Hal-
dane, 1949; Kochin et al.,, 2010). In nature, most para-
site infections consist of multiple strains or species,
which will ultimately exert ditferent selection pressures
on the host than would single infections (Schmid-Hem-
pel, 1998; Alizon et al., 2013). When infections involve
a single parasite strain, its fitness will generally be
maximized by prudent exploitation of the host’s
resources. This leads to a characteristic life-history strat-
egy by the parasite to optimize its fitness, which will
change depending on the prevailing environmental and
biological conditions affecting both host and parasite
(Anderson & May, 1981; Levin & Pimentel, 1981; May
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cies will influence this optimum and may result in pru-
dent parasite strains being outcompeted or suppressed
by faster-growing or more virulent strains (Read & Tay-
lor, 2001; Balmer et al., 2009; Alizon et al., 2013).

A large body of theoretical evidence and epidemiolog-
ical models predict that mixed strain infections can
select for higher virulence, providing that virulence con-
fers a within-host competitive advantage to the parasite
(van Baalen & Sabeilis, 1995; May & Nowak, 1995;
Frank, 1996; Read & Taylor, 2001; Alizon et al., 2013).
However, mixed infections have also been shown to
select for less virulent strains when host exploitation
depends on cooperation by parasites (Brown et al.,
2002; Hughes & Boomsma, 2004; Buckling & Brock-
hurst, 2008). For example, when infections involve sex-
ually reproducing parasites, such as heterothallic fungi
where two compatible partners are required to produce
sexual spores (Debuchy et al, 2010), an element of
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cooperation may be incorporated into the within-host
dynamics. The evolutionary outcomes of such mixed
infections can thus lead to a variety of effects on the
characteristics of the parasites involved (Read & Taylor,
2001; Balmer & Tanner, 2011).

The timing of transmission by a parasite can also
influence the evolution of parasite virulence. Theory
predicts that a saturating trade-off between transmis-
sion rate and virulence should lead to the existence of
an optimal level of virulence (Anderson & May, 1982;
Ewald, 1994; van Baalen & Sabeilis, 1995; Frank, 1996;
de Roode et al., 2008; Alizon et al., 2009), which will
maximize parasite fitness. Slower production of infec-
tive propagules can allow a parasite to utilize its host’s
tissues more efficiently, whereas rapid production
through higher virulence may increase replication rate
by the parasite, but may decrease fitness due to a trun-
cation in its host’s lifespan (Cooper et al.,, 2002). Conse-
quently, there may be a trade-off between virulence
(i.e. the speed of kill by a parasite) and fitness (total
reproductive output of the parasite through propagule
production), and so an increase in virulence driven by
competitive pressures may come at a fitness cost to
competing parasites (de Roode et al., 2008; Alizon et al.,
2009). When cooperative interactions are considered,
the evolutionary relationships between virulence and
transmission then become even more complex (Alizon
& Lion, 2011; Alizon et al., 2013). It is clear that more
empirical studies of the effects on virulence and trans-
mission in parasites evolving under cooperative, as well
as competitive, selection pressures are needed to under-
stand virulence evolution in natural systems, especially
considering that mixed infections are common in nat-
ure (Read & Taylor, 2001).

Experimental evolution through serial passage exper-
iments (SPE) allows assessment of how parasites adapt
across successive generations; parasites are transferred
from one host to another several times to develop a
derived strain, the virulence and fitness of which can
then be compared directly to the ancestral strain (Ebert,
2000). Serial passage experiments generally result in an
increase in parasite virulence as a result of more viru-
lent strains outcompeting less virulent strains in mixed
infections, or relaxed selection on transmission because
it is carried out by the experimenter (Aizawa, 1971;
Ferron, 1985; Ebert, 1998, 2000; Hughes & Boomsma,
2006). What is currently less clear, however, is how
virulence evolves over successive generations when
within-host competition or cooperation is involved.
Single-generation experiments are useful for determin-
ing the processes by which parasites interact, but do
not lead to firm conclusions about the direction or
magnitude of their evolution or virulence (Alizon et al.,
2013).

