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The importance of phyllosphere fungi to ecosystem 
functioning via soil processes has aroused increasing 
interest during the last decade. Here, we briefly review 
the current knowledge of how the foliar endophytic 
fungi and nutrient cycling interact. Recent findings 
suggest that endophytes may affect plant litter quality, 
organisms that control litter decomposition and the 
availability of nutrients in plant communities. How-
ever, the results obtained so far are highly variable. 
We attempt to integrate these observations with the 
knowledge of ecology and life-history strategies of 
endophytic fungi, and highlight general rules and gaps 
in our knowledge. Finally, we suggest testable hypo-
theses for future studies. 
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Introduction 

INTERACTIONS within and among trophic levels that are 
mediated by fungal endophytes have received a great deal 
of attention since endophytes were proved to be ubiqui-
tous plant associates1–6. During the last decades virtually 
every plant species has been shown to harbour at least a 
few species of endophytes and many plants seem to har-
bour diverse assemblages of them7–14. The endophytes at 
one trophic level interact with other primary consumers 
such as plant pathogens and herbivores1,5,6,15, and across 
trophic levels via interactions with the host plants, herbi-
vore enemies and saprotrophs3,5,6,16–20.  
 The profound effects of endophytes on primary pro-
ducers, and aboveground primary consumers and their 
natural enemies, have been demonstrated in myriad em-
pirical studies and also extensively reviewed in several 
recent papers5,6,15,19,21. Similar comprehensive work on 
the effects of endophytes on belowground food webs is 
lacking. However, endophytes potentially interact with 
mycorrhizal fungi and nitrogen-fixing bacteria of the 
shared host plant as well as with root herbivores, detri-
tivores and saprotrophs3,22. A few recent studies reveal 

how fungal endophytes can affect litter decomposition 
rates23,24, stimulate soil carbon sequestration and alter the 
flux of greenhouse gases (CO2 and N2O) from the soil to 
the atmosphere25. This suggests that research efforts 
should be extended to explore the endophyte effects on 
belowground food webs and processes they may control.  
 In this article, we focus on nutrient cycling and argue 
that endophytes can be crucial players in modulating 
belowground processes. We propose that to understand 
the belowground role of endophytes is to acknowledge 
the variation in endophytic fungal communities and the 
related complexity of endophyte-mediated ecological in-
teractions. 

