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ABSTRACT

Symbiosis Lost:
Imperfect vertical transmission o f fungal endophytes in native grasses
by
Michelle Elizabeth Afkhami

Vertically transmitted symbionts associate with some o f the most ecologically dominant
species on Earth, and their fixation has led to major evolutionary transitions (e.g.,
mitochondria, chloroplasts). While transmission has been well documented for parasites,
for most mutualist symbionts it remains unknown whether vertical transmission is
imperfect (symbiont not transmitted to all offspring) in nature and during which host life
history stage the symbiont is lost. Through quantitative natural history surveys o f fungal
endophytes in native grasses, we show that transmission was imperfect for all seven
species examined. The type and degree o f loss depended on the population and host
species, suggesting that transmission varies across geographic mosaics. Our results open
new directions for understanding cooperation and conflict in the system. For example,
imperfect transmission provides a previously unexplored avenue for host sanctions
against costly symbionts. Similarly, endophytes gain opportunities for partner choice that
would not exist if transmission were perfect.
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Introduction
Vertically transmitted symbioses (where the symbiont is inherited from the
parent) feature as some of the most important interactions in evolutionary history. Most
notably, the cells of eukaryotic animals and plants resulted from the fixation o f vertically
transmitted symbionts, which became mitochondria and chloroplasts (Margulis and
Nealson 1989; McFadden 2001; Palmer 2003). In addition, enteric bacteria, some of
which are vertically transmitted, have allowed animals ranging in size from aphids to
mammals to utilize resources and occupy ecological niches that would otherwise be
inaccessible (Backhed et al. 2005; Kikuchi and Fukatsu 2002; Krueger et al. 1996; Moran
2001; Prado et al. 2006). In aquatic environments, the evolution o f symbioses between
coral and vertically transmitted Symbiodinium has provided keystone habitats for diverse
marine communities (Stachowicz 2001; Stat et al. 2006). Although some vertically
transmitted symbionts (e.g., Wolbachia) function parasitically, many are beneficial
because their fitness is directly tied to the fitness o f their hosts (Ewald 1987; Fine 1975).
How symbionts are transmitted affects their costs and benefits to the host, and
ultimately their frequency within host populations (Kover and Clay 1998; Lipsitch et al.
1995; Lipsitch et al. 1996). The rate o f vertical transmission is a key element in
mathematical models, and influences both the evolution o f virulence and the stability of
the host-symbiont system (Lipsitch et al. 1995; Lipsitch et al. 1996; Yamamura 1993;
Yamamura 1996). Vertical transmission is expected to favor mutualism (low virulence),
leading to high frequencies o f symbiosis in nature (Ewald 1987; Fine 1975). Models
have also shown that incorporating imperfect vertical transmission can maintain
populations with less than 100% symbiosis, even when fitness benefits o f the symbiont
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are strong (Gyllenberg et al. 2002; Lipsitch et al. 1995; Ravel et al. 1997; Saikkonen et al.
2002). A large literature on antagonistic symbionts (e.g., insQct-Wolbachia associations)
has demonstrated that imperfect vertical transmission is widespread (Ebbert 1991;
Groeters 1996; Hurst et al. 2001; Hurst 1991; Jiggins et al. 2000; Kelly et al. 2002;
Riegler et al. 2004; Stewart et al. 2005 ; Turelli 1994), but to our knowledge, very few
studies have investigated the existence or frequency o f imperfect vertical transmission in
mutualistic symbioses in nature (Moran and Dunbar 2006). The existence of imperfect
transmission would provide a previously unexplored avenue for host sanctions against
costly symbionts. Similarly, the symbionts would have opportunities for partner choice
that wouldn’t exist if transmission were perfect.
Here, we determine the degree to which imperfect transmission occurs in the
ecologically common symbioses between fungal endophytes and grasses (Clay and
Schardl 2002; Siegel et al. 1987). Neotyphodium and Epichloe endophytes (Ascomycota:
Clavicipitaceae) grow systemically in aboveground tissues, and are estimated to occur in
20-30% o f all grass species (Leuchtmann 1992). These endophytes have been
demonstrated to confer many benefits to hosts plants, including resistance to herbivory
and pathogens (Bazely et al. 1997; Breen 1994; Brem and Leuchtmann 2001; Cabral et
al. 1999; Clay 1996; Clay et al. 2005; Clay and Schardl 2002; Clement et al. 2005; Latch
1993; Miles et al. 1998), enhanced nitrogen and phosphorus uptake (Malinowski et al.
2000), and increased drought tolerance (Elmi and West 1995; Morse et al. 2002),
although benefits are not demonstrable in all species (Faeth et al. 2004; Lopez et al.
1995). In exchange, the endophyte receives protection and nutrition from the plant
(Thrower and Lewis 1973). Grass-endophyte associations have a long evolutionary
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history and are estimated to be 40 million years old (Schardl et al. 2004). Epichloe
endophytes can be transmitted both vertically through seeds and horizontally through
“choke” disease in which the fungus produces stromata that choke the inflorescences.
Seed production is suppressed in these arrested inflorescences and fungal ascospores are
produced instead (Schardl et al. 2004; White 1988). Neotyphodium endophytes are
exclusively vertically transmitted; they are hypothesized to have lost their ability to
reproduce sexually as a result o f heteroploidy caused by hybridization and tend to be
among the most mutualistic endophytes (Schardl and Selosse 2007).
If benefits o f endophytes to grasses are consistently strong, natural selection
should favor endophyte infected plants and lead to fixation of the symbiosis. However,
surveys o f natural populations often report <100% infection frequencies. For example, in
France, 47% o f 267 endophyte-infected populations o f Lolium perenne had <25%
infection o f seeds (Lewis et al. 1997). Prior research suggests that spatio-temporal
conditionality in the benefits o f the symbiont can explain the maintenance of variation in
symbiont frequency (Ahlholm et al. 2002; Saikkonen et al. 1998). For example,
endophyte infection increased biomass o f tall fescue (Lolium arundinaceum) under
nutrient rich conditions but reduced biomass in nutrient poor conditions (Cheplick et al.
1989). However, imperfect transmission provides another, as yet uninvestigated,
mechanism for the maintenance o f variation in the frequency o f the symbiosis in nature.
In grasses, imperfect vertical transmission may occur in several ways. First, imperfect
systemic infection would result if infected plants produced some uninfected seed-bearing
tillers. Second, imperfect transmission to seeds could occur if the endophyte does not
grow into all seeds produced by an infected tiller. Lastly, imperfect transmission from
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seeds to seedlings could happen if the endophyte in the seeds is not viable, resulting in
uninfected seedlings. To our knowledge, no prior study o f endophytes has explored the
degree to which imperfect vertical transmission occurs in nature or differentiated among
these possible mechanisms o f imperfect transmission. Here, we report quantitative
natural history surveys o f imperfect vertical transmission for fungal endophytes.
Specifically, we address three questions: 1) Is vertical transmission o f fungal endophytes
imperfect in natural populations o f grasses? 2) At which life history stage is the
endophyte lost? 3) Does imperfect vertical transmission vary among populations, species
of hosts, or genera o f endophytes?
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Methods

