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Despite important advances in the last few years, the evolution of reproductive isolation (RI) remains an unresolved and critical
gap in our understanding of speciation processes. In this study, we investigated the evolution of Rl among species of the parasitic
fungal species complex Microbotryum violaceum, which is responsible for anther smut disease of the Caryophyllaceae. We found
no evidence for significant positive assortative mating by M. violaceum even over substantial degrees of genetic divergence,
suggesting a lack of prezygotic isolation. In contrast, postzygotic isolation increased with the genetic distance between mating
partners when measured as hyphal growth. Total RI, measured as the ability of the pathogen to infect and produce a diploid
progeny in the host plant, was significantly and positively correlated with genetic distance, remaining below complete isolation
for most of the species pairs. The results of this study, the first one on the time course of speciation in a fungus, are therefore
consistent with previous works showing that Rl generally evolves gradually with genetic distance, and thus presumably with time.
Interestingly, prezygotic Rl due to gamete recognition did not increase with genetic distance, in contrast to the pattern found in
plants and animals.
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speciation.

Speciation remains a central topic of evolutionary biology, but
definitive answers on how reproductive isolation (RI) evolves
have proven difficult to obtain, mostly because speciation is a
slow process and is frequently unobservable in an experimental
setting. The best evidence for a time course of speciation comes
from the relationship between the strength of RI between pairs of
taxa and their divergence times (i.e., using the surrogate measure
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of genetic distance) (Coyne and Orr 2004, p 72). Such compar-
ative studies were first performed in Drosophila (Coyne and Orr
1989, 1997), showing that both prezygotic behavioral isolation
and intrinsic postzygotic isolation, that is, hybrid inviability and
sterility, evolved gradually with time. A positive relationship be-
tween RI and genetic distance was later reported in diverse taxa,
such as other insects (Presgraves 2002; Christianson et al. 2005),
frogs (Sasa et al. 1998), birds (Price and Bouvier 2002; Tubaro
and Litjamer 2002; Lijtmaer et al. 2003), fishes (Mendelson 2003;
Russell 2003; Bolnick and Near 2005), and angiosperms (Moyle
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et al. 2004). Surprisingly few empirical studies have compared
the evolutionary rates of pre- and postzygotic barriers, three of
them dealing with animals (Coyne and Orr 1989, 1997; Mendel-
son 2003; Christianson et al. 2005) and one with plants (Moyle
et al. 2004). In all these studies, prezygotic RI was found to
increase with genetic distance either at the same rate or faster
than postzygotic RI.

Comparative studies have thus provided valuable insights into
the evolution of RI. However, such studies remain too scarce,
and virtually all of them deal with animal species. Investigat-
ing a greater diversity of biological models will help unravel
the general mechanisms governing the evolution of RI. Here,
we investigated the evolution of RI among species of the par-
asitic fungal species complex Microbotryum violaceum, as the
first comparison for rates of evolution of both pre- and postzy-
gotic barriers in any fungus. This basidiomycete morphospecies
includes several cryptic species that are highly specialized on dif-
ferent host species (Le Gac et al. 2007). We analyzed (1) the
prezygotic trait of positive assortative mating (gamete recogni-
tion) between different sibling species, (2) the postzygotic trait of
hybrid inviability linked to the production of infectious hyphae
after mating, and (3) total RI, measured as the ability to produce a
diploid progeny in host plants. We aimed to investigate the strength
of these different reproductive barriers and their evolution. The
goals were to assess (1) whether the pattern of increasing RI with
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genetic distance, found to be general in plants and animals, would
also be observed in a fungus, and (2) whether the rate of evolu-
tion of prezygotic isolation would also be similar or higher than
the rate of evolution of postzygotic evolution, as found in other
organisms.

Material and Methods

BIOLOGICAL MODEL

The basidiomycete fungal species complex M. violaceum is re-
sponsible for anther smut, a naturally occurring venereal disease of
many insect-pollinated perennial plant species in the Caryophyl-
laceae (Thrall et al. 1993). The fungal life cycle is illustrated in
Figure 1 (see also Day and Garber 1988). Diploid teliospores of M.
violaceum are produced in the anthers of infected plants, thereby
replacing the pollen. Deposited on a new host, teliospores undergo
meiosis that leads to the production of haploid yeast-like sporidia
of opposite mating types, named al and a2. These sporidia can
be considered as the gametes of the fungus. Conjugation between
sporidia of opposite mating types is required to initiate growth
of dikaryotic infectious hyphae. It has recently been shown that
M. violaceum is composed of several specialized cryptic species,
that is, lineages evolving independently without nuclear gene ex-
change (Le Gac et al. 2007). The species within the M. violaceum
complex will be referred to here as in Le Gac et al. (2007), based

