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Endophyte mediated plant-herbivore 
interactions or cross resistance to fungi and 

insect herbivores?



DEFINITION 

• Wilson 1995: “Endophytes are fungi or bacteria 
which, for all or part of their life cycle, invade the 
tissues of living plants and cause unapparent 
and asymptomatic infections entirely within plant 
tissues but cause no symptoms of disease”

Includes * Latent pathogens
* Dormant saprophytes

=>



FUNGAL ENDOPHYTES

“Fescue toxicosis” 1948 (New Zealand) 
1950 (USA)

Bacon, C. W., Porter, J. K., Robbins, J. D. and Luttrell, E. S. (1977). Epichloë typhina from toxic tall fescue 
grasses. Applied and Environmental Microbiology 34: 576-581. 



Endophytes increase plant resistance 
against herbivores???

<=>

MUTUALISM AS PREVAILING 
CONCEPTUAL FRAMEWORK

Clay, K. 2009. Defensive mutualism and grass endophytes: still valid after all these years? In: Defensive 
mutualism in symbiotic association (eds. M. Torres. and J.F. Jr. White). Taylor and Francis Publications: 9-20.



FUNGAL ENDOPHYTES

Also tree endophytes attracted increasing attention with a ten years 
delay (see e.g. Special Feature of Ecology in 1988, vol 69:
“Endophyte Mutualism and Plant Protection from Herbivores”). 

Horizontally transmitted tree endophytes were described as “inducible mutualists” whilst vertically 
transmitted grass enodophytes were considered “constitutive mutualists” (Carroll 1988)







~17%
~7%

~4%

Biologically significant?

Trees can not escape endophyte 
infections No E- trees in nature!

Saikkonen (2007)
Fungal Biology Reviews 21/2-3: 67-74



Have we overemphasized 
the importance of 
endophyte mediated plant- 
herbivore interactions?

Fungal perspective!

Saikkonen et al. (2006) Trends in Plant Science 11: 428-433
Saikkonen et al. (2010) Fungal Diversity 41: 101-113



Grass endophytes that are transmitted vertically from 
maternal plant to offspring via seeds probably show 
stronger mutualism with the host plant by deterring 
herbivores

Non-systemic tree-endophytes are 
transmitted horizontally by (either 
asexual or sexual) spores from plant 
to plant

?

Transmission Mode 
and 
Reproduction!

Saikkonen et al. (1998) Annu. Rev. Ecol. & Syst. 29: 319-343 
Saikkonen et al. (2004) Trends in Plant Science 9: 275-280
Saikkonen (2007) Fungal Biology Reviews 21/2-3: 67-74



Endophytes Herbivores

Response to Endophyte-herbivore 
host plant interaction<=>

Ahlholm et al. (2002) Ecology Letters 5: 648-655



Tree-line gardens (Kevo) 
Founded in 1970’s

Lower garden Upper garden

River valley Tundra
Altitude (a.s.l.) 90 m 270 m 

Vegetation zone birch (some pines) tree-line

1) Mean daily summer temperatures are ~1.5-2ºC higher in the Lower garden 
2) the growing season starts ~9 days earlier in the Lower garden



Birch progenies

X 10

X 6X 6
Lower 
garden

Upper 
garden

Half-sib families

=> 60 
trees

=> 60 
trees

=> 120 trees total 20 years old



Endophytic fungi in birch leaves 
Elamo et al. (1999) Oecologia 118:151-156

Year leaf infection %
Lower garden Upper garden

1994 98 94
1995 99 98
1996 95 95

Species % of all infections P (ANOVA)
Lower       Upper      Garden      Year       Half-sib family

Fusicladium sp. 78 63
Melanconium sp. 4 15

0.000
0.000

0.043
0.068

0.000
0.000



Fungus Fusicladium sp. Melanconium sp. Melampsoridium 
(Endophyte) (Endophyte) betulinum (Rust) 

Garden 
Insect / Parameters / Year Lower Upper Lower Upper Lower Upper

Early season 

E. autumnata RGR 
1994 0.113 -0.053 - - 0.173 0.128 
1995 -0.297* -0.099 0.192 0.211 0.059 0.125 
1996 0.216° -0.342** -0.074 0.004 0.136 0.068 

Cocoon 
weight 

1994 0.243° -0.183 - - -0.033 0.152 
1995 -0.254° 0.131 0.218° 0.175 -0.181 0.175 
1996 0.201 -0.231° 0.056 -0.076 0.078 0.131

Middle season 

Deporaus betulae Densities 
of D-rolls 

1994 -0.146 -0.266* - - 0.250° -0.036 
1995 -0.184 -0.039 -0.016 -0.067 0.142 -0.152 

Eriophyes rudis Frequency 
1995 0.058 0.024 -0.108 -0.048 0.001 0.178 

Arge fuscinervis RGR 
1994 0.032 0.051 - - -0.085 0.201 
1995 -0.021 0.112 0.038 0.083 -0.023 0.035 

Priophorus pallipes RGR 
1994 -0.028 0.051 - - -0.066 -0.030 
1995 0.097 0.146 -0.036 0.113 0.063 -0.013

Late season 

Dineura virididorsata RGR 
1995 0.227° -0.054 0.221° 0.234° -0.247° -0.219°

Phenotypic correlations (r, n=60) among frequencies of foliar microfungi and 
performance of insect species on mountain birch in two environments (Lower and Upper 
garden) in northern Finland. *** = p<0.001, ** = p<.0.01, * = p<0.05, ° = p<0.10. Ahlholm 
et al. (2002) Ecology Letters 5:1-8.



