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Antolin et al. 2002; Strapp et al. 2004!

Example:!

Sylvatic Plague in small mammals limited to 
west of  the 100th Meridian!

LIMITS to DISEASE DISTRIBUTION in NATURE!
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3$=(GI%")%(.*%XYY`%!-3./&#4"+5)$$%

Disease Expression 
and Spore dispersal!

Germination, Sex, 
Infection!

Systemic 
Infection!

The pathogen "
 Microbotryum spp. “Anther Smutd%%

•!%Obligate species-specific parasitic         !
•! Bacidiomycete!
•! Pollinator-transmitted (mechanical)!
•! Sterilizes and alters host behavior!
•! Model for sexually-transmitted & !
  sterilizing diseases%
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•! Perennial Caryophyllaceae!
•! Gynodioecious!
•! No (current) agricultural value!
!

The host "
Silene vulgaris “Bladder Campion”%
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•! Perennial Caryophyllaceae!
•! Gynodioecious!
•! No (current) agricultural value!
•! Morphologically variable!
!

The host "
Silene vulgaris “Bladder Campion”%
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•! Perennial Caryophyllaceae!
•! Gynodioecious!
•! No (current) agricultural value!
•! Morphologically variable!
•! Generalist-pollinated !
!

The host "
Silene vulgaris “Bladder Campion”%

Kerri Coon (UGA)!
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Epidemiological Approach!
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Epidemiological Approach!
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Epidemiological Approach!
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Epidemiological Approach!
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Epidemiological Approach!
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Epidemiological Approach!

•! Host availability (S)!
•! Pathogen availability (I)!
•! Transmission (#)!

–! Contact!
–! Probability of  Infection!

•! Recovery ($)!
•! Virulence ?!
!
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•! Host population differences across elevation : !
•! ecotypic adaptations!
•! resistance to disease!
!

•! Environmental effects on infection success : !
•! disease expression!
•! infectivity!

!
!
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•! Host population differences across elevation : !
•! ecotypic adaptations!
•! resistance to disease!
!

•! Environmental effects on infection success : !
•! disease expression!
•! infectivity!

!
!



The host "
Silene vulgaris “Bladder Campion”%

•! Ecological and phenotypic variability!
!

!
!
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The host "
Silene vulgaris “Bladder Campion”%

•! Ecological and phenotypic variability!
!

Are low-elevation hosts more resistant to 
the disease?!

!
!
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The host "
Silene vulgaris “Bladder Campion”%

•! Ecological and phenotypic variability!
!

Are low-elevation hosts more resistant to 
the disease?!

!
!

•! Classical AVOIDANCE resistance!

!

!

!
•! RECOVERY resistance!
!
!
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!
!

SL"%TG"#H0;% 10;/.G#$0;%&;)L"=%Q-G)%J$#"(#"%J$#)=$'GH0;% DB<0)L"#"#%F%8"#G.)#% 4GU;,%$)%)0,")L"=%



The host "
Silene vulgaris “Bladder Campion”%

•! Ecological and phenotypic variability!
!

Are low-elevation hosts more resistant to 
the disease?!

!
!

•! Classical AVOIDANCE resistance!

!

!

!
•! RECOVERY resistance!
!
!
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Lab-Inoculations!

Genetic  !
Effects on Host Resistance?!
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#"$%!&'()*+",!"-!./010,!234!

Genetic!
Effects on Avoidance Resistance?!

•! High-elevation host 
populations have higher 
rates of  avoidance  (p<0.05)!
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•! High-elevation hosts appear to carry more resistance!
!
•!Not surprising, given anther-smut is known to show patterns of  
maladaptation to its local host populations (Kaltz et al. 1999)!

Local mal-adaptation of  M. violaceum to S. latifolia!
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•! Host population differences across elevation : !
•! ecotypic adaptations!
•! resistance to disease!
!

•! Environmental effects on infection success : !
•! disease expression!
•! infectivity!

!
!
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Temperature !
Effects on Host Recovery?!
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Temperature-Induced Suppression of  Disease !
(Flowering at the beginning of  Summer)!
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•  Low-elevation host 
populations have higher 
rates of  recovery  (p=0.03)
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Do high temperatures!
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8l%^%Y*Z`\iX%

5Y*\%

Y%

Y*\%

Y*X%

Y*h%

Y*b%

Y*g%

Y*c%

Y*i%

Y*`%

Y*Z%

Y% g% \Y% \g% XY% Xg% hY% hg%

D,
-(

E+
",

!:
7E

E(
$$

!!