Study Sites and Plant Collection
During May-August of 2005 and 2006, we collected tillers from seven native grass
species from field sites in Indiana, USA (table 1). In total, we made 13 collections from
nine locations and sampled at least two populations o f each species, with the exception of
the rare grass, Poa alsodes and P. sylvestris, for which one population was sampled). For
each population, we haphazardly collected 1-3 seed-bearing tillers from each o f 20
randomly selected plants. Three tillers were collected whenever possible; however some
plants produced fewer than 3 tillers.

Endophyte Detection in Parent Plants
For each collected tiller, we removed seeds and placed them in a dry storage envelope.
After curing the seeds at room temperature for 2-5 days, envelopes were stored at 4°C
because endophyte infection can be lost under high heat and humidity (Siegel et al.
1984). We scored each tiller for endophyte presence by staining leaf sheaths or nodes
with lactophenol cotton blue (Clark et al. 1983), fig. 1A), and determined the proportion

Figure 1. E ndophyte hyphae in tillers (A), seeds (B ), and seedlings (C ) o f P. alsodes at 20X
m agnification. Endophyte infection can be lost among tillers within a plant (A), between tillers o f
a plant and its seeds (A, B), and between seeds and seedlings (B,C).
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Table 1. Collection information and conditional endophyte transmission rates in tiller, seed, and seedling stages. Mean % infected tillers w as calculated using only
infected plants, and mean % infected seeds, seedlings, and non-germinating (NG) seeds per tiller were calculated using only infected tillers. Percent plant infection and
% seed germination were calculated using infected and uninfected plants.
Location
Code

% Plants
Infected

% Infected
Tillers

% Infected
Seeds

86°30' 35" W

4 7 .4 (1 9 )

68.5 ± 10.2

50.0 ± 2 8 .9 ab

8 .0

±

8 .0

86°13' 07" W

15.0

100

50.0 ± 50.0

0 .0

±

0 .0

86°30' 35" W

6 8 .8 (1 6 )

97.2 ± 2 .8

83.3 ± 8 .2 a

3 9 ° H ' 53" N

86°29' 09" W

47.1 (17)

60.0 ±

39°13' 12" N

86°32’ 22" W

80.0

85.4 ± 6 .7

86°29‘ 09" W

15.0

44.4 ± 11.1

0 .0

86°32' 22" W

95.0

100

±

0 .0

83.7 ±

39° 14’ 19" N
39°13' 34" N

86°13' 04" W
89°29' 22" W

1 0 0 .0

100

±

0 .0

1 0 0 .0

100

±

86°13' 07" W

1 0 0 .0

100

±

LDW

39°14’ 39" N
3 9 ° 1 4 ’ 22" N

86°12' 55" W

65.0

LDW
RIES

39° 14' 42" N
3 9 ° 1 3 '3 4 " N

86°13' 07" W
89°29' 2 2 ” W

65.0
92.9 (14)

Population Location

Grass Species

Endophyte Species

Elym us hystrix

Epichloe e ly m i1

IUG

3 9 ° 1112 5 " N

Elymus hystrix

Epichloe e ly m i1

LDW

39°14' 42" N

Elymus riparius

Epichloe sp.

