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Abstract

The level of parasite virulence, ie., the decrease in host’s fitness due to a pathogen, is expected to depend on several
parameters, such as the type of the disease (e.g., castrating or host-killing) and the prevalence of multiple infections.
Although these parameters have been extensively studied theoretically, few empirical data are available to validate
theoretical predictions. Using the anther smut castrating disease on Silene latifolia caused by Microbotryum lychnidis-dioicae,
we studied the dynamics of multiple infections and of different components of virulence (host death, non-recovery and
percentage of castrated stems) during the entire lifespan of the host in an experimental population. We monitored the
number of fungal genotypes within plants and their relatedness across five years, using microsatellite markers, as well as the
rates of recovery and host death in the population. The mean relatedness among genotypes within plants remained at a
high level throughout the entire host lifespan despite the dynamics of the disease, with recurrent new infections. Recovery
was lower for plants with multiple infections compared to plants infected by a single genotype. As expected for castrating
parasites, M. lychnidis-dioicae did not increase host mortality. Mortality varied across years but was generally lower for plants
that had been diseased the preceding year. This is one of the few studies to have empirically verified theoretical
expectations for castrating parasites, and to show particularly i) that castrated hosts live longer, suggesting that parasites
can redirect resources normally used in reproduction to increase host lifespan, lengthening their transmission phase, and ii)
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that multiple infections increase virulence, here in terms of non-recovery and host castration.
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Introduction

Parasites use host resources for their own reproduction and
transmission, thereby reducing the fitness of their hosts, this
reduction in host fitness being called virulence. The reduction in
host fitness can result from decreased host lifespan and/or
fecundity. The large class of castrating parasites mainly divert
energy from host reproduction to parasite reproduction and
transmission [1-3]. Most theoretical models predict that the
optimal virulence for castrating parasites should be maximal, .e.,
total host castration that appropriates all host reproductive
resources [4—7]. Indeed, each unit of resource allocated to host
reproduction is lost for the parasite, while the parasite can gain
from resource allocated to host survival if this increases its total
fitness by lengthening the transmission phase. Castrating parasites
are thus expected to have less negative impact on host survivorship
than other types of parasites [2,8] specifically appropriating
resources allocated to host reproduction but sparing those
allocated to host survival [9]. A few theoretical and experimental
works even suggest that castrating parasites could be selected to
divert supplemental resources away from host reproduction to host
maintenance, leading to gigantism or increased survivorship [10—
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13]. Castrating parasitoids, in contrast, are not expected to be
selected for extending host lifespan since by definition their free-
living stage is only liberated at host death [1-3,14]. TFew
experimental data are available so far to test theoretical
predictions regarding the effects on host survivorship of castrating
parasites that are transmitted throughout a host’s life (z.e., not
parasitoids or other parasites only transmitted after host’s death)
[2], but see [15,16].

Many theoretical studies have concluded that virulence should
also be affected by the occurrence of multiple infections [17-20].
Infections of a host by multiple genotypes of the same parasite, z.e.,
multiple infections, are extremely common in natural host-
pathogen interactions [21] and lead to competition between co-
infecting genotypes for limited host resources. Different kinds of
competition may occur. One example, interference competition,
or spite, arises when genotypes produce chemical antimicrobials
that reduce or suppress the growth of other genotypes [22—26].
Another example is competition for resource uptake from the host.
The intensity of competition between parasite genotypes sharing a
host should depend on the relatedness between the different
genotypes, with kin selection predicting that all types of
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competition should be reduced at high levels of relatedness to
avoid damaging relatives [27].

Assessing the impact of castrating parasites on host mortality
and understanding the effects of competition between different
genotypes, in particular in terms of virulence, competitive
exclusion and stable coexistence within hosts, requires following
long-term dynamics of host-parasite interactions. Here, we studied
the dynamics of the fungal pathogen Microbotryum lychnidis-dioicae
(previously referred to as AMM. wviolaceum) in an experimental
population of its dioecious caryophyllaceous host plant Silene
latifolia. Microbotryum lychnidis-dioicae is a pollinator-borne parasite
that castrates its host by destroying the ovaries of infected flowers
and replacing pollen with fungal spores, which are dispersed by
pollinators. In this dioecious host diseased flowers of female plants
have aborted ovaries and both male and female flowers produce
fungal spore-bearing anthers, without any pollen.

The S. latifolia - M. lychmidis-dioicae system is ideal for the study of
virulence and of multiple infections for the following reasons. The
disease becomes systemic so different parasite strains compete for
space and for monopolising an infected plant [28]. Stems are
produced every spring and die back in winter to a rosette stage,
from which new stems are produced the following year. The
fungus overwinters in the rosette and strains likely compete to gain
access to meristems that will produce flowers in which the fungus
sporulates and from which it then disperses [28]. Diseased flowers
are sterile, so the main component of virulence for this castrating
parasite can readily be estimated as percentage of castrated
branches [29]. Other virulence components include mortality and
lack of recovery, leading to permanent sterilization. Previous
studies have found equivocal results of the effects of disease on S.
latifolia. mortality, with diseased plants suffering similar, less or
more mortality in different years [30-33]. Numerous polymorphic
markers are available [34-36] so we can differentiate between
different fungal genotypes within plants, making it possible to
monitor the fate of multiple infections over several years. Thus we
know that multiple infections are common in natural populations,
with different, related genotypes occupying different stems but
never the same flower [37]. Experimental inoculations can also
generate multiple infections [29,32,37-39]; sequential inoculation
experiments reveal selective competitive exclusion: resident strains
often exclude a challenging unrelated genotype while multiple
infections are facilitated when genotypes are closely related [40].