Ecology and evolutionary strategies of the fungal 
symbionts 

We argue that the effects of endophytes on nutrient cy-
cling are governed by the same key elements in their 
ecology and life-history strategies that drive and deter-
mine the nature of fungus–plant interactions along the 
continuum from antagonistic to mutualistic relation-
ships2,4.  
 By definition, the endophytic fungi live all or at least a 
significant part of their life cycle internally and asymp-
tomatically within their host plant tissues26. Virtually all 
fungi associated with plant foliage, be it pathogenic or 
saprotrophic, have at least an imperceptibly short asymp-
tomatic period in their life cycle27,28. Hence, the endo-
phyte–plant interactions should not be treated separately 
from the parasitic, pathogenic and saprotrophic interac-
tions27,28. Accordingly, to fully understand the evolution-
ary origin and ecological role of endophyte–plant 
interactions, endophytes should be viewed as an extended 
latency period of fungi rather than a biological entity of 
their own right27,28. The theories of endophyte evolution-
ary history also support this view: endophytic fungi are 
thought to have evolved from parasitic or pathogenic 
fungi in multiple parallel and reverse trajectories ever 
since the early evolution of terrestrial plants2,28. Indeed, 
there is evidence of endophytic fungi in land plants in 
400 million-year-old fossil records29. In short, one may 
conclude that the fungal endophytes simply represent  
diverse examples of the asymptomatic phase of the  
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fungus–plant interactions that can vary in time and space 
according to the growth form and life-history strategy of 
the fungus, the tissue architecture of the host, the genetic 
compatibility between the fungus and the host, and the 
environmental conditions2,4–6,12,28,30.  
 The most generalized and taxonomically heterogeneous 
pool of foliar endophytic mycota are the nonsystemic 
endophytes4,9,12,31. They are horizontally transmitted from 
plant to plant by sexual and/or asexual spores. The fre-
quency of highly restricted local infections, often origi-
nating from single spores among a few epidermal cells, 
gradually increases until they reach a saturation 
point7,8,12,32. Because of horizontal transmission and fre-
quent sexual reproduction, the species and genetic diver-
sity of nonsystemic endophytes is high even within a 
single leaf7,9,12,14,31–33. The communities of nonsystemic 
endophytes can also vary among geographically isolated 
host plant species and populations14, among stands of dis-
continuous forests34, extreme environments such as fire-
prone forests30 and along with forest succession35. 
Equally, they can respond to the micro-climate of the for-
est stand7,8,12,32. Nonsystemic endophytes have often been 
misleadingly labelled as non-grass endophytes. However, 
they can be found in all types of plants, including grasses, 
and many of them are classified commonly as pathogens 
or saprotrophs in mycology4.  
 The more specialized group of Epichloë endophytes36, 
which belong to the family Clavicipitaceae, grows sys-
temically throughout the aboveground tissues of the host 
plant. In contrast to the nonsystemic endophytes, these 
endophytes have been detected only in grasses4,21. This 
perennial symbiosis is highly integrated and the survival 
and distribution of the fungus largely depend on the host, 
particularly in fungi that have entirely lost their ability 
for contagious spreading by spores21,28. The associated 
loss of recombination potential through sexual reproduc-
tion by sexual spores largely determines the nature of the 
symbiosis along the continuum from asymptomatic to 
pathogenic interactions. Three distinct life-history strate-
gies of systemic endophytes are commonly recognized 
between the extremes of sexuality and asexuality: (1) 
strictly sexually reproducing and pathogenic fungi causing 
‘choke’ disease, which castrates all host inflorescence; 
(2) fungi producing both ‘choke diseased’ inflorescences 
and symptomless endophyte-infected seeds, and (3) 
strictly asexual and asymptomatic fungi21,28. 
 In the case of the strictly asexual endophytes, the verti-
cal transmission is commonly assumed to have evolved 
toward mutualism because the fitness of the fungus  
entirely depends on the fitness of its host28. The fungus 
unquestionably subsists entirely on the resources of the 
host plant, and numerous empirical studies have demon-
strated that it can confer diverse benefits to the host, such 
as increased growth, reproduction, stress tolerance, and 
most commonly, defensive mutualism against herbivores 
and pathogens5,6,37,38. The endophyte–grass symbioses 

are, however, variable and the benefits of systemic endo-
phytes to the host grass depend on the genetic variation 
of the host and the endophyte as well as on the availabil-
ity of soil resources and other environmental factors such 
as the intensity of herbivory4–6,31,37–40. 

Endophytes and nutrient cycling 

Endophytes are likely to affect the decomposition of plant 
litter and soil nutrient transformations at least in three 
ways: (1) by acting as saprotrophs in abscised plant parts 
and aiding in their decay; (2) by affecting the amount 
and/or quality of the plant litter, and (3) by affecting the 
abundance, richness and composition of decomposer  
organisms (Figure 1). We explore each of these pathways 
and link them to the ecology and life-history strategies of 
the endophytic fungi. We also try to guide the future  
research by formulating testable hypotheses on the effects 
of endophytes on litter decomposition and nutrient  
cycling in terrestrial ecosystems.  
 The understanding of how aboveground plant–
herbivore interactions control belowground processes in 
terrestrial ecosystems has rapidly accumulated over the 
last decades. Herbivores control plant species composi-
tion in many ecosystems41, and plant defoliation can 
modify plant carbon allocation42 and carbon release from 
plant roots to the soil43. These effects can have significant 
consequences on the abundance and activity of soil or-
ganisms in the plant rhizosphere, soil nutrient availability 
and plant growth44,45. Herbivores can also induce the pro-
duction of defence compounds in plant leaves and these 
compounds can remain through leaf senescence and later 
affect leaf litter decomposition46,47. We suggest here that 
the endophytes may have a similar key role as the herbi-
vores in controlling species composition, primary produc-
tion and nutrient cycling in plant communities. 

