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Abstract
Two controlled environment experiments were performed to 
test the effects of nitrogen, phosphorus and carbohydrates on 
endophyte (Neotyphodium lolii) and alkaloid concentrations in 
ryegrass (Lolium perenne). Three perennial ryegrass cultivars 
(‘high sugar grasses’ AberDove and AberDart; control Fennema) 
that differ in carbohydrate content were infected with three 
strains of N. lolii (common strain, CS; AR1; AR37). Infected 
and uninfected plants were grown under high (9 mM) and low 
(2.25 mM) nitrogen (AberDove, Fennema; CS, AR1, AR37) 
or under high (2 mM KH2PO4) and low (0.05 mM KH2PO4) 
phosphorus (AberDart, Fennema; CS, AR1). Quantitative real-
time Polymerase Chain Reaction (qPCR) was used to estimate 
endophyte concentrations in harvested leaf tissues. High N and 
P supply as well as high carbohydrate content of the host grass 
reduced endophyte concentrations. Alkaloid production was also 
reduced under both increased N supply and in the high sugar 
cultivar, and was linearly related to endophyte concentration 
(except ergovaline). The results stress the need for wider 
quantification of fungal endophytes in the grassland/ foliar 
endophyte context, and have implications for how introducing 
new cultivars, novel endophytes, or increasing nutrient inputs, 
affect the role of endophytes in grassland ecosystems.
Keywords: Neotyphodium lolii, foliar endophyte, Lolium 
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Introduction
An estimated 20-30% of all grass species host systemic 

fungal endophytes (Leuchtmann 1992), which grow in the 
intercellular spaces of primarily above ground organs and 
rely on nutrients assimilated by the plant (Clay 1990; Clay & 
Schardl 2002). Endophytic fungi have been demonstrated to 
confer benefits to their grass hosts, notably through insect 
resistance/ repellence due to the production of alkaloids (see 
reviews by Malinowski & Belesky 2000; Schardl et al. 2004). 
These associations have widely been regarded as mutualistic, 
but a meta-analysis of grass-endophyte literature suggests that 
the degree of mutual benefits is conditional on environmental 
factors like nutrient availability (Saikkonen et al. 2006).

The accumulation of alkaloids in plant tissues varies considerable 
in the field with season, weather and management, but there 
have been surprisingly few controlled studies of the effects of 
individual environmental components on alkaloid accumulation. 
In tall fescue, alkaloids were increased at elevated N availability, 
especially under moderate water stress (Arechevaleta et al. 1992), 
but in L. perenne Hunt et al. (2005) found N decreased alkaloid 
concentrations. Moderate phosphorus supply has been reported 
to increase ergot alkaloid concentration in tall fescue, but high P 
supply reduced its concentration (Malinowski et al. 1998). How 
carbohydrate content of the new “high sugar” grass cultivars effects 
alkaloid production and fungal concentration, to our knowledge, 
has been first reported by our group (Rasmussen et al. 2006).

One of the major difficulties encountered in previous studies has 
been assessing the concentration of the fungus, as it is necessary 
to address whether an environmental factor alters alkaloids by 
altering metabolism, or by altering the concentration of the 
fungus. In the present study we used qPCR to estimate fungal 
concentrations in infected plant tissues.

The N. lolii/ ryegrass association prevails in some of the most 
fertile, productive temperate grassland regions, typified by New 
Zealand. It is important to confirm whether recent trends for 
greatly increased use of N and P fertiliser, and the introduction 
of novel traits such as “high sugar” grass cultivars, will lead to 
sufficiently retained benefits of the association. 

Materials and Methods
Experiment 1 (nitrogen)
The fundamental design of the experiment was a 3-way ANOVA 
comprising 2 grass cultivars (AberDove, Fennema), four 
endophyte treatments (CS, AR1, AR37 and ‘Nil’) and two levels 
of N supply (9 mM, 2.25 mM). A total of 160 pots (10 replicates 
x 2 cultivars x 4 endophytes x 2 levels of nitrogen x 2 genotypes 
per pot) representing 320 genotypes were kept in 2 climate 
chambers in a random set-up. Material analysed represents leaf 
blades cut at 6 cm above ground. Real-time PCR and alkaloid 
analysis and statistical methods have been described in detail in 
Rasmussen et al. (2006).