Here, we use a serial passage experiment to investi-
gate empirically the effect of mixed strain infections on
the evolution of parasite virulence (defined here as the

proportion of hosts killed by the parasite and the speed
with which it killed them) and fitness (defined here as
the speed of sporulation and the number of spores pro-
duced by the parasite). We use as our study system the
entomopathogenic fungus, Ascosphaera apis, which is
the causative agent of chalkbrood disease in Honey bee
(Apis mellifera) larvae, naturally caused by co-infections
of multiple strains (e.g. Gilliam ef al. (1997) found 20
strains in 8 larvae). Spores are ingested by larvae and
germinate in the alimentary tract, with hyphae then
growing into surrounding tissues, killing the host. Fol-
lowing host death, hyphae grow out through the cuti-
cle over several days, utilizing the host’s tissue for
growth and reproduction, with spores forming exter-
nally when two mating types meet (Chorbinski, 2004).
The parasite is thus an ‘obligate Kkiller’ that only
achieves fitness by producing spores semelparously
following host death (Ebert & Weisser, 1997). This
also means fitness is easy to quantify and that the
co-evolutionary host—parasite dynamics are likely to be
particularly strong (Evison ef al.,, 2013). Importantly,
Asc. apis is a heterothallic fungus and only achieves fit-
ness following recombination between two opposite
mating types within the host. Consequently, the
within-host interaction between parasites may include
cooperation to achieve sexual recombination rather
than being solely competitive, unlike the host—parasite
interactions most commonly studied previously. This
system therefore provides a unique opportunity to
assess how within-host parasite diversity impacts on
virulence evolution when parasite strains obligately
require sexual reproduction. We predict that parasite
strain diversity during co-infection will either drive the
evolution of greater virulence because of competition,
with a consequent trade-off of a drop in fitness possibly
occurring (Alizon et al., 2009), or alternatively parasite
diversity may allow the parasite to achieve greater fit-
ness, even when competition for the host’s resources
occurs, because of increased opportunity for sexual
recombination with different strains when multistrain
infections are involved.

Materials and methods

Laboratory rearing of larvae

We collected larvae from ten colonies of the European
Honey bee Apis mellifera, each headed by a naturally
mated queen and situated in an experimental apiary at
the University of Leeds farm. Larvae were reared indi-
vidually in 48-well tissue culture plates on a diet of
50% royal jelly (apitherapy), 6% D-glucose, 6%
D-fructose and sterile deionized water. Omne- to
two-day-old larvae were removed from the comb and
transferred onto a droplet of larval diet within a cell
culture plate. The plates were placed in sealed boxes
containing a pool of 0.04% K,SO, to establish high
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humidity and maintained at 34 °C. Larvae were treated
with parasites 24 h after collection when they were 2—
3 days old and fed daily following a feeding regime
which ensured they were under no nutritional stress
(Foley et al., 2012; Evison et al., 2013), until they began
to defecate (which only occurs shortly before pupa-
tion); the wells were then cleaned with a cotton bud
and the larvae fed no further.