Endophytes as latent saprotrophs 

Fungi that are isolated as nonsystemic endophytes from 
the healthy leaves of grasses and other plants also survive 
in decomposing plant litter as saprotrophs (Figure 1) and 
endophytes, as they can play a role in leaf senescence and 
leaf abscission14,24,27,30,48. Some of these fungi spread 
from litter by producing sexual spores and infect intact 
leaves to become endophytes24,27,48. The endophytic life-
style, which enables the fungi to be the first to capitalize 
the host resources, may provide competitive advantage 
for space and soluble nutrients over the saprotrophic 
fungi, which later colonize the plant litter27,48. In support 
of this argument, several studies have shown that endo-
phytes can act as early successional saprophytes, and also 
as gatekeepers for other saprophytes to the newly ab-
scised leaves27,48. A recent study shows that the environ-
mental conditions prevailing in an ecosystem select those 
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Figure 1. Pathways of endophyte-mediated nutrient cycling. 
 
 
endophyte species which could also survive as sapro-
trophs in leaf litter30. However, more research and par-
ticularly well-designed long-term experiments are needed 
to discern the extent to which the nonsystemic endophytic 
fungi affect litter decomposition, nutrient release and soil 
organic matter accumulation in forest and grassland eco-
systems. 

Amount and quality of organic matter 

Systemic grass endophytes can increase the growth,  
reproduction and stress resistance of their host 
plant2,19,37,49,50 and thereby increase the amount of litter 
produced by the host (Figure 1). However, this may well 
be compensated by the effect of endophyte-mediated re-
source competition on biomass production by other plants 
in the community50,51. A number of studies suggest that 
the systemic endophytes can, by enhancing the competitive 
dominance of their host species, prevent species inva-
sions51 and reduce plant species richness in successional 
grasslands50. As high species richness typically enhances 
the productivity of plant communities52, the total produc-
tivity of the plant community might remain unchanged, or 
even decrease, despite the productivity of the endophyte-
colonized host species increasing over time50,51. The in-
formation that is currently available is, however, too few 

to draw general conclusions about effects of systemic 
endophyte colonization on plant community productivity 
and litter accumulation. These effects are also likely to be 
complicated by interactions with herbivores which can cre-
ate a significant shortcut of nutrients from green plant ma-
terial to soil in excreta41,53. However, this shortcut could 
be reduced in endophyte-colonized plant communities 
which deter herbivores due to their endophyte associates. 
 In contrast to the systemic grass endophytes, variability 
appears to be the nature in interactions between the non-
systemic endophytes and their host plants4,6. Empirical 
evidence suggests that nonsystemic endophytes play a 
less important role in host plant growth, reproduction or 
the defensive mutualism against herbivores and patho-
gens than that observed in the systemic grass–endophyte 
symbiosis4,6,12.  
 Systemic endophytes can affect the quality of plant  
litter by modulating the foliage quality of the host plant. 
Most of the literature about the chemical ecology of the 
systemic endophyte–plant symbiosis is focused on the 
endophyte-produced bioactive alkaloids (Figure 1), such 
as pyrrolizidines (lolines), ergot alkaloids, indolediterpe-
noids (including lolitrems), and the pyrrolopyrazine  
alkaloid (peramine)2,6,54,55. The chemical ecology of the 
endophyte–grass symbiosis is far more complex19 since, 
in addition to alkaloid production, endophytes can (1)  
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alter the concentration of nutrients, sugars, water and 
other compounds in grass leaves56–58, and (2) affect the 
physiological condition of the host plant tissues by modu-
lating their oxidative balance, phytohormone signalling 
and other metabolic pathways (Figure 1)19,20,59. In general, 
the induced responses to various attackers and invaders 
are regulated in plants by two evolutionarily conserved 
phytohormone signalling pathways, i.e. by the salicylic 
acid (SA) and the jasmonic acid (JA) pathways19,60,61. 
Plant responses to biotrophic pathogens (including many 
endophytes) are mediated by the SA pathway62. Recently, 
Saikkonen et al.19 suggested that the strictly asexual 
Epichloë endophytes, which are presumably derived from 
the biotrophic pathogens, can be expected to induce the 
SA pathway. Continuining this argument, since the  
nonsystemic endophytes produce biologically active com-
pounds and alter various signalling and metabolic path-
ways in their host plant, they are also likely to affect the 
quality of plant litter (Figure 1). Plant responses to herbi-
vore attack, and particularly the induced production of 
secondary metabolites, have been shown to affect plant 
litter quality and litter decomposition46,47. We predict that 
similar effects will emerge when the role of these endo-
phytes is further examined. 