D,"E7'*+",!5(36(/*%7/(!2F94!

SL"%TG"#H0;% 10;/.G#$0;%&;)L"=%Q-G)%J$#"(#"%J$#)=$'GH0;% DB<0)L"#"#%F%8"#G.)#% 4GU;,%$)%)0,")L"=%

Abbate 2015 Revised, Resubmitted!



Lab-Inoculations!

Do high temperatures!
 inhibit infection success?!

SL"%TG"#H0;% 10;/.G#$0;%&;)L"=%Q-G)%J$#"(#"%J$#)=$'GH0;% DB<0)L"#"#%F%8"#G.)#% 4GU;,%$)%)0,")L"=%

6;
0/

G.
(H

0;
%Q
G/

/"
##
%NJ

?S
0)
(.
O%

6;0/G.(H0;%S"-<"=()G="%Nr1O%
%Abbate 2015 Revised, Resubmitted!



Y%

Y*\%

Y*X%

Y*h%

Y*b%

Y*g%

Y*c%

Y*i%

Y*`%

Y*Z%

\%

g% \Y% \g% XY% Xg% hY% hg%

D$,L5E."A(H0;%D0#)#%

K0M5E."A(H0;%D0#)#%

s%

)"-<%_%L0#)%%
8+^%Y*Yi%

2B%D0#)%E."A(H0;%

Lab-Inoculations!

Do high temperatures!
 inhibit infection success?!

SL"%TG"#H0;% 10;/.G#$0;%&;)L"=%Q-G)%J$#"(#"%J$#)=$'GH0;% DB<0)L"#"#%F%8"#G.)#% 4GU;,%$)%)0,")L"=%

6;
0/

G.
(H

0;
%Q
G/

/"
##
%NJ

?S
0)
(.
O%

6;0/G.(H0;%S"-<"=()G="%Nr1O%
%Abbate 2015 Revised, Resubmitted!



Fit it all together: Epidemiological Modeling!
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CONCLUSION  & PERSPECTIVE!

"! Remember the disease triangle. !
!
!

 !
"! An epidemiological approach can help synthesize co-occurrence of  important 
factors. !
!
"! Temperature seems to be a pretty important factor for anther-smut disease in  
S. vulgaris, but it is not independent of  other important factors that change across 
the climatic gradient (e.g., host recovery).!
!
"! Might the distribution of  S.vulgaris-specific anther smut contract as global   !
     temperatures rise?!
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Lab-Inoculations!

Do high temperatures!
 inhibit infection success?!
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MvSv-MvSm Distribution!
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Disease Expression 
and Spore dispersal!

Germination, Sex, 
Infection!

Systemic 
Infection!

The pathogen "
 Microbotryum spp. “Anther Smutd%%

•!%Obligate species-specific parasitic         !
•! Bacidiomycete!
•! Pollinator-transmitted (mechanical)!
•! Sterilizes and alters host behavior!
•! Model for sexually-transmitted & !
  sterilizing diseases%
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One lineage of smut fungi evolved in the Ustilaginomyco-
tina and the other lineage, the Microbotryales, in the Pucci-
niomycotina (Begerow et al. 1997; Weiss et al. 2004; Bauer
et al. 2006). Within the Microbotryaceae, the genus Micro-
botryum is highest in species numbers and contains only
parasites of eudicotyledonous plants (Kemler et al. 2006).
One group of Microbotryum spp. are the anther smuts of
the Caryophyllaceae, and these have been studied in greatest
detail. Although there is ongoing debate about host specific-
ity of the anther smuts, molecular phylogenetics supports
very high host fidelity of these parasites (Lutz et al. 2005,
2008; LeGac et al. 2007; Refrégier et al. 2008), especially
on different species of the model genus Silene (Bernasconi
et al. 2009).