Meiosis
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Figure 1. Life cycle of Microbotryum violaceum. Dotted arrows indicate the parts of the life cycle in which we investigated reproductive
isolation. RI-1: inability to perform sporidial conjugation, RI-2: inability to produce of infectious hyphae, and RI-T: inability to infect the

plant and produce a diploid progeny, corresponding to the total reproductive isolation measured in this study.
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Figure 2. Phylogenetic relationships among the sibling species of
the complex Microbotryum violaceum that are used in this study.
Numbers in italic indicate the Bayesian posterior probabilities ob-
tained using a 1746 bp concatenated dataset of three genes (Le
Gac et al. 2007).

on their host species (Fig. 2). In particular, the species parasitizing
the plant Silene latifolia is called MvSI and the one parasitizing
S. dioica is called MvSd (see online Supplementary Appendix 1
or Le Gac et al. 2007).

We investigated the evolution of RI as a function of diver-
gence time within the M. violaceum species complex, using the
genetic distances among the species as an estimation of the rela-
tive times since divergence. The genetic distances were obtained
using a 1746 bp concatenated dataset of three genes (Le Gac et al.
2007) and were calculated as the average distance between two
taxa, as implemented in the Mega V2.1 software (Kumar et al.
2001). Following ModelTest v3.5 (Posada and Crandall 1998) re-
sults, genetic distances among species were calculated using a
TRN+G model (gamma = 0.25).

Fungal strains for this study were collected on 11 host plants
from nine localities in several regions of Western Europe and
America between 2000 and 2004 (see online Supplementary Ap-
pendix 1) and stored at 4°C with silica gel. For the strains that
had not been analyzed in Le Gac et al. (2007), at least one of
the three genes was sequenced to ensure that they belonged to
the fungal species corresponding to their host of collection. Fun-
gal diploid teliospores were germinated and grown for one week
at 23°C on GMB2 media (Le Gac et al. 2007). The resulting
single-teliospore colonies were harvested individually, diluted,
and then replated, yielding haploid single-sporidial colonies. Sep-
arate sporidial cultures were tested for conjugation with stock al
and a2 sporidia (isolated from M. violaceum infecting S. latifolia)
in 50 pL of sterile water. After 10 days at 4°C, sporidia suspen-
sions were checked for conjugation under 400x magnification.
Conjugations with either al or a2 sporidia were observed for all
sporidia colonies, allowing their assignment to the al or a2 mating

type.

Using the experiments described in the following sections,
we quantified various components of RI according to the index
proposed by Coyne and Orr (1989):

RI = 1 — (proportionofsuccessfulinterspecific
crosses/proportionofsuccessfulintraspecificcrosses)

This index usually varies between O (no RI) and 1 (complete
RI), but in some cases may be < 0 if interspecific crosses are more
successful than the intraspecific crosses.

The reproductive barriers RI-1 (sporidial conjugation) and
RI-2 (production of infectious hyphae) are independent. RI-T
(ability to produce a diploid progeny in host plants) includes both
RI-1 and RI-2 (Fig. 1) and may be considered as the total RI with
regard to hybrid viability.