In this study, we analyzed the dynamics of the anther smut
disease by following an artificially inoculated population of S.
latifolia throughout the entire host lifespan that lasted for a
maximum of six years. We were particularly interested in detecting
the effects of the castrating parasite and of multiple infections on
two components of virulence, host non-recovery and host
mortality. We also looked at the dynamics of relatedness of co-
infecting strains within plants and at the degree of castration. For
this goal, we generated an experimental population of ca. 1000
individuals of the caryophyllaceous plant S. latifolia infected with
different genotypes of this fungal parasite. Plants were inoculated
with different combinations of fungal genotypes differing in their
degree of relatedness and additional natural transmission occurred
in the garden. We have previously analyzed and published data
from the first two years of this experiment, on the establishment of
disease and patterns of multiple infections [29]. We reported that
1) strains that coexisted within plants were highly related, indeed
far more related than the originally inoculated spore mixtures, and
that less related fungal strains were more likely to be lost from
multiple infections over the course of the first winter than were
more closely related ones, suggesting exclusion of less related
strains, 2) fungal strains in multiple infections restricted each
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others access to territory within the plant, but this restriction was
less severe when strains were closely related, implying competitive
exclusion that is moderated by high relatedness, and 3) per-flower
spore production was greater from plants harboring multiple
infections than from those with single infections, implying that
multiple infections induced greater conversion of host resources to
parasite propagules. Here we present data on annual disease
dynamics, mortality and recovery from disease over the entire
lifespan of the population. Indeed, though mortality was too low to
be analyzed in the first two years of the experiment [29], all the
plants had died within six years, allowing us to compare annual
mortality between infected and healthy plants and those with
single or multiple infections.

We thus report the dynamics of multiple infections within the
experimental population across the entire five-year host popula-
tion lifespan as well as the effect of the disease and of multiple
infections on host mortality and recovery. Multiple infections were
recognized here as the presence of different genotypes in different
stems of a given plant and recovery was defined as the absence of
symptoms (z.e., no spores in any flowers of the whole plant) despite
having produced spores the preceding year. Each year we assessed
infection status, degree of castration of the plants and, using
genetic markers, the number and identity of infecting genotypes
per plant. This allowed us to estimate the relatedness between the
fungal genotypes coexisting within plants. We compared the three
main components of virulence, te., the degree of castration, the
rates of non-recovery and host mortality, between multiply
infected, singly infected and healthy plants, and between sexes.
We assessed disease spread in the population over time, degree of
host castration and the dynamics of recovery and addressed the
following questions: 1) Do the number of genotypes and degree of
relatedness among coexisting genotypes within plants remain high
over time? 2) Do the degree of host castration, non-recovery and
host mortality, that are three important components of virulence,
differ between single and multiple infections? 3) Is host lifespan
affected by the disease?

Materials and Methods

Plant population, fungal strains and inoculations

To study the dynamics of disease and monitor the impact of the
disease on a plant cohort, we created, in 2008, an experimental
population of the host, S. latifolia, inoculated with strains of M.
lychmidis-diwicae, in a garden of the University Paris Sud in Orsay
(France). Seeds were collected from multiple mother plants in two
populations from the same town (Orsay, France), one in 2005 and
the other one in 2007. Only quantitative resistance is known in this
system, with different plant families and populations showing
different resistance levels in terms of probability of infection, e.g.,
[41-43]. Given the relatively homogeneous origin of the seeds and
the randomization of inoculations, there should be no effect of
local adaptation influencing the results. Seeds were kept in a cold
room until they were used. Microbotryum strains were collected near
Orsay in 2001 for a metapopulation study [44]; later we collected
strains from farther locations for studying the population structure
across Europe [45,46]. Microbotryum strains were kept dried in silica
gel at 4°C until use. Seeds were sown on water agar in June 2008.
The origin of fungal isolates used as inoculum is detailed in
Table 1. In July 2008, 1021 individuals of S. latifolia were planted
in the garden and individually tagged so that they could be
identified across their entire lifespan. Plants were placed on a grid
at 1 meter spacing from each of four closest neighbours and
inoculated twice in July 2008, 15 days apart, with different
mixtures of sporidia of M. lychnidis-dioicae. At this point, plants were
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relatively small with a few branches. For each fungal strain
(diploid), we plated teliospores on GMB4 medium to multiply the
products of meiosis [47]. Four inoculation treatments were applied
(Table 2). Treatments A and B consisted of combinations of four
diploid strains characterised using microsatellite markers. Strains
in treatment A were genetically dissimilar, and therefore unrelated
within the sampling universe of the experiment; those in treatment
B were more similar and therefore related. For both treatments A
and B there were four independent replicates of different strain
combinations. A total of 94 plants were inoculated for each of the
four strain combinations per treatment, yielding 376 plants for
each of the treatments A and B. For the C treatment, a single
diploid strain was inoculated on each plant. For this treatment, 13
different strains were used and 15 plants were inoculated with each
of these single strains, yielding a total of 195 plants inoculated with
a single strain each. Finally, 50 plants received no inoculation
(treatment D). Inoculations were performed by adding a drop of
fungal sporidia of both mating types for each strain suspended in
tap water (approximately 10 ml of sporidia from each strain in
14 ml) at several points on all available meristems of the plants.
Our objective was not to control for equal inoculum pressure
between combinations or treatments or to compare virulence
between treatments, but instead to obtain a high number of plants
infected with multiple strains and to obtain a wide range of
relatedness values between pairs of coinfecting strains, assessed a
posteriori. Within mixtures of inoculated strains in treatments A and
B, the relatedness, r, ranged from —0.1 to 0.2; relatedness was
negative when genetic similarity among strains in the mixture was
lower than expected by chance among strains drawn at random
from the established genotypes in 2008. Our previous results
showed that only highly related strains managed to co-colonize
plants (with a mean of r=0.5) [29]. Note that relatedness is
relative: by definition, the mean relatedness among all fungal
genotypes in the garden is zero. Relatedness higher than 0 within
plants means that genotypes are more similar within plants than
between random genotypes established in the garden the focal
year. Higher relatedness of genotypes established within plants
than in the inoculated mixtures results from a selective sampling of
genetically similar genotypes within each infected plant, together
with different genotypes succeeding among plants. No data were
available on differences in virulence between the inoculated strains
but little variation is known to exist in M. lychnidis-diowcae [48].