Microbotryum lychnidis-dioicae (DC. ex Liro) G. Deml &
Oberw. infecting Silene latifolia Poir. or Silene dioica (L.)
Clairv. has been used as a model organism in many studies
on ecology, genetics, and the transmission of sexual diseases
(e.g., Alexander and Antonovics 1988; Garber and Ruddat
2002; Granberg et al. 2008). Like other smut fungi,
M. lychnidis-dioicae is characterized by a diphasic life
cycle. In its haploid stage, the fungus proliferates with sap-
rophytic sporidia (i.e., yeast cells), whereas in the dikaryotic
stage, biotrophic hyphae grow inside the host. The telio-
spores of M. lychnidis-dioicae are dark violet in colour,
with a reticulate ornamentation (Fig. 1a; Vánky 1994) and
with a diameter of 6–10 mm, substantially smaller than pol-
len grains of S. latifolia (Fig. 1b). Petals of healthy flowers
are bright white (Fig. 1c), and mature anthers in male flow-
ers produce yellow pollen grains (Fig. 1d), while female
flowers have elongated white pistils. When S. latifolia is in-
fected by M. lychnidis-dioicae, teliospores are produced in
the anthers (Fig. 1e). Since infected anthers burst before
flowers open, dark teliospores can already be observed in
flower buds (Fig. 1f). In infected female plants, development
of the anthers is initiated and further maturation of the ova-
ries is inhibited (Uchida et al. 2003, 2005). When the flower
opens, vast amounts of teliospores emerge, causing a smut-
ted appearance of the floral organs (Fig. 1g). During pollina-
tor (e.g., Hadena bicruris, Noctuidae, Lepidoptera; Fig. 1h;
Bopp 2003) visits to both healthy (Fig. 1c) and infected
flowers (Fig. 1i), insects transfer pollen grains as well as
smut spores (Jennersten 1983). With the germination of the
teliospores as phragmobasidia (i.e., promycelia), the sapro-
phytic aspect of the life cycle is initiated with the fungus
propagating as sporidia.

Werth (1911) published detailed observations on the inoc-
ulation of S. latifolia flowers of both sexes with
M. lychnidis-dioicae teliospores, resulting in flowers produc-

Fig. 1. (a–i) Appearance of Microbotryum lychnidis-dioicae on its
host plant Silene latifolia. (a) SEM image of M. lychnidis-dioicae
teliospores. (b) Part of a pistil of S. latifolia with pollen and smut
spores which are substantially smaller than pollen grains. (c) Fully
open, uninfected male flower of S. latifolia. (d) Detail of an unin-
fected anther of S. latifolia with yellowish pollen grains. (e) In-
fected anthers with sporogenous cells and smut spores. (f) Flower
bud of an infected plant shortly before anthesis. The bud appears to
burst due to the large numbers of teliospores. (g) Longitudinal sec-
tion of an infected male flower. Note the vast amount of teliospores
and the dark appearance of the whole flower. (h) Hadena bicruris
(Noctuidae), the most prominent pollinator of S. latifolia. (i) Flower
of S. latifolia infected with M. lychnidis-dioicae.
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Fig. 2. (a–i) Germination of teliospores and proliferation of Microbotryum in flowers and on seedlings of Silene latifolia as viewed with
SEM. (a) The germination of fresh teliospores in a flower of S. latifolia. (b) Germinated teliospores on petals. Two septa are visible in the
phragmobasidia (arrowheads). Three basidiospores are coming out of the basidium (black arrows) while a fourth basidiospore is emerging
from the teliospore (white arrow). (c) Detailed view of a germinated teliospore on a petal of S. latifolia. Numbers indicate the nomenclature
of a phragmobasidium after the second meiotic division referred to in the discussion. I, proximal cell; II, middle cell; III, distal cell. Ar-
rowhead points to a fourth basidiospore, which is emerging from the teliospore. (d) On the seedling surface, in many cases only one septum
has formed in the basidium (arrows) because after the second meiotic division, the cell wall between the distal nuclei is not formed. In this
case, intrapromycelial conjugation often occurs (arrowheads). Sample is fixed with FAA; therefore, the shrinking is more prominent. (e)
Detailed view of phragmobasidia with one septum (arrow) and intrapromycelial conjugation (arrowhead). (f) Because of the shrinking due to
chemical fixation, the septum division of the basidium is clearly visible (arrow). The two cells of the basidium are only kept together by the
hyphal part needed for intrapromycelial conjugation (arrowhead). (g) When intrapromycelial mating occurs (arrowhead), the infectious hy-
pha with the subsequent appressorium is formed from the basidium (note: M. lychnidis-dioicae from S. dioica on seedling of S. latifolia). (h)
Basidia and sporidial cells in the nectar of a S. latifolia flower. The polysaccharides of the nectar form a net-like structure, owing to che-
mical fixation. In the presence of nutrients, the original basidiospores propagate vegetatively via budding (arrowheads). (i) Infection struc-
tures at the base of the pistil in a female flower of S. latifolia (arrowheads) 4 days post infection.
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and Antonovics 1998). As the two nuclei in the distal cell
are of the same mating type, formation of infection struc-
tures can only be obtained through fusion with a cell of the