GAMETE RECOGNITION AMONG EIGHT M.
VIOLACEUM SPECIES

We first investigated the evolution of RI due to gamete recognition
(i.e., assortative mating) among eight M. violaceum species (RI-1,
Fig. 1). A total of 323 crosses were performed, corresponding to
four kinds of intraspecific and 26 kinds of interspecific crosses (see
online Supplementary Appendix 2a). The full matrix of crosses
was not performed because we could not obtain sporidia of both
mating types for some species, probably due to mating-type-linked
deleterious recessive mutations that occur commonly in lineages
of this fungus (Hood and Antonovics 2000). Previous studies have
shown that the addition of host extracts had no influence on the rel-
ative proportion of conjugations in vitro between different crosses
(Kaltz and Shykoff 1999; Van Putten et al. 2003), supporting a lack
of this potential form of environmental influence. Sporidia were
therefore suspended in 1 mL of sterile water. Sporidial concen-
trations were determined using a Neubauer™ haemocytometer
under 400 x magnification. Each suspension was adjusted to ob-
tain ca. 2.8 x 10'! cells. L~!. Crosses were performed by pooling
25 nL of al and of a2 suspensions in ELISA plates that were stored
at 4°C for 12 days. The proportion of conjugating sporidia was
then counted. Because we isolated colonies of sporidia of a sin-
gle mating type to perform the crosses, the observed conjugations
could not reflect selfing: they could only be crosses between the
two strains involved in the experimental cross. Moreover, plants
inoculated with sporidia of a single mating type did not become
infected (see below). Each of the 323 crosses was performed twice
and results were pooled (i.e., for each cross, the sum of the number
of conjugating sporidia in the two samples was divided by the sum
of the number of sporidia in the two samples) after the repeatabil-
ity of crosses was checked using a one-way analysis of variance
(Zar 1984). The ANOVA was highly significant (F32; 322) = 6.62,
P < 0.0001), showing that conjugation was more similar between
the two repeats of the same cross than among crosses, with an
intraclass correlation coefficient of r; = 0.74.
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GAMETE RECOGNITION BETWEEN MVSL AND NINE
OTHER SPECIES AND HYBRID HYPHAL GROWTH

We also investigated the evolution of gamete recognition and hy-
phal growth ability (RI-1 and RI-2, Fig. 1) by performing the con-
jugation tests in vitro. This included crosses of MvSI with intraspe-
cific strains as well as with nine other species from the M. vio-
laceum complex (see online Supplementary Appendix 2b). A total
of 152 crosses were performed, the cross of a given species pair be-
ing performed multiple times, using different strains from the same
species, from different populations (see online Supplementary Ap-
pendices 1 and 2b). Crosses were performed as above, except that
sporidia were suspended in 1 mL of sterile water with a-tocopherol
2 g L~"), known to induce in vitro the formation of infectious
hyphae after conjugation (Day and Garber 1988). We counted (1)
the proportion of sporidia that were conjugating and (2) the pro-
portion of conjugating sporidia that produced hyphae of a greater
than one cell in length. Each cross was performed twice and
results were pooled after the repeatability of crosses was checked
(r; =0.67,F 163,164y = 5.1073, P < 0.0001 for the conjugation test,
i = 0.95, F(150,151) = 35.2393, P < 0.0001 for the hyphae growth
test).

INFECTION ABILITY BY HYBRIDS BETWEEN
MVSL/MVSD AND NINE OTHER SPECIES

To investigate the ability of hybrids to infect host plants and pro-
duce a diploid progeny (i.e., total RI, RI-T, Fig. 1), we performed
intra- and interspecific crosses followed by artificial inoculations,
yielding 48 and 42 crosses involving MvSl and MvSd as the fo-
cal species, respectively (see online Supplementary Appendix 2).
Sporidial concentrations were adjusted as indicated above. For
each cross, 1.3 x 107 al and a2 sporidia and between 50 and 75
seeds from S. latifolia or S. dioica obtained from three natural
populations for each plant species (different from the population
from which the fungus had been isolated) were spread on two
petri dishes and grown at 23°C. To control for contamination be-
tween treatments, some seeds were grown on two petri dishes
without fungal sporidia or with sporidia of a single mating type.
Ten days later, the most vigorous seedlings per cross (35 for S.
latifolia, 25 for S. dioica) were planted into plastic pot contain-
ers (0.9 liter volume per plant) in the greenhouse. Plant positions
were randomized with regards to their inoculation treatment, and
plants were kept in the greenhouse until flowering. Flowering
plants were scored as either diseased (with the fungus sporulating
in the flowers) or healthy (with symptom less, healthy flowers).
All infected flower buds were collected and flowering plants were
segregated to avoid secondary disease transmission. None of the
control plants that were grown on media without sporidia or with a
single sporidia type (al or a2) was found to be infected, indicating
the lack of between-treatment contaminations and the necessity
of mating between al and a2 sporidia prior to infection.
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The ability of the diploid teliospores, recovered from these in-
fected buds, to produce viable meiotic products, which constitute
the first step of hybrid fertility, was checked by plating a sample
of the spores on GMB2 media and growing them at 23°C for ca.
one week.