Parasite treatments

Spores were harvested from media plates (Sabouraud
dextrose agar) of three different strains of A. apis, each
of which was formed by the mating of complementary
mating type hyphae grown from two single-spore iso-
lates (termed mating plates; see Fig. S2 for a typical
mating plate): strain I by isolates ARSEF 7405 + 7406;
strain E by isolates KVL 0798 + 06 117; and strain F
by isolates KVL 06 123 + 06 132. The parasite strains
were obtained from infected larvae from ditferent
regions, either from the USA (ARSEF isolates) or from
Denmark (KVL isolates; Vojvodic et al, 2011), and
were thus naive to any of the host genotypes used in
this experiment, which were from the UK. Each of the
pairs of isolates came from a distinct clade of A. apis
and were therefore more closely related to each other
than to the isolates used for the other strains (Fig. S1;
Vojvodic et al, 2011). Spore suspensions were made
by transferring a small amount of spore material
(= 0.01 g) from the plate to a glass tissue homoge-
nizer, and grinding with 50 pL deinonized water.
Released spores were made up to a volume of 1 mL
with sterile deionized water and allowed to settle for
20 min to obtain a medium spore density solution
(allowing any clumped spores to collect to the bottom
of the solution, thus making spore quantification
reliable), a 0.5-mL sample of which was taken and
stored in a separate Eppendorf tube. The concentra-
tions of the spore solutions were determined using
FastRead disposable haemocytometers (Immune Sys-
tems) and were adjusted to account for any differences
in spore germination rates between the three strains
(determined as detailed in Vojvodic et al., 2011; aver-
age rates = strain E 38%; strain F 36%; strain I 51%).
The adjusted spore solutions from each of the three
strains were then mixed to form seven parasite treat-
ments: three single-strain treatments (E, F and I
alone), three double-strain treatments (EF, EI and FI
mixed in equal ratio) and one triple-strain treatment
(EFI mixed in equal ratio). Each treatment was
adjusted to a concentration of 5.0 x 10> spores per mL
(2500 spores per 5 puL dose), containing equal propor-
tions of spores from each strain in the double- and
triple-strain  treatments. Double-strain  treatments
therefore contained twice the genetic diversity, and tri-
ple-strain treatments contained three times the genetic
diversity of single-strain treatments.
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Serial passage procedure

Spore suspensions of each treatment were applied in
5 pL doses directly to the mouth of the larvae. Twelve
larvae from each of ten different colonies were inocu-
lated with each of the seven treatments and a control
solution of 5 pL sterile deionized water. Thus, at the
beginning of the experimental procedure (infection
round one), each of the seven treatments was identi-
cal between the ten replicate lines (colonies) in that
they were taken from the same mating plates
described in ‘parasite treatments’. For example, the
genetic make-up of the spores of strain E (a single
genotype of Asc. apis) in all replicate lines of treat-
ments E, EI, EF and EFI was identical. Mortality and
subsequent evidence of infection (hyphal growth and
then sporulation) of each individual larva were moni-
tored daily using a stereomicroscope for 10 days. Upon
the external appearance of hyphal growth and sporu-
lation, larvae were transferred to an individual media
plate (Sabouraud dextrose agar) and incubated at
30 °C for a further 10 days to encourage hyphal
growth to continue and allow spores to mature, to
enable harvesting of sufficient spore quantities for the
next infection round. This is necessary because the
spores are not immediately infective, but if infected
larvae are left longer under the in vitro rearing condi-
tions used here, the cadavers are overcome with bac-
teria, and harvesting the spores becomes impossible.
Spores were then harvested from the media plates
(one plate per replicate line), to produce the spore
suspensions for each of the still extant replicate lines
of the seven treatments for the next round of infec-
tion (as described in ‘parasite treatments’, using the
same dosages, each adjusted for any differences in ger-
mination rates). A total of 70 replicate lines (seven
treatments applied to larvae from each of ten colonies,
with each treatment assayed in each replicate host col-
ony) were serial passaged in this way a total of three
times (three rounds of infections, with two transfers).
Each infection round used larvae from a different col-
ony to the previous infection round to ensure that
each replicate line within each treatment encountered
a different host genotype during each infection round
to prevent host genotype adaptation by the parasite
confounding the results. Laboratory conditions were
constant throughout the entire SPE. There were a
number of extinction events following the second and
third infection round (meaning a single replicate line
within a treatment failed to produce any sporulating
larvae), but multiple replicate lines of each of the
seven treatment combinations survived both transfers
and thus all three rounds of infection, and the final
number of replicate lines following the serial passage
was 44 (giving a 37% extinction rate; see supplemen-
tary material for details of extinctions within treat-
ments).
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Comparison of derived and ancestral treatments