IUG

39° 11’ 25" N

Elym us riparius

Epichloe sp.

PJYD

Elymus virginicus

Epichloe e ly m i1

BAYLES

Elymus virginicus

Epichloe e ly m i1

PJYD

39°11' 53" N

Festuca subverticillata

Neotyphodium sta rrii1

BAYLES

39°13' 1 2 "N

Festuca subverticillata

Neotyphodium sta rrii1

LDW

Festuca subverticillata

Neotyphodium sta rrii1

RIES

Poa alsodes

Neotyphodium sp.

LDW

Poa sylvestris

Neotyphodium sta rrii1

Sphenopholis nitida

Epichloe sp. / Neotyphodium sp .3

Sphenopholis nitida

Epichloe sp. / Neotyphodium sp .3

SOURCES.

- 1 Schardl

% Infected
Seedlings

% Infected
NG Seeds

% Seed
Germ ination

73.6 ± 9.2b

20.2 ± 4.2

--

21.5 ± 5.0

76.6 ± 1 1.4a

--

58.2 ± 5.7

--

41.1 ± 17.0a

43.4 ± 11.9a

27.8 ± 4 .3

76.9 ± 5.2a

82.8 ±

61.1 ± 13.9a

43.3 ± 4 .0

88.9 ± 11.1

—

38.0 ± 5.7

75.9 ± 8 .5

—

59.6 ± 3 .6

69.5 ± 6.9a

100 ± o.ob

-

2 1 .0 ± 3.7

0 .0

99.5 ± 0 .4 a

77.3 ± 5.4b

-

89.9 ± 2 .9

0 .0

67.5 ± 5 .0 a

99.7 ± 0.3b

33.3 ± 9.1c

7 9 .7 ± 5.1

94.9 ± 5 .1

83.0 ± 1.7

0 .0

67.9 ± 8 .9
97.2 ± 2 .8

49.2 ± 5.2
6 6 . 8 ± 7 .9

±

0 .0

1 1 .1

±

0 .0
8 .6

a

6 .8

a

-

18.9 ± 9.9

-

-

-

-

-

--

±

0 .0

and Leuchtmann 1 9 9 9 ,2 Leuchtmann and C lay 1 9 9 0 ,3Clay and Leuchtm ann 1990

NOTE. - Significant differences among seeds, seedlings, and NG (non-germ inating) seeds are distinguished by different lowercase letters. For the % plants infected (# o f infected plants/# o f all plants
collected), n=20 in all cases except were noted in ( ). For some species certain stage(s) could not be accessed and/or statistically analyzed as a result o f biological lim itations. Low infection frequencies and/or
low seed production limited the number o f seeds scored, low germ ination limited seedling data, and seed contam ination lim ited which species could have non-germ inating (NG) seeds scored. Statistical
analyses were omitted for species-population com binations when sam ple sizes were too low (E . hysterix LDW , E. virginicus PJYD, P. sylvestris LDW).
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o f endophyte infected tillers. We used staining rather than cultural methods because the
growth of other fungi and bacteria on nutrient agar may interfere with detecting
endophytes, and we could not afford to lose tissue given the fine scale o f sampling
required for our study. Such staining methods are widely used for grass endophytes
(Cheplick 2004; Clay and Holah 1999) and provide high accuracy in determining
endophyte infection . However, because endophyte hyphae are dispersed throughout leaf
tissues, but only small sections o f leaf sheath were examined, there is some possibility for
false negatives, but not false positives. Nonetheless, we found very few false negatives
(when a tiller was scored as lacking endophyte but produced infected seeds or seedlings;
<0.5% o f all samples (3 out o f 685 tillers)).

Endophyte Detection in Seeds
We scored the presence o f endophytes for a subset o f 3-15 seeds per tiller using aniline
blue-lactic acid stain (Bacon and White 1994, fig. IB). False negatives for seeds are
unlikely because all tissue in which the endophyte could reside is examined
microscopically. For each parent tiller, we calculated the proportion o f endophyteinfected seeds.

Endophyte Detection in Seedlings
A second subset o f seeds from each tiller was planted to test for endophyte infection at
the seedling stage. We cold stratified the seeds at 4°C for 2-4 weeks and then planted
them into 1.2% water agar plates or into pots (Ray Leach Cone-tainers, Stuewe & Sons,
Corvallis, Oregon) containing Metromix 200 soil (Sun Gro Horticulture Distribution Inc.,
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Bellevue, WA). All seeds were grown in a greenhouse (temperature ranged from 15°C 30°C) with no supplemental lighting and regular watering. After 1-3 months, seedlings
were large enough to score endophyte presence using rose bengal stain (specific for
detection in seedlings, (Belanger 1996, fig. 1C). For each parent tiller, we calculated the
proportion of endophyte infected seedlings. A subset o f seeds that had not germinated
after 3-4 months was scored for endophyte infection using aniline blue-lactic acid stain
(Bacon and White 1994, fig. IB). These data allowed us to compare infection frequencies
between seedlings and the subset o f seeds that failed to germinate.