other mating type. Under conditions with low nutrients and
low temperatures, the conjugation between cells of the same
basidium on artificial medium was promoted by fusion of

Fig. 3. (a–i) Conjugation of cells of different mating type and development of infectious hyphae on the surface of seedlings of S. latifolia
viewed with SEM (Figs. 3a, 3b, 3d–3i) and TEM (Fig. 3c). (a) Detail view of sporidia. The typical basidiomycetous scar (arrowhead) is
visible at the location of former budding. (b) Early stage of conjugation of sporidia of different mating types. The contact zone (arrowhead)
is clearly visible. (c) Section of an early stage of conjugation. The cell wall is fully dissolved but the nuclei (arrowheads) are not yet trans-
ferred. (d) Older stage of conjugation. The conjugation tube has elongated. (e) A third sporidial cell (arrowhead) is in contact with a con-
jugated sporidial pair. (f) Triple conjugation between sporidia. (g) At the early stage, the infectious hypha has almost the same diameter as
the sporidia. At the beginning of the infectious hypha, the disruption of the original fungal cell wall is visible as a collar (arrowhead). (h)
The diameter of the infectious hypha is becoming smaller, while it is elongating to reach the junction of anticlinal plant cell walls, where
the swelling of an appressorium will take place. (i) When the conjugated sporidia are in the junction between two epidermal cells, the
infectious hypha is very short.

880 Botany Vol. 88, 2010

Published by NRC Research Press

the monokaryotic proximal cell with the bikaryotic distal
cell (Hood and Antonovics 1998) and our study confirms
that this is also prevalent in vivo (Figs. 2e, 2f). By contrast,

the triple-celled basidia were mainly observed in the flowers
of S. latifolia, where nectar volumes of up to 3 mL per
flower, with a glucose/fructose concentration of 700 mg!mL–1,

Fig. 4. (a–h) Infection structures of Microbotryum lychnidis-dioicae on seedlings and proliferation in tissue of Silene latifolia viewed with
SEM (Figs. 4a–4d) and TEM (Figs. 4f–4h). (a) Sometimes a mass production of infection structures can be seen, where the growing of
infectious hyphae are not directed to any plant structure. (b) Before penetration of the host epidermis takes place, the tip of the infectious
hypha swells, forming an appressorium. (c) At the edge of the appressorium, no rim of fibrous material is visible (arrowhead). (The chain-
like structure (arrow) is an accumulation of organic material due to chemical fixation.) (d) During the invasion of the fungus in the host
tissue, its cytoplasm is retracted and the remaining evacuated infectious hypha has collapsed (arrowheads). (e) In the collapsed infectious
hypha a septum is visible (arrowhead). (f) In the plant, fungal cells can be seen in the intercellular space (arrowheads). The sample was
fixed 8 days post infection. (g) In the same sample, the fungus (arrowhead) is close to tracheary elements of the xylem of its host plant, and
fungal cells (arrowhead) can be observed in a tracheary element (identified by the spiral thickenings, star). (h) The fungus is firmly attached
to the wall of a tracheary element (arrowheads), growing between the spiral thickenings.
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Fig. 2. (a–i) Germination of teliospores and proliferation of Microbotryum in flowers and on seedlings of Silene latifolia as viewed with
SEM. (a) The germination of fresh teliospores in a flower of S. latifolia. (b) Germinated teliospores on petals. Two septa are visible in the
phragmobasidia (arrowheads). Three basidiospores are coming out of the basidium (black arrows) while a fourth basidiospore is emerging
from the teliospore (white arrow). (c) Detailed view of a germinated teliospore on a petal of S. latifolia. Numbers indicate the nomenclature
of a phragmobasidium after the second meiotic division referred to in the discussion. I, proximal cell; II, middle cell; III, distal cell. Ar-
rowhead points to a fourth basidiospore, which is emerging from the teliospore. (d) On the seedling surface, in many cases only one septum
has formed in the basidium (arrows) because after the second meiotic division, the cell wall between the distal nuclei is not formed. In this
case, intrapromycelial conjugation often occurs (arrowheads). Sample is fixed with FAA; therefore, the shrinking is more prominent. (e)
Detailed view of phragmobasidia with one septum (arrow) and intrapromycelial conjugation (arrowhead). (f) Because of the shrinking due to
chemical fixation, the septum division of the basidium is clearly visible (arrow). The two cells of the basidium are only kept together by the
hyphal part needed for intrapromycelial conjugation (arrowhead). (g) When intrapromycelial mating occurs (arrowhead), the infectious hy-
pha with the subsequent appressorium is formed from the basidium (note: M. lychnidis-dioicae from S. dioica on seedling of S. latifolia). (h)
Basidia and sporidial cells in the nectar of a S. latifolia flower. The polysaccharides of the nectar form a net-like structure, owing to che-
mical fixation. In the presence of nutrients, the original basidiospores propagate vegetatively via budding (arrowheads). (i) Infection struc-
tures at the base of the pistil in a female flower of S. latifolia (arrowheads) 4 days post infection.