Because artificial inoculations in this system often fail to cause
disease, we knew our protocol would yield a garden with healthy
plants in addition to the non-inoculated controls (internal controls)
as well as diseased plants, and among the latter, plants with single
infections and others with multiple infections, allowing comparison
among healthy plants and diseased plants with single or multiple
infections. We verified a posteriori that inoculated plants that had
never expressed disease symptoms did not differ in mortality rates
from those that had not been inoculated.

Numerous additional strains of M. lychnidis-dioicae, signalled by
the appearance of novel alleles, also colonized the plants,
presumably transmitted by pollinators in the garden [29]. Crosses
between strains also probably occurred over the course of the
experiments. The regular arrival of new fungal strains in the
garden and crosses between inoculated and naturally transmitted
strains as the source of new infections made it impossible to follow
and compare success of individual fungal genotypes over the entire
course of the experiment, and to follow individual strains over
multiple years. We monitored, each year over the lifespan of each
plant, the following traits: disease status, the number of different
fungal genotypes coexisting within each plant and their relatedness
(i.e., their genetic similarity as compared to that expected by
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chance given allele frequencies in the garden that given year), the
degree of castration (only after 2009, see [29]) and the death of
plants. We recorded the data and sampled the strains once a year
for each plant, in July, i.e., during the summer peak of flowering.
Data are therefore a single annual snapshot of the disease status for
each plant.

Sampling and genotyping

We collected one bud per infected branch once a year. We
extracted DNA from one anther of each bud as previously
described [44]. Six microsatellite markers were used: E14, E17,
SL9, SL19, SL16 and SVG) [34,36] using the same protocol as
previously described [44]. We did not genotype strains from the
very few diseased plants in 2012.

Genetic and statistical analyses

The relatedness between genotypes co-occurring in each plant
was calculated using the software Relatedness based on the
Queller model [49]. It estimates the proportion of shared alleles
between individuals compared to the probability of sharing alleles
by chance given the allele frequencies in the population. The allele
frequencies used to estimate relatedness among fungal genotypes
within plants in each year were those estimated in the garden in
the focal year. This relatedness value is an estimation of the
probability of sharing the same alleles at specific loci, for example
those responsible for cooperation, which is the important
parameter for evolution of altruism and is therefore used in
theoretical models investigating the evolution of virulence.

Statistical analyses were performed using JMP, version 5
statistical package (SAS-institute). Logistic regressions were per-
formed for analyzing the recovery and mortality for each plant as
functions of year, plant sex, disease status (diseased versus healthy
or single infection versus multiple infection), relatedness among co-
infecting strains and/or the degree of castration. We fitted full
models and simplified them by removing non-significant interac-
tions and factors. We sequentially removed the non-significant
main effects when they were not central to the questions being
posed, e.g. plant sex, in order to increase our ability of detecting
interesting main effects. In cases where removing some main
effects did not improve explicative power of the model, we kept
them in the model. “Year” was always kept as an explanatory
variable in the analyses, because it functions as a blocking factor.
Some factors could not be included together in the same model as
they were not compatible (for instance “multiple infections versus
single infections” and “relatedness among strains within plants
with multiple infections”, or “diseased versus health plants” and
“multiple versus single infections”); their effects had therefore to
be tested in separate models. Multiple comparisons for means
across years were performed with non-parametric Kruskal-Wallis
tests. For the analysis of longevity, the number of years until death
was recorded for each plant and an analysis of variance was
performed to test whether plants that had been diseased for at least
one year had a shorter or longer lifespan than those that had
remained healthy throughout their lives. Because not all surviving
plants flowered every year we have data only for 587 plants for this
analysis, e, those having flowered all years and for which we
could therefore score the disease status all years. The data are
available in the Table SI.