Natural Conditions
In order to avoid endophyte loss as a result o f laboratory conditions, we collected
parental plant tillers from natural populations after seed production. During endophyte
establishment, the tillers and seeds were exposed to natural conditions, and transmission
among tillers and from tillers to seeds was not influenced by laboratory conditions.
Seedlings were grown in the greenhouse from seeds that were stored in the lab, which
introduces the possibility that endophyte inviability (loss from the seed to seedling stage)
could be caused by laboratory conditions. However, as field conditions can be much
harsher than the ideal conditions in which we stored the seeds, our estimate o f endophyte
loss from seed to seedling is more conservative than may actually occur in the field.

Statistical Analyses
Is vertical transmission offungal endophytes imperfect in natural populations o f grasses?
and A t which life history stage is the endophyte lost?
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We evaluated the loss o f the endophyte in two ways, conditional and population level
analyses. For the conditional analysis, we only considered the subset o f endophyte
infected plants (or tillers, table 1). We determined the percentage infection for tillers
collected from plants known to be infected (conditional on the plant being infected), and
the percentage infection o f seeds and seedlings conditional on the tiller being infected
(table 1). Because the mean % tiller infection per plant was calculated only for infected
plants, any value that is less than 100% provides clear evidence for imperfect systemic
infection within plants. Similarly, because the seed and seedling infection frequencies
are calculated only for seeds or seedlings produced by infected tillers, any case o f less
than 100% infection provides unambiguous evidence o f imperfect transmission from the
tiller (table 1). Because scoring seeds is a destructive procedure, it is impossible to track
the fate of an infected seed. Therefore, we compared conditional infection frequecies
between seeds and seedling with mixed model ANOVA for each species. Models
included the fixed factor o f life history stage (seed or seedling), the random factors of
population (when multiple populations were examined) and plant (nested within
population), and the stagexpopulation interaction (SAS Institute 2004). Plant was
included in the model because multiple tillers were examined per plant. When seeds that
failed to germinate could be recovered and scored for endophyte presence, we included
these data in the model as a third level o f stage (NG (non-germinating) seed), and tested
if endophyte frequency differed among seeds, seedlings and non-germinating seeds with
a Tukey HSD test. If the stage xpopulation interaction was significant, we subsequently
tested for the effect o f stage within each population. Normality o f residuals could not be
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improved through transformation, thus we rank-transformed the data to perform nonparametric analyses (Conover and Iman 1981).
Second, we evaluated endophyte loss at the population level by including both
infected and uninfected plants (or tillers, figs. 2-4). This analysis asks whether endophyte
frequency varies among stages at the scale o f the whole population, and allows
predictions for how infection frequency may change across generations. It provides a
more conservative test for the existence o f imperfect transmission than the conditional
analysis. We used ANOVA to compare mean infection frequencies among tillers, seeds,
and seedlings across all samples (figs. 2-4). For each species, we conducted a mixed
model ANOVA as described above, but adding tiller as a level of stage and using all data
(not just infected plants or tillers) in the analysis. Residuals were non-normal for all
species except Sphenopholis nitida, and we rank-transformed the data to perform nonparametric analyses. With the exception o f Elymus virginicus and E. riparius (for which
non-parametric analyses were more conservative than ANOVA), the results o f all nonparametric analyses were qualitatively similar to ANOVA, suggesting analyses were
robust.

Does imperfect vertical transmission vary among populations, species o f hosts, or genera
o f endophytes?
Across species and populations, we also examined the effect o f host population, host
species, and endophyte genus (Neotyphodium vs. Epichloe) on loss o f the endophyte
during the most important transition: from the tiller to seedling stages. When symbionts
can be transmitted both vertically and horizontally (e.g. Epichloe), there may be less
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selection to maintain perfect vertical transmission because symbiont’s reproduction does
not occur exclusively through seed production. Therefore, we predict that Epichloe
endophytes should display a greater frequency of imperfect vertical transmission
compared to the exclusively vertically transmitted Neotyphodium endophytes. To test
this prediction we first calculated the difference in infection frequency between the tiller
and seedling for each plant. We used this as the response variable in mixed model
ANOVA including the fixed factor o f endophyte genus (.Epichloe or Neotyphodium) and
the random effects o f plant species (nested within endophyte genus because each plant
species only hosts one endophyte genus) and population (nested within species and
endophyte genus). The effect o f endophyte genus was tested over the variation between
populations rather than the residual error, to reflect the fact that our sample size for
testing the difference between Epichloe and Neotyphodium was the number of
populations examined, not the number o f plants examined. We tested over population
variation rather than variation among species because the variation among populations
within a species was greater, although not significantly, than variation among species
(F 3,5=0.5, P=0.73).
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Results
Is vertical transmission o f fungal endophytes imperfect in natural populations o f grasses?
Imperfect vertical transmission o f endophytes occurred in all seven grass species (table
1). In total, we scored >4500 samples: 685 tillers, 1897 seeds, 1482 seedlings, and an
additional 477 seeds that failed to germinate. Populations sampled represented a range of
symbiosis frequency from a low of 15.0% o f plants infected (E. hystrix, LDW) to a
maximum of 100.0% (P. alsodes and F. subverticillata at RIES and LDW). The degree
of endophyte loss was substantial (table 1).