The virulence and fitness of the remaining 44 lines of
the seven derived treatments were compared to that of
the seven ancestral treatments and a sterile water con-
trol, using host larvae from four different colonies, all
of which were naive to any of the parasites (i.e. had
never been encountered during the SPE). This final
assessment was conducted using the same infection
protocol as was used throughout the SPE procedure,
but on a larger scale. The assessment was carried out in
four batches, with 12 larvae from each of the four colo-
nies being treated with each of the 44 derived lines
over the course of the four batches (i.e. 48 larvae trea-
ted per treatment replicate), as well as the seven ances-
tral treatments and the control treatment repeated
during each batch. Thus, this gave n = 192-384 larvae
per treatment (depending on the number of replicate
lines within a derived treatment that survived the SPE
procedure), and N = 3648 larvae in total. As during the
SPE procedure, mortality and evidence of infection
(external appearance of hyphal growth and subsequent
sporulation) were monitored daily using a stereomicro-
scope for 10 days following inoculation. On the 10th
day, sporulating cadavers were collected and total spore
production was counted for four individuals per treat-
ment (one from each colony), giving 12-32 spore
counts per treatment in total (depending on the num-
ber of replicate lines within a derived treatment that
survived the passaging procedure).

Statistical analysis

All analyses were carried out using R statistical software
(R Development Core Team, 2013). Differences in sur-
vival of infected larvae between treatments, and
whether they were ancestral or derived strains, along
with their interaction, were analysed using Kaplan—Meier
survival models fitted with a Weibull distribution
implemented using the survreg function of the survival
package (Therneau, 2011). Survivors of the experiment
were incorporated as right-censored data, and we used
a frailty model to incorporate the random effects of col-
ony and batch. Hazard ratios (HR) were extracted from
the survival analyses using the control data as a refer-
ence value. Post-hoc pairwise comparisons were made
with Breslow statistics. Differences in day of sporulation
and the numbers of spores produced between the seven
treatment types, and whether they were ancestral or
derived treatments, were assessed using linear mixed
effects models, implemented using the Imer function in
the Ime4 package (Bates & Maechler, 2010). We fitted
colony within batch as the random term, and the day
of death was included as a covariate to account for lar-
val age or size influencing sporulation quantity. Post-hoc
pairwise comparisons, the significance of which is indi-
cated on each figure using asterisks if not included in

the text, were corrected using sequential Bonferroni
correction.

Results

Serial passage of the three strains of chalkbrood para-
site, whether alone, in competition with another strain,
or two other strains, showed contrasting effects on the
virulence (negative effect on host survival) and the fit-
ness (timing and number of spores produced) charac-
teristics of the parasites. A number of replicate lines of
the treatments were also driven to extinction during
the serial passages (Table S3). Control larvae always
survived well and never developed any infection from
the chalkbrood parasites, with 85.4% surviving until at
least the pupation stage (6-7 days post-grafting; Fig. S3;
Table S1).

Effects of serial passage and diversity on parasite
virulence characteristics

Comparison of derived and ancestral parasites showed
serial passage had significant effects on the virulence of
each of the seven parasite treatments. We found that
each of the seven derived treatments had higher viru-
lence than the ancestral treatments, always causing
death faster (y?; =124, P < 0.001; Figs la and S4).
There were also differences in host survival between
our seven types of treatment (y%¢ = 17.8, P = 0.007;
Fig. S3), regardless of whether they were ancestral or
derived; however, there was no significant interaction
between treatment and whether the parasites were
ancestral or derived (% = 9.02, P = 0.172), reinforcing
the finding that the virulence of each of the parasite
treatments increased after the experimental evolution.
This was further reinforced by significant pairwise com-
parisons between each ancestral and derived treatment
(Fig. la). To assess how the virulence increase played
out through the course of the serial passage experi-
ment, we plotted the final assessment data together
with the within-passage data (Fig. 2), which shows an
oscillating change over the course of serial passage pro-
cedure (Figs 2 and S7a), that is that virulence did not
increase incrementally during each infection round, but
was dynamic.