Results

Dynamics of plant mortality, recovery and new infections
Figure 1 summarizes the transitions among healthy and singly
and multiply infected plants within the experimental population
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from 2008-2011. Mortality was low between 2008 and 2010, with
ca. 1% between 2008 and 2009 and 5% between 2009 and 2010.
A peak of mortality occurred in the winter of 2010-2011, with the
death of 69% of the 2010 population. Only 28 plants were then
still alive in the summer of 2012, representing 2.7% of the initial
population. All plants were dead in 2013. We have therefore
followed the host cohort over its entire lifespan.

The recovery rate (percentage of plants in a focal year that
showed no symptoms, z.e., no spores in any flowers, despite having
produced spores the preceding year) was quite high in 2009 (64%
of the plants that displayed diseased flowers in 2008 showed no
symptoms in 2009), but decreased in subsequent years. Converse-
ly, the rate of new infections, i.e., of plants producing fungal spores
while having shown no symptoms the preceding year, increased
over time, from 16% in 2009 to 38% in 2011. Overall, the
pathogen continued to colonize the population and to establish
durable infections, reaching 89% prevalence in 2012 (Figure 2).
The disease thus appeared dynamic and spreading across years
(Figures 1 and 2).

PLOS ONE | www.plosone.org

Table 1. Fungal inocula.

Strain ID Place of collection Year
3-04-01 Bonneville, near Orsay, France 2001
45 Brétonville, near Orsay, France 2001
45-01-07 Brétonville, near Orsay, France 2001
45-01-08 Brétonville, near Orsay, France 2001
45-03-07 Brétonville, near Orsay, France 2001
45-03-08 Brétonville, near Orsay, France 2001
45-06-02 Brétonville, near Orsay, France 2001
45-08-01 Brétonville, near Orsay, France 2001
45-08-04 Brétonville, near Orsay, France 2001
45-08-06 Brétonville, near Orsay, France 2001
45-09-15 Brétonville, near Orsay, France 2001
45-10-5 Brétonville, near Orsay, France 2001
49-06-02 Orsonville, near Orsay, France 2001
49-08-02 Orsonville, near Orsay, France 2001
49-08-04 Orsonville, near Orsay, France 2001
645 Toledo, Spain 2008
656 Brno, Czech Republic 2008
657 Vauchassis, France 2008
663-4 Bordeaux, France 2008
665-3 Mount Biokovo, Croatia 2008
670 Kecskemét, Hungary 2008
678 Baja, Hungary 2008
689 Ramegnies-Chin, Tournai, Belgium 2008
690 Ramegnies-Chin, Tournai, Belgium 2008
698 Tchernobyl, Ukraine 2008
7-21-04 Villebon, near Orsay, France 2001
7-21-05 Villebon, near Orsay, France 2001
7-24-06 Villebon, near Orsay, France 2001
7-24-09 Villebon, near Orsay, France 2001
SLAX Mountain Lake Biological Station, Virginia, US 2008
SLBY4.1 Mountain Lake Biological Station, Virginia, US 2008
Strains of Microbotryum lychnidis-dioicae used for initial inoculations in the experimental garden of Silene latifolia.
doi:10.1371/journal.pone.0098526.t001

The percentage of plants infected by multiple genotypes
increased from 55% of diseased plants in 2008 to 70% in 2009
and 2010 (Figure 2), because of accumulation of new infections
and maybe also because of the increase in plant size (Figure 3).
The percentage of plants infected by multiple genotypes then
decreased to 32% of diseased plants in 2011 (Figure 2), not
because of additional mortality of multiply infected plants, but
probably because older plants became smaller (Figure 3). The
mean number of genotypes per host showed the same pattern,
with an increase from 2 to 4 between 2008 and 2010 and a
decrease to 1-2 genotypes in 2011 (Figure 4). The mean number
of alleles per marker in the garden also increased between 2008
and 2010, and then decreased in 2011 (Figure 5). New strains
therefore regularly established in the garden.

The degree of castration, a component of parasite virulence,
was measured as the proportion of castrated branches for each
diseased plant. The mean degree of castration per plant remained
stable at 50% in 2009 and 2010, increased sharply to 88% in 2011,
and decreased to 65% in 2012 (Figure 6). Castration of diseased
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Table 2. Inoculation treatments.

Treatment Mixture Strains

A 1 665-3 45-01-07 654 663-4

A 2 45-06-02 656 678 689

A 3 SIAX 690 645 657

A 4 698 45-08-06 670 SLBY4.1
B 1 7-21-05 3-04-01 7-21-04 7-24-06
B 2 45 7-24-09 45-03-08 45-03-07
B 3 49-08-02 45-08-01 45-08-04 45-01-08
B 4 45-09-15 49-06-02 49-08-04 45-10-5
C 1 665-3