STATISTICAL ANALYSES

When testing for a relationship between RI and genetic distance
by using the same species in multiple pairs, two problems must
be faced (Fitzpatrick 2002): (1) phylogenetic nonindependence,
due to common ancestry, and (2) statistical redundancy. To han-
dle the phylogenetic nonindependence, phylogenetically indepen-
dent contrasts are traditionally used (Felsenstein 1985). Following
the method of nested average (Fitzpatrick 2002; Fitzpatrick and
Turelli 2006), we used the phylogenetically independent compar-
isons to test for a correlation between RI and genetic distance (see
online Supplementary Appendix 3). The statistical redundancy in
the matrix conjugation experiment (i.e., the same species are in-
volved in multiple crosses) should not be a problem if it is safe to
assume that within-clade divergence is independent of between-
clade divergence (Fitzpatrick 2002). Further, properly nested av-
eraging makes the method somewhat robust to violation of this
assumption (Omland 1997).

Statistical analyses were performed using JMP version
3.1.5 (SAS Institute). Data significantly deviated from normal-
ity (Shapiro-Wilk W test) and none of the transformations we
tried improved the distribution. We therefore used nonparametric
Spearman rank tests to investigate the existence of correlations
between species divergence and RI.

Results

The correlations between the different RI measures and genetic
divergence are shown in Figure 3. Both experiments evaluating
the frequency of conjugation (i.e., involving the crossing ma-
trix and the crosses involving MvSI with other species) yielded
no evidence for significant increase in gamete recognition rates
(RI-1, Fig. 1), even after substantial genetic divergence (Figs. 3A
[i and ii], 3B [i and ii]). In contrast, the postzygotic trait of fail-
ure to produce infectious hyphae (RI-2, Fig. 1) increased with
the genetic distance between mating partners (Figs. 3A [iii],
3B [iii]).

Regarding the inoculation experiments, 69.5% (n = 1680)
of the S. latifolia plants inoculated had flowered within the eight
months after their transfer to the greenhouse, and among them
4.9% were diseased. Regarding the inoculations of the host S.
dioica, 37.5% (n = 1050) of the plants had flowered within the
eight months after their transfer to the greenhouse, and among
them 7.9% were diseased. On both hosts, total RI (RI-T, measured
as the inability to produce a diploid progeny in the host plant)
was significantly and positively correlated with genetic distance,



BRIEF COMMUNICATION

>

w

Reproductive isolation (RI-1)

Figure 3.

Reproductive isolation (RI-1)

—-

0.05

-0.05

-0.15

-0.25

.0.05

-0.05

-0.15

-0.25

sa=1
GF
1

r,=-0.23,p=0.23 = r,=-0.51,p=0.16 ¢ & 05 r,= 0.85, p = 0.004 .
= e
0.3 1 LA
5 £ %77
= =
s 017 S 05 A g
Rz 3 .2
£-0.1+ * L2 03 {
Sl
g -0.3 1 « 'g 0.1 4
— —
5 g .
v v v " 205 , , , & -0.1 , , ,
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0 0.02 0.04 0.06
Genetic distance Genetic distance Genetic distance
~ v
D & 19 °
2 L
< . & 05 -
£ £ 06l
%, 5 0.6
Q
i 2 0.4 A
= 2
I3t s 0.2 r,=0.86,p=0.001
E r,=0.70, p = 0.025 g 0 : P
g 02 g o { ¥
a, -
5] & ;
B , , , , & 0.2 +—— , , ,
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Genetic distance Genetic distance
~ i = m.I )
1% = 2 0501 * >
= = - _ _ _ - .
; ,=-0.26,p=0.44 = r,=-0.1,p=0.87 = o084 &=Lp=000
§ 2 030 2
4 k= . T E
\\, S L] . ”% 0.6
: 2 0.10 A 2 041 {
4 i 45 = g
S -0.10 4 S oo24 ®
i 2 g o
g, e o
. . T ~ 030 T T . & 0 " " "
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0 0.02 0.04 0.06
Genetic distance Genetic distance Genetic distance
o v —~V.
D B o1y .
&= ~
z = 08
S 5
= Z 0.6
—_— <
2 2 044
2 g
*g £ 024
3 024 r,=0.94, p =0.005 = _ _
] s 20+ ;‘ r,=0.87,p=10.024
o -
o a,
~ 0 T T T T s S 02 +—— T T T s
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