Effects of serial passage and diversity on parasite
fitness characteristics

Comparison of derived and ancestral parasites showed
serial passage also had significant effects on the fitness
characteristics of the parasites as measured both by mean
day of sporulation and total spore production. There was
a significant interaction between the seven parasite
treatments and whether they were ancestral or derived
in both the speed of sporulation (y?c = 15.4, P = 0.018;
Fig. 1b) and the number of spores produced (y% = 18.9,
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Fig. 1 The effect of serial passage on the virulence and fitness
characteristics of the seven parasite treatments. Bars show (a) the
hazard ratio (HR) figure extracted from survival analysis, (b) the
mean day of sporulation and (c) the mean spore production from
parasite infections of larvae treated with ancestral strains (dark grey
bars) compared to derived strains (light grey bars). Significant
relationships are depicted by a bar and asterisks that show significance
atthe level P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***).

P =0.004; Fig. 1c). In contrast to the effects on
virulence, serial passage therefore affected fitness differ-
ently between strains and their mixes. There were also
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Fig. 2 The dynamics of the virulence increase of the seven
parasite treatments. Lines show the hazard ratio (HR) figure
extracted from survival analysis from parasite infections of larvae
treated with each of the rounds of infection during the entire
study from left to right: the ancestral treatments (made during the
final assessment), each infection round during the serial passage
procedure (SPE1, SPE2, SPE3), and the derived treatments.

significant main effects of treatment type (sporulation
day: 7% =39.2, P<0.001, Fig. 1b; number of spores
produced: 3% =44.7, P < 0.001, Fig 1c) and whether
the treatments were ancestral or derived (sporulation
day: 7% =17.5, P <0.001, Fig. 1b; number of spores
produced: 4%, = 6.52, P = 0.012, Fig. 1c) on both fitness
measures. Pairwise comparisons showed that the interac-
tion effects stemmed from specific treatments. For two of
the single-strain treatments (E and I), sporulation was
significantly faster in the derived parasites (Fig. 1b), but
there was no significant drop in the numbers of spores
produced (Fig. 1c), whereas for strain F, neither the
decreases in time to sporulation nor the number of
spores produced were significant. For each of the dou-
ble-strain treatments (EF, EI and FI), sporulation was sig-
nificantly faster (Fig. 1b), and significantly fewer spores
were produced in treatments EI and FI (Fig. 1c). Despite
the increase in virulence in treatment EFI (Fig. la),
there was no significant change in sporulation time
(Fig. 1b) or the number of spores produced (Fig. 1c).

Strain-specific effects on parasite virulence and
fitness

To gain a better understanding of the differences
between treatments in virulence and fitness evolution of
the parasites and assess how evolving under the pres-
sures of different levels of diversity affected these, we
looked at the pairwise comparisons of each strain and its
combinations within a treatment (i.e. whether infections
involved single strains or co-infections of one or two
other strains). There were only significant differences

. BIOL. 28 (2015) 179-188
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Fig. 3 The strain-specific effects on parasite virulence of serial passage under differing competitive pressures. Bars show the hazard ratio
(HR) figure extracted from survival analysis of larvae infected with parasite strains that had been passaged alone (dark grey bars) compared
to when they had been passaged with one other strain (light grey bars), or both other strains (white bars) for the ancestral parasites of (a)
strain E, (b) strain F and (c) strain I, and the derived parasites of (d) strain E, (e) strain F and (f) strain I. Significant relationships are
depicted by a bar and asterisks that show significance at the level P < 0.05 (*), or P < 0.01 (**). Numbers on each treatment bar depict the
number of replicate lines within each treatment type, and the total number of individual larvae infected in parentheses.