C 2 689

C 3 SIAX

C 4 7-21-05

C 5 49-08-02

C 6 45

C 7 645

C 8 7-24-06

C 9 45-03-07

C 10 670

C 11 45-01-08

C 12 663-4

C 13 3-04-01

Combination of s trains of Microbotryum lychnidis-dioicae used for initial inoculations in the experimental garden of Silene latifolia.
doi:10.1371/journal.pone.0098526.t002
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Figure 1. Dynamics of the Silene /atifolia experimental population. Rates of new infections, recovery, acquisition of multiple infections and
mortality are indicated, for the pairs of years for which data were available; 1021 seedlings were initially planted of which 95% were inoculated with
Microbotryum lychnidis-dioicae strains. “Healthy” plants were those for which no symptoms could be observed, i.e., no spores in the anthers of any
flowers; “diseased” plants were those for which spores were observed in the anthers of at least some flowers; “single infection” refers to plants in
which a single genotype was detected using microsatellite markers for genotyping the spores in the different diseased stems; “multiple infection”
refers to plants in which at least two different genotypes were detected using microsatellite markers for genotyping the spores in the different
diseased stems.

doi:10.1371/journal.pone.0098526.g001
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Figure 2. Dynamics of disease prevalence. Proportion of diseased
plants, i.e., with spores in the anthers of their flowers, dark grey, in the
Silene latifolia experimental population across five years, with initially
1021 plants, 95% inoculated with Microbotryum lychnidis-dioicae; In
light grey, proportion of diseased plants showing multiple infections
across years, as assessed using microsatellite markers designed for M.
lychnidis-dioicae; The number of plants still alive each year is indicated
at the top.

doi:10.1371/journal.pone.0098526.g002

plants was not total for most plants in the first two years, in
contrast to theoretical expectations for the optimal level of
virulence for castrating parasites.

The mean relatedness among genotypes within plants was
higher than within any inoculum mixture, as shown and discussed
previously [29], and remained at a high level throughout the entire
host lifespan despite the dynamics of the disease, with recurrent
new infections and recoveries (Figure 7). The mean value of
relatedness among strains within plants remained around 0.5, the
value of relatedness between diploid siblings, or even higher in
2010, while random expectations for relatedness is 0 and complete
identity is 1 [49]. Relatedness among strains within plants thus
remained high, with alleles significantly more similar within plants
than expected by chance given the allele frequencies in the garden

16

14 -

Mean number of branches per plant

Influence of Multiple Infection on Virulence

5
4 b
b /
3
a ——
2 &
:[c
1
0
2008 2009 2010 2011
Year

- Mean number of genotypes per plant

Mean number of branches per genotype within plants

Figure 4. Dynamics of the number of fungal genotypes. Mean *
SD number of Microbotryum lychnidis-dioicae genotypes per Silene
latifolia plant across years in the experimental population (dark grey)
and mean = SD number of branches occupied per genotype within
plants (light grey).

doi:10.1371/journal.pone.0098526.9g004

each year, as shown by the standard deviations not overlapping
with O (Figure 7). This confirms that only highly related genotypes
can co-exist within plants.

Effect of the parasite on host longevity and parameters
influencing virulence (non-recovery, mortality and
castration)

Recovery was significantly less likely for plants that had been
infected by several strains the preceding year than for plants
infected by a single strain (Table 3, Figure 8). Multiple infections
thus decreased the probability of recovery, increasing this

2009 2010

2011

Figure 3. Dynamics of plant size. Mean number = SD of branches per plant (healthy and diseased pooled) for each year where these data have

been recorded.
doi:10.1371/journal.pone.0098526.g003
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Figure 5. Dynamics of allele numbers. Allele numbers found in Microbotryum lychnidis-dioicae per microsatellite marker, in the inoculated strains

and in the Silene latifolia experimental garden across years.
doi:10.1371/journal.pone.0098526.g005

component of virulence, though this effect appeared only obvious
m 2009, after the first winter (Figure 8), the year of highest
recovery rates. Recovery did not differ significantly between male
and female host plants, nor was it influenced by relatedness among
co-infecting strains or the degree of castration the preceding year
(Table S2).

As expected for castrating parasites, M. lychnidis-dioiwae did not
increase host mortality. Mortality varied across years but was
generally lower for plants that had been diseased the preceding
year, though the strength of this effect appeared to vary across
years (Table 4; Fig 9), appearing strongest in 2011, the year of the

0.9
0.8
0.7

0.6

4]
Q

0.5 a
0.4

0.3

Mean relatedness within plants

0.2
0.1

Inocula

-0.1

2008 2009 2010 2011

Year

Figure 6. Dynamics of the degree of castration. Mean proportion
of branches showing spores in the anthers of their flowers per diseased
plant = SD across year (dark grey) and percentage of completely
castrated plants among diseased plants, ie., with all their flowers
diseased, bearing spores (light grey).
doi:10.1371/journal.pone.0098526.g006
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highest mortality rate before general death by senescence (Fig 9).
Disease influenced longevity, with plants that had been diseased
for at least one year living longer than those that had remained
healthy throughout their lives (F; s555=46.93, p<<0.0001), by
almost 5 months on average. We tested whether this could have
resulted from confounding processes, for example, whether larger
plants both lived longer and, because they attract more pollinators,
were more likely to contract the disease. However the total
number of stems, a measure of plant size, had no significant effect
on plant mortality (Table S3), suggesting that the observation was
not driven by plant-size effects. Mortality did not differ signifi-
cantly between inoculation treatments, in particular between
healthy non-inoculated and inoculated plants (T'ables 4 and S3),
confirming that healthy but inoculated plants in the garden
constitute good controls for the effect of the disease on mortality,
even though they had been challenged by the fungus. Mortality
did not differ significantly between male and female host plants
(Table S3). Multiple infections tended to increase the beneficial
effect of the parasite on plant survivorship (Figure 10) but the effect
was not significant (Table S3). As already found in the previous
study on the first two years of the population, multiple infections
increased the degree of plant castration, another component of
virulence (Table 5).