Fungus Fusicladium sp. Melanconium sp. Melampsoridium 
(Endophyte) (Endophyte) betulinum (Rust) 

Garden 
Insect / Parameters / Year Lower Upper Lower Upper Lower Upper

Genetic correlations (r, n=10) among frequencies of foliar microfungi and performance 
of insect species on mountain birch in two environments (Lower and Upper garden) in 
northern Finland. *** = p<0.001, ** = p<.0.01, * = p<0.05, 
° = p<0.10. Ahlholm et al. (2002) Ecology Letters 5:1-8. 

Middle season 

Deporaus betulae Densities 
of D-rolls 

1994 -0.160 -0.758* - - 0.197 -0.065 
1995 -0.345 -0.095 -0.165 0.245 0.459 -0.358 

Eriophyes rudis Frequency 
1995 -0.128 0.516 -0.453 -0.322 0.179 0.291 

Arge fuscinervis RGR 
1994 -0.583º 0.078 - - -0.526 0.244 
1995 -0.090 -0.313 -0.085 0.066 0.401 0.031 

Priophorus pallipes RGR 
1994 -0.051 0.097 - - 0.179 -0.378 
1995 0.119 0.421 -0.342 0.185 0.217 0.258

Late season 

Dineura virididorsata RGR 

1995 0.394 -0.224 0.774** 0.489 -0.153 -0.682*

Early season 

E. autumnata RGR 
1994 0.410 -0.630º - - 0.457 -0.284 
1995 -0.322 -0.556º 0.041 0.751* -0.003 -0.477 
1996 0.092 -0.614º 0.276 0.846** -0.130 -0.724* 

Cocoon 
weight 

1994 0.286 -0.565º - - 0.172 -0.522 
1995 -0.338 -0.580º 0.469 0.561º -0.275 -0.583º 
1996 0.092 -0.614º 0.472 0.571º -0.059 -0.690*



1) Potential causal association only 
between fungal frequencies and growth 
performance of one late season herbivore 
species, Dineura virididorsata

Conclusions:

2) Occasional apparent endophyte mediated 
herbivory performance may actually better indicate: 

- genetic differences in plant quality for fungi and 
herbivores, or 

- responses to environmental conditions, 

without causal relationship between fungal infection 
and herbivore performance.

Ahlholm et al. (2002) Evolution 56: 1566-1573
Ahlholm et al. (2002) Ecology Letters 5: 648-655
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Saikkonen et al. (2010) Fungal Diversity 41: 101-113.

Effect size = 0,2993 
N = 135 
95% CI: 0,2109 - 0,3877

Effect size = 0,0864 
N = 24 
95% CI: -0,1137 - 0,2866

Cumulative meta-analysis

Grass vs. tree endophytes: Qb = 3.99, p = 0.046, df = 1

Effect of endophyte on resistance to herbivores

99 studies out of 157 primary publications (36 plant, 62 herbivore and 17 predator or parasitoid taxons)

TreesGrasses



Conclusions

• Seemingly endophyte-mediated herbivore performance may 
actually better indicate tree quality to fungi and herbivores 
without a causal relationship between them. 

• Genetic correlation structure may have importance for the 
evolution of tree resistance to fungi and herbivores; e.g. 
negative correlation between tree resistance to pathogens 
and herbivores may constrain tree populations from reaching 
optimal species-specific resistance. 

• This should be considered also in forest tree improvement 
attempting to overcome pests and pathogens. 

• More knowledge about multispecies coevolution is necessary 
to fully understand bilateral interactions between plants and 
the organisms living on them. 



Otsikon paikka

• Lorem ipsum dolor sit amet, consetetur 
sadipscing elitr

• sed diam nonumy eirmod tempor invidunt 
ut labore

• dolore magna aliquyam erat, sed diam 
voluptua.

I would like to acknowledge the 
collaboration of: 

Jouni Ahlholm 
Pirjo Elamo 

Sinikka Hanhimäki 
Marjo Helander 
Päivi Lehtonen 
Mary Metzler 

Seppo Neuvonen 
Irma Saloniemi 

Piippa Wäli

Thank You!



Why genetic correlations tended to be 
stronger in upper garden?

1) Plasticity in genetically 
determined birch properties 
(changes in gene expression)

2) Genetic differences in fungi 
between the two environments 



AMOVA 
Source % of variation P 
Among gardens 0.45 0.17 

Among half-sib families 9.73 0.0001 
within gardens 

Within half-sib families 89.79 0.0001

Genetic diversity of Venturia ditricha
(anamorph Fusicladium betulae) 

Random amplified microsatellites (RAMS)

ANOVA 
F (df) P

Garden*Half-sib family 2.18 (9) 0.0322

Ahlholm et al. (2002) Evolution 56: 1566-1573



Why genetic correlations tended to be 
stronger in upper garden?

1) Plasticity in genetically 
determined birch properties 
(changes in gene expression)

2) Genetic differences in fungi 
between the two environments 



Conclusions

Genetic analysis revealed that 

(1) birch genotypes influence the probability of 
infection by particular endophyte 
genotypes, 

(2) genetic variation correlated negatively with 
infection frequencies of the fungus, and 

(3) the susceptibility of the birch to a particular 
endophyte genotype may change when 
environmental conditions are changed 
(environment-host genotype interaction). 
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