found here in survival (HR, our measure of virulence),
but not in day of sporulation or the number of spores
produced (our measures of fitness; see supplementary
material Figs S8 and S9). This analysis was carried out on
each ancestral strain and its combinations (Fig. 3a—c)
and each derived strain and its combinations (Fig. 3d—f)
and showed strain-specific differences in the direction of
the effects of diversity on virulence. The ancestral strain
E was involved in more virulent infections only when it
infected together with both strains F and I (E vs. EFL:
%°1 = 5.154, P =0.023; Fig. 3a), but this was only the

case for the EF combination in the derived parasites (E
vs. EF: y?, = 7.645, P =0.006; Fig. 3d). The ancestral
strain F was involved in more virulent infections when it
infected together with strain I or with both E and I (F vs.
FI: % =4.253, P=0.039; F vs. EFL: y* =5.571,
P = 0.010; Fig. 3b), but these effects were not present in
the derived parasites after serial passage. Conversely, we
found that the ancestral strain I was involved in less viru-
lent infections when it infected with strain E (I vs. EI:
¥*1 = 4.365, P = 0.057; Fig. 3¢), and that this effect was
maintained after the serial passage, (I vs. EL: z*| = 4.256,
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P = 0.039; Fig. 3f). Less virulent co-infections compared
to the derived strain I alone was also seen in the derived
treatment EFI (I vs. EFI: z%, = 6.703, P = 0.010; Fig. 3f).

Discussion

Serial passage of multiple strains of parasite, via both
co-infection or alone, showed a variety of influences on
the virulence and fitness characteristics of the parasites.
Virulence was greater in all the derived parasites com-
pared to the ancestral parasites, whereas fitness effects
were variable between treatments, with lower spore
production in some treatments and several replicate
lines of the parasite treatments driven to extinction.
The strength of these changes is particularly remarkable
given that the experimental evolution lasted for only
three rounds of infection (Yourth & Schmid-Hempel,
2006). Contrary to what theory would normally pre-
dict, there was not a clear effect of parasite diversity
influencing the evolution of the parasites, with no evi-
dence of greater within-host competition driving the
evolution of greater virulence.

The results support the trade-off hypothesis (Ander-
son & May, 1982) in as much as a relaxed selection on
transmission through the artificial method of transmis-
sion employed during the serial passage procedure is
likely to have lead to the higher virulence seen in all
derived treatments. However, the resulting effects on
parasite fitness, faster sporulation and any associated
drop in number of spores produced, was not consistent
in all treatments, and notably, no impact on fitness was
seen in the highest diversity group. Indeed, the patterns
of virulence evolution appeared to be strain specific
and suggest the opposite to what was expected based
on most parasite theory that evolving under competi-
tive pressure should increase virulence (van Baalen &
Sabeilis, 1995; May & Nowak, 1995; Frank, 1996; Read
& Taylor, 2001; Alizon et al., 2013). Together, this sug-
gests that specific interactions between strains, rather
than competition alone, could have influenced the dif-
ferences in the fitness characteristics of the derived par-
asite treatments. Whether this occurred due to
ecological effects from interference competition or sup-
pression (Levin & Bull, 1994; Read & Taylor, 2001; Bal-
mer et al., 2009), or by selection on the characteristics
of the competing and/or cooperating parasite strains
(Alizon et al, 2013), it will have important conse-
quences for the evolutionary dynamics of co-infections.