Discussion

In this study, we analyzed the dynamics of the disease for a
castrating fungal parasite under conditions of single vs. multiple
infections. We followed an artificially inoculated population of
plants throughout the entire host lifespan. We were particularly
interested in detecting the effects of the castrating parasite and of
multiple infections on important components of virulence that
could not be analyzed in the study on the two first years of the
experimental garden [29], e, host non-recovery and host
mortality. We also looked at the dynamics of relatedness of co-
infecting strains within plants and at the degree of castration over
the entire duration of the population, both of which had already
been analyzed in the two first years of the garden [29].
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Figure 7. Dynamics of the relatedness within plants. Mean relatedness + SD among Microbotryum lychnidis-dioicae genotypes co-occurring
within plants across year; Relatedness within plants is the degree of similarity among fungal genotypes within a plant normalized by the degree of
similarity of random genotypes in the garden; random expectation for relatedness is 0. The observed relatedness within plants is ca. that for full
siblings (0.5). Means with the same letter are not significantly different, according to the Kruskal-Wallis test. The point in 2008 shows the relatedness
among established genotypes within diseased plants; the bar represents the range in relatedness among genotypes inoculated together into the
plants in the multiple infection Treatments A and B (relatedness was negative when less similar genotypes than a random sample were mixed).

doi:10.1371/journal.pone.0098526.9007

Prevalence and dynamic of the disease

The overall prevalence of the disease increased over time; four
years after the beginning of this study most of the plants were
diseased. The rates of multiple infections were high, as observed in
previous experimental and natural populations [32,37-40]. We
were also able to observe the dynamics of the number of genotypes
per plant, their degree of relatedness, their degree of castration of
the host and rates of recovery and death in the population. The
disease appeared dynamic, both in terms of infection status per
plant and of number of fungal genotypes per plant. This highlights
the need of experimental population studies across several years
for a proper understanding of disease ecologies.

Recovery

We cannot know whether the fungus was still present within
plants that we considered recovered, t.e., those that expressed no
symptoms (spore production) the year following an occurrence of
symptoms. However, even if recovery did not involve complete
elimination of the fungus, i.e., even if M. lychnidis-dioicae maintained
symptomless infections, such cryptic infections allowed the plant to
produce pollen and seeds and therefore to gain non-null fitness,
greatly reducing virulence, which is what we wanted to measure.

The recovery rate was quite high the first years but decreased
over time, remaining, however, non-negligible, as in previous
population surveys [30,31,33,50]. Interestingly, plants infected
with multiple pathogen strains were less likely to recover than
plants infected by a single strain. Thus, multiple infections

Table 3. Analysis of recovery rates.

decreased the probability of recovery, leading to greater disease-
induced reduction in fitness. This suggests that multiple infections
are more difficult to combat and clear. The lower recovery rate of
plants with multiple infections is unlikely to be an indirect effect of
the number of stems affected by the disease because, although
multiple infections overall castrate a higher proportion of available
stems [29], percentage castration did not significantly influence
recovery probability. Similarly, we found no significant role of
relatedness among genotypes on recovery, suggesting that the
poorer recovery of multi-infected plants was not related to possible
mechanisms of cooperation among related genotypes to fight the
host defence machinery [51]. In plants, defence against pathogens
can be genotype-specific, e, more efficient against certain
pathogen genotypes [52,53]. The tendency of lower recovery of
plants with multiple infections may be due to genotype-specific
resistance, as it suggests that the plant defence is not similarly
efficient against all genotypes. Though all-or-nothing gene-for-
gene-resistance sensu [52] 1s not known for Microbotryum, plant
genotypes vary in their probability of becoming diseased
depending on the parasite genotype they confront, with variation
both among and within host and parasite populations [41,48]. For
inoculation of the experimental population, we used M. lychnidis-
dioicae strains from several geographic origins, so genotype-specific
resistance is likely in our experiment. It should be noted that the
higher recovery under single infection was evident only after the
first winter, which was also the year of the highest recovery rates.
The following years, the disease may have been better established
in plants and/or environmental conditions may have been more

D.f. P p
Year 2 57.73 <0.00001
Infection status (multi vs. single infection) the preceding year 1 5.55 0.018

doi:10.1371/journal.pone.0098526.t003

PLOS ONE | www.plosone.org

Logistic regression of the recovery rate of Silene latifolia plants in the experimental garden as a function of year and infection status (multi vs. single infection by
Microbotryum lychnidis-dioicae) the preceding year. The interaction between year and infection status was not significant. N = 766.
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Figure 8. Plant recovery. Recovery rate per year in the Silene latifolia
experimental garden depending on the plant infection status with
Microbotryum lychnidis-dioicae (single versus multiple infections). The
number of plants having recovered each year is indicated for each class.
Recovery refers to absence of symptoms of a plant (i.e., no spores in
anthers in any of the flowers) that had been diseased the previous year,
i.e., with spores in anthers of at least some flowers. “Single infection”
refers to plants in which a single genotype was detected using
microsatellite markers for genotyping the spores in the different
diseased stems; “multiple infection” refers to plants in which at least
two different genotypes were detected using microsatellite markers for
genotyping the spores in the different diseased stems.
doi:10.1371/journal.pone.0098526.g008

favourable to the fungus. This highlights the importance of
following cohorts over their entire lifespan for integrating fitness
effects across years for ecological studies.