Endophytes and decomposer organisms 

Endophytes have both positive and negative effects on 
decomposer organisms (Figure 1)63,64. The positive effects 
can arise by the facilitation of microbial invasion (includ-
ing the latent saprotrophs and potential pathogens) of the 
plant as the immune system, signalling system and in-
duced defence responses of the host plant are attenuated. 
For example, endophytes can probably positively affect 
saprotrophs through the JA and SA phytohormone signal-
ling pathways. Saikkonen et al.19 proposed that endo-
phytes like the biotrophic parasites likely induce the SA 
pathway, thus suppressing the mutually antagonistic JA 
pathway, which is mainly involved in the defence against 
necrotrophic pathogens and chewing herbivores. Accord-
ingly, the endophytes could positively affect the necro-
trophs, which are facultative saprotrophs that first 
actively kill the host plant and then engage in decomposi-
tion. Endophytes could also affect litter quality by increas-
ing host photosynthesis and regulating host carbohydrate 
metabolism and utilization, thus potentially increasing 
carbon reserves in the host plant19,27,28,56,58. This might, 
however, not have significant effects on litter decomposi-
tion as the decomposition rate usually depends more on 
nitrogen concentration65. Alternatively, the negative effects 
can arise prior to colonization of the leaf litter and com-
petitive exclusion of the saprophytic fungi. Production of 
allelochemicals by the colonizing endophytes, which can 
be toxic to both microbial and invertebrate decomposers, 
would also lead to negative effects.  

Hypotheses on endophyte effects on  
decomposition processes 

Current endophyte literature provides conclusive evi-
dence that endophytes are important agents in plant 
communities and the associated food webs. The literature 
also provides insights into the potential mechanisms 
through which the endophytes could affect nutrient cycling. 
Yet, we are only beginning to understand how the endo-
phyte-mediated aboveground and belowground processes 
link with each other3. Therefore, experimental studies 
that will integrate the knowledge of ecology and life-
history strategies of endophytic fungi with the under-
standing of the role of endophytes in the aboveground 
food webs and nutrient cycling are very much in need. As 
a brief concluding summary, we offer a few general  
hypotheses to be tested in future studies: 
 
1. Endophytes have a significant role in determining 

plant litter decomposition and soil nutrient availability. 
2. The nonsystemic endophytes, during the saprotrophic 

phase of their life cycle, enhance litter breakdown, 
and release of nutrients thereby influencing plant  
nutrient availability and plant growth.  

3. In contrast, the systemic grass endophytes decelerate 
nutrient cycling by negatively affecting the quality of 
plant litter and soil decomposer organisms. 