A t which life history stage is the endophyte lost?
Imperfect vertical transmission occurred for all three major life history transitions: among
tillers within plants, from tiller to seed, and from seed to seedling. For most populations,
endophyte most commonly occurred between the tiller and seed stage. Below, we report
detailed results for each life history transition examined.

Imperfect systemic infection (infected plants produced some uninfected tillers). In the
conditional analysis, the endophyte was not present in some tillers o f infected plants, with
the percentage o f infected tillers for endophyte-infected plants ranging from 44.4-100%
(table 1). Imperfect systemic infection occurred in five o f seven species, including all
populations o f Elymus riparius, E. virginicus, Poa sylvestris, and Sphenopholis nitida as
well as the IUG population o f E. hystrix (table 1). For populations where the endophyte
was not systemic within plants, the mean percentage tiller infection per infected plant
ranged from 44.4% (E. virginicus, PJYD) to 97.2% (S. nitida, RIES).
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Imperfect transmission to seeds (the endophyte does not grow into all seeds produced by
an infected tiller). Twelve species-population combinations had imperfect transmission
o f the endophyte to the seeds,
and seeds produced by tillers
known to be infected ranged

F igure 2. Population level endophyte frequency loss
betw een tiller and seed stages. There was a significant stage
effect for F. subverticillata (BAYLES, F 2 ,i 3 7 = 11.0, P<0.0001)
and S. nitida (both populations, F M1 7 =8.3, P=0.0047).
Significant differences among stages denoted by different
letters (Tukey Test, P<0.05).

from 0-99.5% infected (table
F. subverticillata (BAYLES)

S. nitida (Both)

1). Population level analysis
comparing mean infection
frequency for tillers versus
seeds showed significantly
T ille r

Seed

S d lin g

T ille r

S eed

reduced infection in seeds for
Life History Stage

five of fourteen speciespopulations: F. subverticillata (BAYLES, P=0.0014) and S. nitida (both populations,
P=0.0047) (fig. 2), as well as P. alsodes (P<0.0001) and F. subverticillata (LDW,
PO.OOOl) (fig. 4). At the low end o f loss, seeds were just 0.5% less infected than tillers
for F. subverticillata (RIES) whereas at the high end, P. alsodes seeds were 33% less
infected than tillers. In all cases, reduced infection in the seed stage resulted from the
endophyte growing into some but not all o f the seeds produced by an infected tiller.
However, in F. subverticillata (BAYLES), for 12% o f infected tillers, the endophyte did
not grow into any o f the seeds.
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Imperfect transmission to seedlings (endophyte in the seeds is not viable). In conditional
analyses, seedlings grown from infected tillers ranged from 0-100% infected, and non
germinating seeds from infected tillers ranged from 33.3-73.6% infected (table 1). In
both conditional and population level analyses o f F. subverticillata (RIES), we found
significantly lower (-20% ) infection in the seedling stage compared to the seed (and
tiller) stages (table 1, fig. 3). Poa sylvestris (LDW) seedlings were all uninfected
although very few seeds actually germinated or were available to examine (n=5
seedlings), giving low confidence in this result; additionally, we have found that P.
sylvestris produces infected seedlings in other work. For population level evaluations, E.
hystrix seedling infection frequency was significantly lower than tiller infection (IUG,
P^O.OOIS and LDW, P=0.0374) but not from seed infection (IUG, P=0.4906 and LDW,
P=0.5454, fig. 3). For conditional analysis, we found similar, but not significant,
endophyte loss from seeds to seedlings (84%) in E. hystrix at IUG (table 1). For E.
hystrix at LDW seedlings were all uninfected, but we could not perform conditional
statistical analysis because only three parental plants were infected. For these E. hystrix
populations, the combination o f low natural infection rates o f plants and high variances
within a stage (fig. 3) means that larger sample sizes would improve the ability to detect
significant differences among the stages, but more data are not required to demonstrate
that transmission to the next generation is imperfect in these population (table 1). In
population level analyses o f E. riparius, seedlings that were 42% and 59% less infected
than tiller and seeds (fig. 3), but differences were not significant. In conditional analyses
of E. riparius (IUG) seedlings that were 21% and 8% less infected than tiller and seeds
(table 1).
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Figure 3. Population level endophyte frequency loss between the seed and seedling stages. There
was a significant stage effect for P.sylvestris, (LDW , ^ 5 4 = 17.6, P<0.0001), F. su bverticillata (RIES,
F2,132=39.0, P <0.0001), and E. hystrix (IUG, F 3 j8 8 =4.8, P=0.004 and LDW , F2 j8 0 =3.3, P=0.0419).
Significant differences among stages denoted by different letters (Tukey Test, P<0.05). Stage effect
was not significant for E. riparius (both populations, F 3 1 2 9 = L 0 , P=0.4122). * A ll P. sylvestris (LDW )
seedlings that germinated were uninfected, but the statistical results were omitted due to low sample
size (n=5 seedlings).
P. sylvestris