Schäfer et al. 879

Published by NRC Research Press

and Antonovics 1998). As the two nuclei in the distal cell
are of the same mating type, formation of infection struc-
tures can only be obtained through fusion with a cell of the

other mating type. Under conditions with low nutrients and
low temperatures, the conjugation between cells of the same
basidium on artificial medium was promoted by fusion of

Fig. 3. (a–i) Conjugation of cells of different mating type and development of infectious hyphae on the surface of seedlings of S. latifolia
viewed with SEM (Figs. 3a, 3b, 3d–3i) and TEM (Fig. 3c). (a) Detail view of sporidia. The typical basidiomycetous scar (arrowhead) is
visible at the location of former budding. (b) Early stage of conjugation of sporidia of different mating types. The contact zone (arrowhead)
is clearly visible. (c) Section of an early stage of conjugation. The cell wall is fully dissolved but the nuclei (arrowheads) are not yet trans-
ferred. (d) Older stage of conjugation. The conjugation tube has elongated. (e) A third sporidial cell (arrowhead) is in contact with a con-
jugated sporidial pair. (f) Triple conjugation between sporidia. (g) At the early stage, the infectious hypha has almost the same diameter as
the sporidia. At the beginning of the infectious hypha, the disruption of the original fungal cell wall is visible as a collar (arrowhead). (h)
The diameter of the infectious hypha is becoming smaller, while it is elongating to reach the junction of anticlinal plant cell walls, where
the swelling of an appressorium will take place. (i) When the conjugated sporidia are in the junction between two epidermal cells, the
infectious hypha is very short.
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the monokaryotic proximal cell with the bikaryotic distal
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the triple-celled basidia were mainly observed in the flowers
of S. latifolia, where nectar volumes of up to 3 mL per
flower, with a glucose/fructose concentration of 700 mg!mL–1,

Fig. 4. (a–h) Infection structures of Microbotryum lychnidis-dioicae on seedlings and proliferation in tissue of Silene latifolia viewed with
SEM (Figs. 4a–4d) and TEM (Figs. 4f–4h). (a) Sometimes a mass production of infection structures can be seen, where the growing of
infectious hyphae are not directed to any plant structure. (b) Before penetration of the host epidermis takes place, the tip of the infectious
hypha swells, forming an appressorium. (c) At the edge of the appressorium, no rim of fibrous material is visible (arrowhead). (The chain-
like structure (arrow) is an accumulation of organic material due to chemical fixation.) (d) During the invasion of the fungus in the host
tissue, its cytoplasm is retracted and the remaining evacuated infectious hypha has collapsed (arrowheads). (e) In the collapsed infectious
hypha a septum is visible (arrowhead). (f) In the plant, fungal cells can be seen in the intercellular space (arrowheads). The sample was
fixed 8 days post infection. (g) In the same sample, the fungus (arrowhead) is close to tracheary elements of the xylem of its host plant, and
fungal cells (arrowhead) can be observed in a tracheary element (identified by the spiral thickenings, star). (h) The fungus is firmly attached
to the wall of a tracheary element (arrowheads), growing between the spiral thickenings.
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