4. The nonsystemic and systemic endophytes interact indi-
rectly. The positive effects conferred by the systemic 
endophytes on their grass hosts depend on soil nutri-
ent availability, which in turn is affected by the  
nonsystemic endophytes that participate in litter  
decomposition. 

 
 

1. Bacon, C. W., Porter, J. K., Robbins, J. D. and Luttrell, E. S., 
Epichloë typhina from tall fescue grasses. Appl. Environ. Micro-
biol., 1977, 34, 576–581. 

2. Cheplick, G. P. and Faeth, S., Ecology and Evolution of the Grass 
Endophyte Symbiosis, Oxford University Press, New York, 2009. 

3. Omacini, M., Semmartin, M., Pérez, L. I. and Gundel, P. E., 
Grass–endophyte symbiosis: a neglected aboveground interaction 
with multiple belowground consequences. Appl. Soil Ecol., 2012, 
61, 273–279. 

4. Saikkonen, K., Faeth, S. H., Helander, M. L. and Sullivan, T. J., 
Fungal endophytes: a continuum of interactions with host plants. 
Annu. Rev. Ecol. Syst., 1998, 29, 319–343. 

5. Saikkonen, K., Lehtonen, P., Helander, M., Koricheva, J. and 
Faeth, S. H., Model systems in ecology: dissecting the endophyte–
grass literature. Trends Plant Sci., 2006, 11, 428–433. 

6. Saikkonen, K., Saari, S. and Helander, M., Defensive mutualism 
between plants and endophytic fungi? Fungal Divers., 2010, 41, 
101–113. 

7. Helander, M. L., Sieber, T., Petrini, O. and Neuvonen, S., Ecology 
of pine needle endophytes: spatial variation and consequences of 
acid irrigation. Can. J. Bot., 1994, 72, 1108–1113. 

8. Faeth, S. H. and Hammon, K. E., Fungal endophytes in oak trees. 
I. Long-term patterns of abundance and associations with leafminers. 
Ecology, 1997, 78, 810–819. 



Fungal endophytes – biology and bioprospecting 
 

CURRENT SCIENCE, VOL. 109, NO. 1, 10 JULY 2015 125 

9. Arnold, A. E., Maynard, Z., Gilbert, G., Coley, P. D. and Kursar, 
T. A., Are tropical endophytic fungi hyper diverse. Ecol. Lett., 
2000, 3, 267–274.  

10. Arnold, A. E. and Herre, E. A., Canopy cover and leaf age affect 
colonization by tropical fungal endophytes: ecological patterns 
and process in Theoproma cacao (Malvaceae). Mycologia, 2003, 
95, 388–398. 

11. Saikkonen, K., Ahlholm, J., Helander, M., Lehtimäki, S. and Nie-
meläinen, O., Endophytic fungi in wild and cultivated grasses in 
Finland. Ecography, 2000, 23, 360–366. 

12. Saikkonen, K., Forest structure and fungal endophytes. Fungal 
Biol. Rev., 2007, 21, 67–74. 

13. Wäli, P., Ahlholm, J., Helander, M. and Saikkonen, K., Occur-
rence and genetic structure of systemic grass endophyte Epichloë 
festucae in fine fescue populations. Microb. Ecol., 2007, 53, 20–
29. 

14. Zabalgogeazcoa, I., Gundel, P. E., Helander, M. and Saikkonen, 
K., Non-systemic fungal endophytes in plants infected by 
Epichloë festucae in subarctic habitats. Fungal Divers., 2013, 60, 
25–32. 

15. Clay, K., Fungal endophytes of grasses. Annu. Rev. Ecol. Syst., 
1990, 21, 255–297. 

16. Omacini, M., Chaneton, E. J., Ghersa, C. M. and Müller, C. B., 
Symbiotic fungal endophytes control insect host–parasite interac-
tion webs. Nature, 2001, 409, 78–81. 