F. subverticillata (R IE S )
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Recovery o f perfect transmission in seedlings. Two species showed mixed infection
from seeds from infected plants, but 100% infection o f seedlings. Both P. alsodes and F.
subverticillata at LDW had 100% tiller infection, significantly lower seed infection
(-30% less than tillers in both), and virtually 100% infection o f seedlings (table 1, fig. 4).
In addition, P. alsodes seeds that did not germinate after 4 months had significantly lower
infection than any other stage (P<0.0001 for all stages, fig. 4, table 1), showing that
germination was higher for the infected seeds. A collection from the same P. alsodes
population in the previous year (2005) also showed high infection o f seedlings: infection
was 94.2% ± 2.0 in seedlings collected from 10 infected plants. Elymus virginicus (both
populations) displayed a similar pattern, with 40-50% lower levels o f infection in seeds
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that failed to germinate compared to seeds

Figure 4. Population level recovery of perfect
transmission.
In these species-population

that germinated (Tukey test, P=0.5), tillers

combinations, w e observed a decrease in
endophyte infection from the tiller to seed stages
and increased from the seed to seedling stages.
The stage effect was significant for both P.
alsodes (LDW , F3,i28=62.3, PO.OOOl) and F.
subverticillata (LDW , F2i85= 3 2 .8 , P<0.0001).

(P=0.019), and seedlings (P=0.015). At
the population level, E. virginicus tiller
infection was 37.8% ± 4.5, seed infection
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(table 1), but differences were not
statistically significant.
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Does imperfect vertical transmission vary among populations,
species o f hosts, or genera o f endophytes?
Although it was not significantly different, Neotyphodium had lower imperfect vertical
transmission between the tiller and seedling stages (11.2% ± 12.7 endophyte loss) than
Epichloe (15.1% ± 12.9 endophyte loss, Fi,5=0.01, P=0.94). Sample sizes were low
{Epichloe n=6 grass species-population combinations and Neotyphodium n=4). The low
number of seeds and seedlings checked for P. sylvestris required its removal. Variation
in endophyte loss from tiller to seedling was slightly, but not significantly, higher among
populations o f the same species than among species {F^s=0.5, P=QJ3). Transmission
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significantly differed among some host species (F3;i64=4.72, P=0.0035) and among
populations within species (F5ji64= 10.35, PO.OOOl).
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Discussion
Despite theory suggesting vertical transmission o f mutualistic symbionts should be high,
our results suggest that symbiont loss during vertical transmission is not a rare event, as
we detected less than 100% infection in at least one life history stage for all seven species
examined. Mathematical models show that the evolution o f virulence and the stability of
host-symbiont relationships depend strongly on the rate and type o f transmission (Kover
and Clay 1998; Lipsitch et al. 1995; Lipsitch et al. 1996; Yamamura 1993; Yamamura
1996). Although theory on the importance o f transmission to host-symbiont dynamics
has been well-developed, our work provides some o f the first documentation o f rates of
vertical transmission for symbioses at the mutualistic end o f the mutualism-parasitism
continuum (see also (Moran and Dunbar 2006)). The existence and pervasiveness of
imperfect vertical transmission in our study opens the door for new directions in
symbiotic mutualism research. For example, host sanctions against costly symbionts
become possible when the symbiont is not transmitted to all members o f the next
generation. Similarly, imperfect transmission provides the opportunity for partner choice
by the symbiont, when choosing among offspring to infect. In addition, experimental
studies could test whether biotic or abiotic factors affect the success o f vertical
transmission, and ask, are there ecological factors that contribute to the ultimate fixation
of symbioses by increasing transmission success? Given the predominance o f imperfect
transmission in hereditary grass-endophyte symbioses, studies exploring the process of
vertical transmission in other beneficial symbioses may uncover similar patterns. Some
o f the most dominant and ecologically important organisms on Earth host vertically
transmitted mutualists, including termites with their gut flora, corals with algae, and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19

attine ants with fungal cultivars (Hongoh et al. 2005; Mueller et al. 2001; Stat et al.
2006). Further investigations o f vertical transmission across a diversity o f systems will
help to broaden understanding of factors that influence rates o f vertical transmission.