Relatedness among coinfecting strains

The number of genotypes per plant increased over the first three
years and their relatedness remained high, indicating that only
significantly related newly colonizing genotypes were capable of
colonizing and coexisting in the same host individual, confirming
observations from experimental inoculations [39,40], natural
populations [37] and from the study of the two first years of the
garden [29]. This cannot be due to specific adaptation of fungal
genotypes to these plants because relatedness is relative: fungal
genotypes coexisting within plants were genetically more similar

Table 4. Analysis of mortality rates.

Influence of Multiple Infection on Virulence

than expected if all genotypes established in the garden had
parasitized plants at random. All plants were grown from seeds
collected from two neighbouring populations from Orsay,
representing a homogeneous genetic background since plant
populations are not strongly genetically differentiated [54]. The
high relatedness within plants therefore cannot result from local
adaptation to Orsay plant genotypes. Furthermore, this fungus is
not locally adapted to its host populations [43]. The high
relatedness within plants is thus far more likely to result from
non-kin exclusion.

In the last two years of the garden, as plants became more
castrated, the number of genotypes per plant decreased. This
suggests that, in plants saturated by Microbotryum, resident strains
could exclude new challengers and even displace some resident
genotypes, as all available space within the plant became occupied.
Such exclusion of competitors has been reported in some animal
pathogens, such as trematodes in snails [55,56]. The decrease in
the number of genotypes per plant and of overall numbers of
alleles in the garden is also related to plant senescence, as the
number of stems per plant decreased in the last two years.

Contrary to expectations for a castrating parasite, not all plants
appeared completely castrated, even after years of disease. In the
two last years, still 30-40% of diseased plants were not completely
castrated. This may be due to suboptimal adaptation of the
parasite to these hosts or rather to the ability of plants to prevent
complete systemic invasion. In particular, plants may be able to
redirect flower production to new, not yet infected meristems, as
suggested in a Cordia nodosa plant castrated by Allomerus parasite
ants [57]. Individual stems however cannot be followed from one
year to another in S. latifolia to test for this effect, because stems die
back in winter.

Host castration

In accordance with the theoretical expectation of increase in
virulence under multiple infections [17-20], the degree of host
castration increased under multiple infections, as found and
extensively discussed in the previous study on the first two years of
the garden [29]. This fits with the expectation that parasites
respond to the presence of competitor within their host by
increasing their virulence to enhance their short-term transmis-
sion, possibly jeopardizing longer term transmission, by uptaking
resources at a higher rate, to monopolize the resources before the
competitors.

Mortality

All the plants had died by the end of the experiment. Silene
latifolia 1s known to be a short-lived perennial unlike some other
Caryophyllaceae such as S. acaults [58]. Mortality thus appeared to
be the natural result of senescence, as we noted no extrinsic cause

Df. 12 p
Year 2 532.67 <0.00001
Disease status (healthy vs diseased) the preceding year 1 5.42 0.0199
Interaction between year and disease status 2 33.55 <0.00001
Inoculation treatment 3.55 0.3138

related strains of inoculum, or multiple unrelated strains of inoculum). N =2547.
doi:10.1371/journal.pone.0098526.t004

PLOS ONE | www.plosone.org

Logistic regression of mortality rate of Silene latifolia plants in the experimental garden as a function of year, disease status (plants without any anther smut disease
symptoms, vs those showing spores in at least some flowers) the preceding year, and inoculation treatment (non-inoculated plants, single strain inoculum, multiple
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Figure 9. Plant mortality depending on disease status. Mortality
rate in the Silene latifolia experimental garden across years and
between plants differing in disease status with the anther smut
Microbotryum lychnidis-dioicae the preceding year; mortality rate
differed between diseased and healthy plants and among years.
doi:10.1371/journal.pone.0098526.g009

for plant death in the garden. Interestingly, we found an overall
significantly increased lifespan for diseased plants. Theory suggests
that castrating parasites divert host reproductive resources to the
production of parasitic transmission structures, without necessarily
reducing host lifespan, which would shorten their transmission
phase [8]. A model even showed that castrating parasites could be
selected for diverting resources to enhanced host maintenance and
therefore possibly survivorship [10]. Our case therefore seems to
meet theoretical expectations. Mucrobotryum indeed appears to have
no detrimental effect on its host survivorship; on the contrary,
infected plants lived longer, suggesting that the parasite, despite
using host reproductive resources for its own transmission stages,
liberates some to be used for host maintenance. The difference in
mortality between diseased and healthy plants appeared strongest
in 2011, which makes sense, as this was the year with the highest
mortality rates, and therefore highest statistical power, aside from
the last year where death was likely mainly due to senescence. This
again highlights the need to follow populations across several years
for making reliable ecological inferences on fitness. Our results
suggested that multiple infections increased the beneficial effect of
the parasite on plant survivorship although the effect was not
significant. In a previous experimental population [32], multiple
infections also increased survivorship probability, and significantly
so.