17. Rudgers, J. A. and Clay, K., Endophyte symbiosis with tall fescue: 
how strong are the impacts on communities and ecosystems? Fun-
gal Biol. Rev., 2007, 21, 107–124. 

18. Saari, S., Sundell, J., Huitu, O., Helander, M., Ketoja, E., Ylönen, 
H. and Saikkonen, K., Fungal-mediated multitrophic interactions –  
do grass endophytes in diet protect voles from predators? PLoS 
ONE, 2010, 5, e9845. 

19. Saikkonen, K., Gundel, P. E. and Helander, M., Chemical ecology 
mediated by fungal endophytes in grasses. J. Chem. Ecol., 2013, 
39, 962–968. 

20. Li, T., Blande, J. D., Gundel, P. E., Helander, M. and Saikkonen, 
K., Epichloë endophytes alter inducible indirect defences in host 
grasses. PLoS ONE, 2014, 9, e10133. 

21. Clay, K. and Schardl, C., Evolutionary origins and ecological con-
sequences of endophyte symbiosis with grasses. Am. Nat., 2002, 
160, s99–s127. 

22. Larimer, A. L., Bever, J. D. and Clay, K., Consequences of simul-
taneous interactions of fungal endophytes and arbuscular myco-
rrhizal fungi with a shared host grass. Oikos, 2012, 121, 2090–
2096. 

23. LeRoy, C. J., Fischer, D. G., Halstead, K., Pryor, M., Bailey, J. K. 
and Schweitzer, J. A., A fungal endophyte slows litter decomposi-
tion in streams. Freshwater Biol., 2011, 56, 1426–1433. 

24. Purahong, W. and Hyde, K. D., Effects of fungal endophytes on 
grass and non-grass litter decomposition rates. Fungal Divers., 
2011, 47, 1–7. 

25. Iqbal, J., Nelson, J. A. and McCulley, R. L., Fungal endophyte 
presence and genotype affect plant diversity and soil-to-
atmosphere trace gas fluxes. Plant Soil, 2013, 364, 15–27. 

26. Wilson, D., Endophyte – the evolution of a term, and clarification 
of its use and definition. Oikos, 1995, 73, 274–276. 

27. Wilson, D., Fungal endophytes: out of sight but should not be out 
of mind. Oikos, 1993, 68, 379–384. 

28. Saikkonen, K., Wäli, P., Helander, M. and Faeth, S. H., Evolution 
of endophyte–plant symbioses. Trends Plant Sci., 2004, 9, 275–
280. 

29. Krings, M., Taylor, T. N., Hass, H., Kerp, H., Dotzler, N. and 
Hermsen, E. J., Fungal endophytes in a 400-million-yr-old land 
plant: infection pathways, spatial distribution, and host responses. 
New Phytol., 2007, 174, 648–657. 

30. Govinda Rajulu, M. B., Lai, L. B., Murali, T. S., Gopalan, V. and 
Suryanarayanan, T. S., Several fungi from fire-prone forests of 

southern India can utilize furaldehydes. Mycol. Progress, 2014, 
13(4), 1049–1056. 

31. Ahlholm, J. U., Helander, M., Henriksson, J., Mezler, M. and 
Saikkonen, K., Environmental conditions and host genotype direct 
genetic diversity of Venturia ditricha, a fungal endophyte of birch 
trees. Evolution, 2002, 56, 1566–1573. 

32. Helander, M. L., Neuvonen, S., Sieber, T. and Petrini, O., Simu-
lated acid rain affects birch leaf endophytes. Microb. Ecol., 1993, 
26, 227–234. 

33. Schulthess, F. M. and Faeth, S. H., Distribution, abundances, and 
associations of the endohytic fungal community of Arizona fescue 
(Festuca arizonica). Mycologia, 1998, 90, 569–578. 