There was a general trend for an increase in virulence
across all treatment groups, a common phenomenon in
serial passage experiments (Aizawa, 1971; Ferron, 1985;
Ebert, 1998, 2000). However, this increase was not
linear across the infection rounds of the experiment, but
rather showed oscillatory dynamics, with virulence
increasing and then decreasing during the course of
serial passages. It appears that as a consequence of the
derived parasites killing their hosts faster, there was also
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faster sporulation in most treatments. Interestingly, this
faster sporulation appeared to translate into a trend for a
general drop in the number of spores produced,
although in most cases, this was not significant. This
impact on fitness is in fact greater than it appears when
it is considered that the faster sporulation time resulted
in a longer period for spore production (because the
numbers of spores were counted out at a fixed time
point at the end of the experiment). The spore produc-
tion pattern may therefore also explain the oscillating
nature of the virulence increase during serial passage.
The increase in virulence during the second infection
round (IR2) may be due to relaxed selection on trans-
mission, whereas the subsequent drop in virulence dur-
ing infection round three (IR3) might reflect loss of
more virulent parasites here through loss of fitness. It is
possible that although parasite virulence increases over-
all across serial passages, trade-offs between virulence
and other fitness-related traits cause it to do so in an
oscillatory rather than linear manner. In this case, the
oscillatory dynamics may relate to the inclusion of a
growth stage on media, which meant that parasites were
under selection pressures to achieve fitness in two dis-
tinct environments (the host and on media). Many para-
sites naturally have to grow or survive in multiple
environments, and it would be interesting to know
whether oscillatory increases in virulence across serial
passages are common. There was some evidence to sug-
gest that the increase in the virulence of the derived par-
asites that were passaged together with only one other
strain incurred the highest fitness costs, as the largest
decreases in the numbers of spores produced were seen
in these three double-strain treatments (although this
was not significant in the case of treatment EF). When a
parasite kills its host too quickly through higher viru-
lence, the host will provide fewer resources for the para-
site’s growth and reproduction; hence, higher virulence
often leads to lower fitness (Alizon et al., 2009). How-
ever, if the parasite allocates resources specifically to
quickened growth and reproduction to compete with
another strain, it will again have fewer resources for
production of spores (Hall et al., 2012). Either or both
these phenomena could explain the results found in this
study, and the specific mechanisms involved require fur-
ther investigation.

The notable exception to the general drop in fitness
as a consequence of an increase in virulence was the
highest diversity parasite treatment. Here, there was no
change in timing of sporulation and no evidence of a
drop in spore production, despite a significant increase
in virulence. We looked at the characteristics of the
parasites through the time course of the serial passage
procedure to try and understand this effect further
(data in supplementary material). The proportion of
infections leading to sporulation events on individual
hosts dramatically dropped during each infection round,
almost to zero by the final passage. Theory predicts that
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through time a co-evolving host—parasite relationship
should lead to a level of virulence that is optimal to
best exploit their host (Ewald, 1983; May & Anderson,
1983) due to the stochastic loss of any highly virulent
strains that kill the host too fast to allow their own
reproduction, which leads to a loss of parasite diversity
(Bergstrom et al., 1999). It is also known that recombi-
nation can be deleterious in the short term, which
could also lead to loss of diversity when multiple strains
recombine within the host or otherwise influence viru-
lence evolution even in single-strain infections (Lopez-
Villavicencio ef al., 2013). These phenomena appear to
be reflected in the within-passage results as the viru-
lence initially increased during serial passage, but the
proportion sporulating in all treatments dropped off
dramatically, and several lines became extinct. It
appears possible that only strains that most effectively
utilized host resources remained. This would lead to
the evolutionary trajectory of the highest diversity par-
asite treatments aligning with that of the single geno-
type treatments and may explain why, despite the
increase in virulence in the highest diversity treatment
EFI, there was no effect on transmission timing or
quantity here, unlike in the other treatments. Consider-
ing the patterns of virulence and the extinction rates
through the serial passages, it is possible that interact-
ing strains quickly became outcompeted here, rather
than the higher diversity providing increased opportu-
nity for successful recombination, and consequently
that there was no apparent effect on virulence or trans-
mission in this group. To answer this question would
require genetic inspection of the cocktail of parasites as
they are passaged (something we could not do here).
Although we did not see strong or consistent evi-
dence of higher genetic diversity driving increased viru-
lence in the parasite treatments, the suggestion that
only the those strains that most effectively utilize the
host’s resources remained in the cocktail of parasites as
they were selected during the SPE is also supported by
the strain-specific patterns of virulence evolution.
When we looked at the strain-specific virulence effects,
the three parasite strains appeared to interact in a dif-
ferent way when co-infecting with different partners,
something that has been observed in other fungal para-
sites (e.g. Wille er al.,, 2001). For example, infections
involving the ancestral treatments of both strains E and
F in isolation were of significantly lower virulence than
those that evolved together with the two other strains.
This effect was lost through the serial passage proce-
dure, suggesting that the factors causing the higher
virulence in the EFI treatment were lost through selec-
tion. Conversely, the ancestral strain I was involved in
significantly more virulent infection when it infected
alone compared to when it infected together with strain
E, an effect that remained stable through serial passage.
However, the derived isolates of strain I were more vir-
ulent in isolation than was the highest diversity cocktail