The present study is to the best of our knowledge the first one
experimentally showing that the effect of castrating parasites can
lead to increased hosts’ lifespan, although previous circumstantial
evidence suggested this effect in several animal-parasite systems
[6,9,13,15,16]. This may simply be that parasite reproduction and
transmission is somehow less costly than plant reproduction or it
may result from an active manipulation of the host, ¢.e., being an
extended phenotype of the parasite [59] that provides a longer
transmission phase. Increased lifespan associated with castration
(of non-parasitic origin) has indeed been observed in many species
of animals (including humans) and plants [60-62]. Increased host
lifespan may also result from a host strategy whereby longer life
would allow reproduction in case of later recovery. It may even be

PLOS ONE | www.plosone.org

10

Influence of Multiple Infection on Virulence

[{e}
1 o . © 8
o ® B Multiple infection =
€S2 o9 o
c o m Single infection
L o8
c b =
5 3 07 =)
c 2 K -
g g 0.6
()]
TE o5
7] » .
25
© g 0.4
20 o3
- 0 :
T 0
N
£¢ oz T
=2
0 p—— |
2009 2010 2011 2012
Year

Figure 10. Plant mortality depending on multiple infections.
Mortality rate depending on infection status the preceding year
(multiple versus single infection); the mortality rate is not significantly
different between plants with single versus multiple infections. “Single
infection” refers to plants in which a single genotype was detected
using microsatellite markers for genotyping the spores in the different
diseased stems; “multiple infection” refers to plants in which at least
two different genotypes were detected using microsatellite markers for
genotyping the spores in the different diseased stems. The number of
deaths each year is indicated for each class.
doi:10.1371/journal.pone.0098526.g010

that such host compensatory mechanisms are used by the parasites
for its own benefit of increasing its transmission phase [63].

Interestingly we found no difference in mortality between male
and female plants, either as main factor or in interaction with
infection status, even though male and female reproductive
structures are quite different. Indeed, fruits and seeds of female
S. latifolia are probably individually more costly [64], though males
produce more flowers. The finding that castrated female plants do
not display lower mortality rates, despite probably saving more
energy, points to a hypothesis of parasite manipulation rather than
simple resource re-allocation. Similarly, there was no significant
mmpact of the degree of castration on host survivorship, while the
hypothesis of mere plant resource re-allocation would predict that
plants with higher degrees of castration would save more energy
normally allocated to reproduction and thereby live longer than
plants with lower rates of castration. Indeed M. lchnidis-dioicae
induces higher flower production in diseased plants [65], which
could counter the advantage of the reduction of per flower/fruit
cost of the sterile flowers.

One could imagine that the lower mortality of diseased plants
could be the result of an artefact, if larger plants were less likely to
die but at the same time also attract more pollinators, and thereby
were more likely both to become diseased and to harbour multiple
infections. This hypothesis however is not consistent with the non-
significant eflect of total number of stems on plant mortality.

Our findings of lower mortality of diseased S. latifolia plants
contradict some results of previous studies on populations of this
host-parasite system. Indeed, higher mortality has been reported
among diseased plants than among healthy ones, although the
difference was not consistently significant across years in these
studies [30,31,33]. Though we found an overall average reduction
in mortality for diseased plants this was only obvious in 2011, the
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Table 5. Analysis of the degree of castration.

Influence of Multiple Infection on Virulence

D.f. Sum of squares F ratio p
Year 2 7.329 51.29 <0.00001
Multiple infection 1 2.794 39.10 <0.00001

genotypes). N=433.
doi:10.1371/journal.pone.0098526.t005

other years showing very similar mortality of healthy and diseased
plants. Thus data from a single or two years may be insufficient to
reveal the influence of the disease.

Conclusion

In this study, we used a fungal pathogen model to follow the
dynamics of a castrating disease and of multiple infections during
the entire host lifespan of an experimental host cohort. We were
able to address important aspects in the study of virulence for
parasites that has rarely been studied experimentally: we showed,
as expected based on theoretical models, an overall increase of
virulence under multiple infections, in terms of plant non-recovery
and degree of castration, and an increased lifespan of host plants
castrated by the parasite. The extended phenotypes of castrating
parasites may be to redirect resources from host reproduction to
host maintenance, thereby increasing the lifespan of the host and
maximizing parasite’s transmission. This has important conse-
quences for our understanding of disease evolution, which can also
have applied consequences for disease management. Indeed, if
individuals suffering from a castrating disease live longer, this will
affect the degree of disease transmission in the population.
Studying the proximal reasons for extended lifespan in castrated
individuals may also grant new insights into the proximal
mechanisms of senescence. The effects of the disease on mortality
and the impact of multiple infections on recovery could be
detected only through the monitoring of the cohort over its entire
lifespan as these effects were strong on a single year each. This
further highlights the value of long-term studies, as selection does
act on the integration of the different components of fitness across
the entire lifespan.
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Table S2 Additional analysis of recovery rates. Logistic
regression of the recovery rate of Silene latifolia plants in the
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