34. Helander, M., Ahlholm, J., Sieber, T. N., Hinneri, S. and 
Saikkonen, K., Fragmented environment affects birch leaf endo-
phytes. New Phytol., 2007, 175, 547–553. 

35. Helander, M., Wäli, P., Kuuluvainen, T. and Saikkonen, K., Birch 
leaf endophytes in managed and natural boreal forests. Can. J. 
For. Res., 2006, 36, 3239–3245. 

36. Leuchtmann, A., Bacon, C. W., Schardl, C. L., White Jr, J. F. and 
Tadych, M., Nomenclatural realignment of Neotyphodium species 
with genus Epichloe. Mycologia, 2014, 106, 202–215. 

37. Ahlholm, J. U., Helander, M., Lehtimäki, S., Wäli, P. and 
Saikkonen, K., Vertically transmitted fungal endophytes: different 
responses of host–parasite systems to environmental conditions. 
Oikos, 2002, 99, 173–183. 

38. Worchel, E. R., Giauque, H. E. and Kivlin, S. N., Fungal symbionts 
alter plant drought response. Microb. Ecol., 2013, 65, 671–678. 

39. Yurkonis, K. A., Maherali, H., Bolton, K. A., Klironomos, J. N. 
and Newman, J. A., Cultivar genotype, application and endophyte 
history affects community impact of Schedonorus arundinaceus. 
J. Appl. Ecol., 2012, 49, 1094–1102. 

40. Gibert, A. and Hazard, L., Genetically based vertical transmission 
drives the frequency of the symbiosis between grasses and sys-
temic fungal endophytes. J. Ecol., 2013, 101, 743–752. 

41. Mikola, J., Setälä, H., Virkajärvi, P., Saarijärvi, K., Ilmarinen, K., 
Voigt, W. and Vestberg, M., Defoliation and patchy nutrient  
return drive grazing effects on plant and soil properties in a dairy 
cow pasture. Ecol. Monogr., 2009, 79, 221–224. 

42. Bazot, S., Mikola, J., Nguyen, C. and Robin, C., Defoliation-
induced changes in carbon allocation and root soluble carbon con-
centration in field-grown Lolium perenne plants: do they affect 
carbon availability, microbes and animal trophic groups in soil? 
Funct. Ecol., 2005, 19, 886–896. 

43. Paterson, E. and Sim, A., Rhizodeposition and C-partitioning of 
Lolium perenne in axenic culture affected by nitrogen supply and 
defoliation. Plant Soil, 1999, 216, 155–164. 

44. Hamilton, E. W. I. and Frank, D. A., Can plants stimulate soil mi-
crobes and their own nutrient supply? Evidence from a grazing 
tolerant grass. Ecology, 2001, 82, 2397–2402. 

45. Sørensen, L. I., Kytöviita, M.-M., Olofsson, J. and Mikola, J., Soil 
feedback on plant growth in a sub-arctic grassland as a result of 
repeated defoliation. Soil Biol. Biochem., 2008, 40, 2891–2897. 

46. Findlay, S., Carreiro, M., Krischik, V. and Jones, C. G., Effects of 
damage to living plants on leaf litter quality. Ecol. Appl., 1996, 6, 
269–275. 

47. Schweitzer, J. A., Bailey, J. K., Hart, S. C., Wimp, G. M., Chap-
man, S. K. and Whitham, T. G., The interaction of plant genotype 
and herbivory decelerate leaf litter decomposition and alter nutri-
ent dynamics. Oikos, 2005, 110, 133–145. 

48. Osono, T., Role of phyllosphere fungi of forest trees in the devel-
opment of decomposer fungal communities and decomposition 
processes of leaf litter. Can. J. Microbiol., 2006, 52, 701–716. 

49. Hoveland, C. S., Importance and economic significance of the 
Acremonium endophytes to performance of animal and grass plant. 
Agric. Ecosyst. Environ., 1993, 44, 3–12. 