How many ways to lose your symbiont? We were surprised to discover several pathways
for imperfect transmission. The endophyte was lost at all three possible life history
transitions: among tillers within plants, from tiller to seed, and from seed to seedling.
Previous studies have noted imperfect systemic infection (Clay et al. 1989; Kover and
Clay 1998) but have not documented the rate o f loss nor investigated imperfect
transmission at other life history transitions. While the endophyte was commonly lost in
some seeds from an infected tiller in all species-population combinations, we rarely
observed the loss o f endophyte from all seeds produced by an infected tiller (only in F.
subverticillata, BAYLES). These results help explain the common observation o f less
than 100% infection frequency in species known to benefit from the endophyte (e.g.,
(Lewis et al. 1997; Saikkonen et al. 2000; White 1987; Zabalgogeazcoa et al. 2003)).
In three species {Poa alsodes, LDW, Festuca subverticillata, LDW, and Elymus
virginicus, both), we found higher infection rates in seeds that germinated compared to
those that did not. This pattern suggests that endophyte infection could promote rapid
germination in these species-population combinations. Prior work using naturally
uninfected plants (e.g. (Clay 1987; Novas et al. 2003; Pinkerton et al. 1990)) reported
higher germination for endophyte-infected seeds compared to endophyte-free. However,
other studies using either naturally uninfected plants (e.g. (Bacon 1993)) or
experimentally disinfected plants (Faeth et al. 2004; Gundel et al. 2006; Neil et al. 2003;
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Rudgers et al. 2005) found no relationship between endophyte infection and germination.
When we observed recovery o f transmission in the seedling stage, the endophyte may
have actively altered germination or selectively grown into high quality or viable seeds.
Experimental manipulation o f the endophyte will be required to determine whether the
endophyte is responsible or some other mechanism is operating (e.g., the parental plant
could selectively control dormancy). It will also be useful to track seed germination for
periods longer than 4 months to assess effects on long-term dormancy and viability.
Since endophyte viability in the seed can decline with extended periods o f high
heat and humidity (Siegel et al. 1984), selection may favor endophytes that trigger rapid
seed germination. One study on L. multiflorum suggested that the relationship between
endophyte infection and germination may depend on local environmental conditions
(Gundel et al. 2006). Other more extreme ways endophytes could alter germination
include producing compounds necessary for germination or even killing uninfected seeds,
a response that would be reminiscent o f msecX-Wolbachia interactions. The decoupling
o f the reproductive success o f host and symbiont under imperfect and female-only
transmission (as also occurs in Wolbachia) can lead to selection for symbiont activities
that are antagonistic to the host (Charlat et al. 2003; Werren 1997; Werren and O'Neill
1997). Although it remains unclear whether endophytes alter sex allocation in grass hosts
(Schardl et al. 2004) as Wolbachia does in insects, here we provide new evidence
suggesting a potential Wolbachia-\\ke role for endophytes in altering seed dormancy and
viability.
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Horizontal vs vertical transmission. The existence o f imperfect vertical transmission
reveals previously unrecognized avenues for host-symbiont conflict. However, for grassEpichloe symbioses these conflicts may be small compared to the conflicts created by
horizontal transmission. During horizontal transmission, the endophyte replaces host
reproductive tissues with fungal ones. Thus, there can be a large cost o f horizontal
transmission because seed and pollen production are suppressed (Schardl et al. 2004;
White 1988)but see (Pan and Clay 2002; Pan and Clay 2003). When symbionts can be
transmitted both vertically and horizontally, there may be less selection to maintain
perfect vertical transmission because endophyte reproduction does not occur exclusively
through seed production. As a result, we predicted that Epichloe endophytes should
display a greater frequency o f imperfect vertical transmission compared to Neotyphodium
endophytes. On average Neotyphodium symbioses had 88.1% ± 7.0 infection o f tillers,
76.8% ± 6.0 infection o f seeds, and 87.5% ±7.2 infection o f seedlings compared to the
36.7% ± 11.3, 30.6% ± 14.3, and 20.9% ± 10.3 infection for Epichloe symbioses. Taken
together these data suggest maintaining transmission fidelity may be more important for
exclusively vertically transmitted endophytes than Epichloe, although our power to detect
differences was low. Because stromata formation is uncommon for most o f the Epichloe
included in this survey ((Clay and Leuchtmann 1989), J.A. Rudgers, per s. obser.), we
might expect an even greater degree o f imperfect vertical transmission in other Epichloe
symbioses in which stromata formation is common.