after serial passage, perhaps suggesting that the highly
virulent strain I was selected out of the EFI treatment
during serial passage.

Such strain-specific differences may act as a mecha-
nism to maintain parasite genetic polymorphism within
in a population (Regoes et al., 2000), as their varying
life-history strategies allow co-existence and prevent
the most virulent strains leading to short-sighted evolu-
tion and loss of multiple parasite genotypes from the
population (Levin & Bull, 1994). Considering that the
trade-off between virulence and fitness did not appear
in the highest diversity group, it may be that the
heightened competition within this treatment, or com-
pensation by the greater diversity of the deleterious
effects of recombination (Lopez-Villavicencio et al.,
2013), prevented the effect. The results could also be
due to effects of interference or suppression of compet-
ing parasites in the mixed strain treatments (Massey
et al., 2004; Balmer et al., 2009). Either way, the evolu-
tionary consequences of co-infections with multiple
conspecific strains of a parasite are variable and appear
to depend on the specific characteristics of the strains
involved. This phenomenon demands further study;
genetic analysis and quantification of strains as they
interact, recombine and evolve are required to fully
understand their interactions. For example, it is not
known whether the parasite selectively mates with its
own strain, or whether recombination between strains
occurs at differing rates. We did not perform such
analyses here because of this unknown potential for
recombination within the host between strains in the
multiple strain cocktails, leading to lack of distinction
between strains after the first passage, and because we
were primarily interested in the effect of parasite diver-
sity on the evolution of the parasite’s characteristics,
rather than trying to track winning or losing strains.
Considering that this parasite requires a phase of sexual
reproduction to achieve fitness, it may have evolved to
avoid competition with other strains, and thus, the
highest diversity treatment did not respond to selection
in the same way as the other treatments did. Selection
through competition can be extremely important for
how the virulence and fitness of a parasite changes
over time. Specific aspects of the biology of a parasite,
however, such as the requirement for sexual reproduc-
tion, and strain-specific differences in a Parasite’s char-
acteristics will influence these outcomes, reducing or
changing the force of within-host competition. What is
clear is that to disentangle the mechanisms of interac-
tions between parasites, more information about infec-
tion dynamics, particularly in sexually recombining
parasites, is needed.
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Maximum Likelihood method of the Ascosphaera apis
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(mating of isolates ARSEF 7405 + 7406), strain E (mat-
ing of isolates KVL 0798 + 06 117) and strain F (mating
of isolates KVL 06 123 + 06 132).

Figure S2 A typical mating plate (on SDA media)
showing the zone of sporulation (black area) where the
hyphae of opposite mating types meet and recombina-
tion occurs to produce the spores.

Figure S3 Survival curve showing hazard of each treat-
ment (ancestral and derived combined) over the 10-day
observation period compared to the control.

Figure S4 Survival curve showing hazard of each type
of treatment (ancestral or derived) over the 10-day per-
iod compared to the control.

Figure S5 Survival curve showing hazard of each col-
ony used in the final assessment of ancestral and
derived treatments.

Figure S6 Survival curve showing hazard of each col-
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(b), and 3 (c).

Figure S7 The virulence and fitness characteristics of
the parasites during serial passage.

Figure S8 Data on day of sporulation to indicate the
patterns of strain specific effects on parasite fitness.
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trol parasite treatments with reference to the control
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