Genetic distance

Genetic distance

Reproductive isolation (RI) plotted against genetic distance among ten Microbotryum species, (A) considering the entire

datasets, (B) considering the corrected datasets; (i) mean RI-1 (inability to perform sporidial conjugation) among the Microbotryum species
according to the conjugation matrix experiment, standard errors indicated; (ii) mean RI-1 (inability to perform sporidial conjugation) within
MvSI and between MvSI and the other Microbotryum species, standard errors indicated; (iii) mean RI-2 (inability to produce of infectious
hyphae) within MvSI and between MvSI and the other Microbotryum species, standard errors indicated; (iv) RI-T (inability to produce a
diploid progeny in host plants) within MvSI and between MvSI and the other Microbotryum species onto S. latifolia; (v) RI-T (inability to
produce a diploid progeny in host plants) within MvSd and between MvSd and the other Microbotryum species onto S. dioica. Best-fit

lines, Spearman rho, and P-values are indicated. Black squares correspond to intraspecific crosses. Arrows indicate the single interspecific
cross inoculated on both hosts.
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but remaining below complete isolation for most of the species
pairs (Figs. 3A [iv and v], 3B [iv and v]).

Interestingly, the single type of interspecific cross that was
inoculated on both host plants S. latifolia and S. dioica, MvSI x
MvSd, appeared to display different infection success on the two
host species. The ability of the MvS] x MvSd hybrid to infect S.
dioica seemed as high as that of the intraspecific progeny MvSd
x MvSd (Fisher’s exact test, P = 0.7) whereas the infection pro-
portion of the same MvSl x MvSd hybrid on S. latifolia was
much lower than that of the intraspecific progeny MvSI x MvS1
(Fisher’s exact test, P = 0.03; see arrows on Figs. 3A [iv and v],
3B [iv and V]).

Samples of the diploid teliospores from each of the infected
buds were plated on GMB2 media to investigate the first step
of hybrid fertility. For all infected buds, numerous colonies of
haploid sporidia grew, indicating viable meiotic products.

Discussion

The results of this study indicate that (1) prezygotic RI due
to gamete recognition evolves much more slowly than postzy-
gotic RI, as there was no evidence for a significant increase in
assortative mating rates, even after substantial genetic divergence;
(2) postzygotic Rl involving the inability to produce infectious hy-
phae increased with genetic distance; (3) the total RI, measured
here as the ability to cause disease and to produce a progeny,
also increased with genetic distance; (4) at least some teliospores
from each hybrid infection were able to produce viable meiotic
products.

As in all other comparative studies investigating the evolu-
tion of postzygotic RI, we found that hybrid inviability in M.
violaceum increased with genetic distance, and thus presumably
with time since lineage isolation. The significant correlation be-
tween genetic distance and hybrid inviability is consistent with
most speciation theories in which RI is the by-product of gradual
genetic divergence. The increase in RI due to inability of hybrids
to produce infectious hyphae in vitro is probably due to an in-
crease in intrinsic RI (genetic incompatibilities independent of
the environment; e.g., Orr 2001; Coyne and Orr 2004; Bolnick
and Near 2005). Extrinsic RI (RI due to genes performing more
poorly in some environments than in others, Rundle and Whit-
lock 2001) is probably also involved in M. violaceum, as illus-
trated by the differences in success of the MvSl x MvSd hybrid
on the two hosts tested, S. latifolia and S. dioica. The lack of a
decrease in hybrid success of MvSl x MvSd on S. dioica hints
that genetic incompatibilities may not be very important to the
viability of hybrids at this small genetic distance. Further experi-
ments involving backcrosses of F1 hybrids would allow the more
rigorous documentation of extrinsic RI (Rundle and Whitlock
2001).
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We examined the first step of hybrid fertility, by spreading
hybrid teliospores onto petri dishes. Numerous fungal haploid
colonies grew, indicating that at least some meioses occurred and
that at least some of the meiotic products were viable in each kind
of cross. However, the protocol used did not allow the determi-
nation of whether some hybrid teliospores did not germinate and
for the germinating ones, whether all four meiotic products were
viable and able to conjugate. Studies are under way to analyze hy-
brid sterility within the M. violaceum complex more thoroughly.

In conclusion, this study is the first to investigate the rates of
pre- and postzygotic isolation in a fungus and one of the too few
investigations into the time course of speciation. The results are
consistent with previous works showing that RI generally evolves
gradually with genetic distance, and thus presumably with time.
Interestingly, prezygotic RI due to gamete recognition evolved
much more slowly than postzygotic isolation, in contrast to the
pattern found in other organisms. This may be due to some speci-
ficities of fungal life cycles (Giraud et al. 2006; Giraud 2006).
However, more studies on a greater variety of models are re-
quired to unravel the general mechanisms governing the evolution
of RI.
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