Geographic mosaics o f symbiosis? The type and degree o f endophyte loss varied
considerably among species and populations within species. Interestingly, for the vertical
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transmission rate from tillers to seedlings, differences among populations with a species
were as great as differences among species. These finding are consistent with the
geographic mosaic theory o f coevolution. As proposed by Thompson (1994, 2005), this
theory emphasizes the importance o f variation among populations in natural selection on
interspecific interactions. If selection is not overcome by gene flow,
extinction/colonization, or genetic drift, significant population-level differences in
coevolution can result. A geographic mosaic o f endophyte-grass symbioses has been
suggested based on variation in infection frequencies among populations and in costs and
benefits of endophytes (Sullivan and Faeth 2004). Our data show not only strong
population-level differences in infection frequency but also in the success o f vertical
transmission. This geographic variation could result from differences in local plant or
endophyte genotypes as well as variation in local environmental conditions. Several
studies have documented genotypic or environmental variation in the costs and benefits
o f grass-endophyte interactions (e.g., (Agee and Hill 1994; Ahlholm et al. 2002; Cheplick
and Cho 2003; Cheplick et al. 1989; Faeth et al. 2002; Marks and Clay 1996; Meijer and
Leuchtmann 2000; Meijer and Leuchtmann 2001; Morse et al. 2002; Saikkonen et al.
1998)). Furthermore, mathematical models predict that differences in imperfect vertical
transmission among host genotypes can reduce the minimum transmission rate required
for symbiont survival, and create permanent host-symbiont disequilibria de novo
(Sanchez et al. 2000). However, studies investigating how the genotype or environment
influences transmission are currently lacking. One possible mechanism is through effects
on endophyte hyphal density: greater density could increase the success o f growing into
seeds. Mack and Rudgers (unpublished data) found that fertilizing plants increased
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endophyte hyphal densities in leaf tissues, and endophyte genotypes also vary in
concentration within host tissues (Spiering et al. 2005; Tan et al. 2001). That
transmission can be imperfect opens new avenues for research on how genotype and
environment may alter the dynamics o f the symbiosis.

Who controls transmission and how? The rate o f vertical transmission could be
controlled in four non-mutually exclusive ways: (1) complete host control, (2) complete
endophyte control, (3) host-symbiont coevolution o f control, and/or (4) environmental
control. First, selective pressure may be strong for the evolution o f host control via
phenotypic plasticity o f transmission (maternal plants transmit endophyte when they are
experiencing environmental conditions in which the endophyte is beneficial), and/or bet
hedging (maternal plants transmit endophyte to a fraction o f seeds to ensure success in a
variable environment). Imperfect vertical transmission also provides possible mechanism
for host sanctions against cheater endophyte stains. Like vertical transmission, host
sanctions (in which the host can respond based on the behavior o f the symbiont) have
been suggested as a key mechanism for maintaining mutualism in symbioses (Ferdy and
Godelle 2005; Sachs and Simms 2006). In legume-rhizobia symbioses, legumes can
sanction rhizobia that do not produce sufficient nitrogen by reducing photosynthates
(Denison 2000; Kiers et al. 2003). Similarly, if an endophyte becomes costly, its host
plant could exclude it from some or all seeds. These host sanctions would be especially
effective for the exclusively vertically transmitted Neotyphodium.
Alternatively, the endophyte could control transmission. For endophytes that are
exclusively vertically transmitted (i.e., Neotyphodium), we expect selection to favor
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endophytes that grow into all seeds, and therefore if the symbiont is in control,
transmission should be perfect. However, environmental conditions could interact with
endophyte control. For example, stressful conditions may preclude the infection of all
seeds (e.g., by reducing hyphal density, Mack and Rudgers, unpublished data). As a
result, selection could favor endophytes that infect seeds which are likely to be highquality or compatible partners. Partner choice could explain the higher infection
frequencies o f seeds that germinated relative to those that failed to germinate in three of
the seven species we examined. In addition, if hyphal density in seeds influences the
success of endophyte establishment in seedlings, then selection may favor endophytes
that invest more hyphae in compatible or high-quality seed partners. Although studies
have correlated hyphal densities with important traits, such as plant growth and alkaloid
production (Groppe et al. 1999; Rasmussen et al. 2007), the role o f hyphal concentration
in transmission success is thus far only speculative. However, there is evidence for
endophyte control over vertical transmission in another closely related endophyte,
Atkinsonella hypoxylon (Clavicipitaceae). Uninfected Danthonia spicata produce both
self-fertilizing cleistogamous flowers and cross-pollinating chasmogamous flowers, but
endophyte infected plants only produce the cleistogamous flowers (Clay and Jones 1984).
These endophytes are clearly manipulating the plant’s reproduction to produce selffertilized seeds which are likely to be compatible genotypes. Although this is not
evidence for control over imperfect vertical transmission, it does indicate that endophytes
can exert control over transmission.
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Here, we have shown that imperfect vertical transmission is widespread in nature,
occurs at a diversity o f life history transitions, and is strongly population-dependent for
native grass-endophyte symbioses. Consideration o f imperfect vertical transmission can
help to refine our understanding o f how variation in the frequency o f symbiosis is
maintained in nature and to predict when symbionts may most likely become fixed.
Future experiments that assess the relative contributions o f host, symbiont, and
environmental conditions in controlling vertical transmission can shed light on factors
that may have led to the fixation o f such key vertically transmitted symbionts as
mitochondria and chloroplasts. We hope this research sparks an interest in how imperfect
vertical transmission shapes symbioses, informs mathematical models, and generates
myriad avenues for future study in this system and others.
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