50. Clay, K. and Holah, J., Fungal endophyte symbiosis and plant  
diversity in successional fields. Science, 1999, 285, 1742–1744. 



Special section:  
 

CURRENT SCIENCE, VOL. 109, NO. 1, 10 JULY 2015 126 

51. Saikkonen, K., Ruokolainen, K., Huitu, O., Gundel, P. E., Piltti, 
T., Hamilton, C. E. and Helander, M., Fungal endophytes help 
prevent weed invasions. Agric. Ecosyst. Environ., 2013, 165, 1–5. 

52. Flombaum, P. and Sala, O. E., Higher effect of plant species  
diversity on productivity in natural than artificial ecosystems. 
Proc. Natl. Acad. Sci. USA, 2008, 105, 6087–6090. 

53. Frost, C. and Hunter, M., Recycling of nitrogen in herbivore feces: 
plant recovery, herbivore assimilation, soil retention, and leaching 
losses. Oecologia, 2007, 151, 42–53. 

54. Schardl, C. L., Young, C. A., Faulkner, J. R., Florea, S. and Pan, 
J., Chemotypic diversity of epichloae, fungal symbionts of 
grasses. Fungal Ecol., 2012, 5, 331–344. 

55. Panaccione, D. G., Beaulieu, W. T. and Cook, D., Bioactive alka-
loids in vertically transmitted fungal endophytes. Funct. Ecol., 
2014, 28, 299–314. 

56. Liu, Q., Parson, A. J., Xue, H., Fraser, K., Ryan, G. D., Newman, 
J. A. and Rasmussen, S., Competition between foliar Neotypho-
dium lolii endophytes and mycorrhizal Glomus spp. fungi in Lo-
lium perenne depends on resource supply and host carbohydrate 
content. Funct. Ecol., 2011, 25, 910–920. 

57. Rasmussen, S., Liu, Q., Parsons, A. J., Xue, H., Sinclair, B. and 
Newman, J. A., Grass–endophyte interactions: a note on the role 
of monosaccharide transport in the Neotyphodium lolii–Lolium 
perenne symbiosis. New Phytol., 2012, 196, 7–12.  

58. Rasmussen, S. et al., High nitrogen supply and carbohydrate con-
tent reduce fungal endophyte and alkaloid concentration in Lolium 
perenne. New Phytol., 2007, 173, 787–797. 

59. Hamilton, C., Gundel, P. E., Helander, M. and Saikkonen, K., 
Endophytic mediation of reactive oxygen species and antioxidant 
activity in plants: a review. Fungal Divers., 2012, 54, 1–10. 

60. Karban, R. and Baldwin, I. T., Induced Responses to Herbivory, 
University of Chicago Press, Chicago, 1997. 

61. Pieterse, C. M. J. and Dicke, M., Plant interactions with microbes 
and insects: from molecular mechanisms to ecology. Trends Plant 
Sci., 2007, 12, 564–569. 

62. Thaler, J. S., Humphrey, P. T. and Whiteman, N. K., Evolution of 
jasmonate and salicylate signal crosstalk. Trends Plant Sci., 2012, 
17, 260–270. 

63. Lemons, A., Clay, K. and Rudgers, J. A., Connecting plant–
microbial interactions above and belowground: a fungal endophyte 
affects decomposition. Oecologia, 2005, 145, 595. 

64. Faeth, S. H. and Shochat, E., Inherited microbial symbionts  
increase herbivore abundances and alter arthropod diversity on a 
native grass. Ecology, 2010, 91, 1329–1343. 

65. Silfver, T., Mikola, J., Rousi, M., Roininen, H. and Oksanen, E., 
Leaf litter decomposition differs among genotypes in a local 
Betula pendula population. Oecologia, 2007, 152, 707–714. 

 
 
 
 
 
ACKNOWLEDGEMENT. This study was funded by the Academy of 
Finland (Project nos 137909 and 281354). 

 
 
 
 
 
 