Experiment 2 (phosphorus)
The fundamental design of the experiment was a 4-way 
ANOVA comprising 2 grass cultivars (AberDart, Fennema), 
3 endophyte treatments (CS, AR1 and ‘Nil’), 3 mycorrhizae 
treatments (Glomus mosseae, G. intraradices and ‘Nil’, analysis 
will be reported elsewhere) and 2 P treatments (2 mM and 0.05 
mM KH2PO4 (K-Pi)). A total of 360 genotypes (10 replicates 
x 2 cultivars x 3 endophytes x 2 levels of phosphorus x 3 
mycorrhizae) were grown in pots (one plant per pot) containing 
pre-washed and steam autoclaved sand. The pots were randomly 
arranged in a climate chamber, fertilised by adding 30 ml P-
free Hoagland nutrient solution and watered at 2-day intervals. 
Plants were harvested after 12 weeks and separated into blades, 
pseudostems and roots, frozen in liquid nitrogen, freeze dried, 
and ground. Endophyte concentrations in pseudostems were 
estimated by quantitative real-time PCR (qPCR) of genomic 
DNA as described by Rasmussen et al. (2006). The data were log 
transformed and statistically analysed using GenStat v.9. 

Results and Discussion
Endophyte concentration in plant tissue
The concentration of endophyte in the harvested plant material is 
expressed as the number of copies of each of two fungal specific 
genes (chitinase and NRPS-1, experiment 1; NRPS-1, experiment 
2) per total (plant and fungus) genomic DNA. The main effects 
of sugar cultivar and nitrogen availability on the concentration 
of endophytes are shown in Fig. 1 a, b. Copy numbers of both 
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endophyte genes, chitinase A and NRPS-1, were substantially 
reduced in AberDove-HSG compared to Fennema (P<0.001). 
Copy numbers of these two genes were also substantially reduced 
in plants supplied with high levels of nitrogen (P<0.001). 

The main effects of sugar cultivar and phosphorus availability 
on the concentration of endophyte are shown in Fig. 2 a, b. Copy 
numbers of NRPS-1 were reduced in AberDart-HSG compared 
to Fennema (P<0.001) and were also substantially reduced in 
plants supplied with K-Pi (high P availability, P<0.001).

Changes in alkaloid concentration could arise by ‘dilution’, 
if an environmental factor (such as N and P) stimulated the 
growth of the grass plant more than it stimulated the growth of 
the fungus. The 50% (both at high N and P) overall reduction in 
fungal concentration could be consistent with a ‘dilution’ effect, 
presuming a doubling of grass growth and no change in fungal 
growth. But ‘dilution’ is an unlikely explanation for the effects 
of the high sugar cultivar on fungal concentration, as differences 
in growth between these cultivars and Fennema are known 
to be small (Smith et al. 2002).  However, in the case of both 
high nutrient supply (N or P) and sugar, changes in endophyte 
concentration could arise at an organ scale if these factors 
altered the proportion of new leaves and whole tillers that were 
successfully colonised.

Alkaloid concentration in plant tissue
The main effects of sugar cultivar and nitrogen on the 
concentration of alkaloids peramine and lolitrem B are shown 
in Fig. 3 a-d. The alkaloid peramine is produced only in plants 
infected with CS and AR1 endophytes. Peramine concentrations 
were significantly reduced in AberDove-HSG compared to 
Fennema (P<0.001) and under high nitrogen compared to low 
nitrogen (P<0.001). There were no significant interactions and 
no significant effect of endophyte strain (CS, AR1) on peramine.

Lolitrem B and ergovaline are produced only in plants infected 
with CS endophyte. AberDove had a lower concentration of 
lolitrem B than did Fennema (P<0.05) and nitrogen (P<0.01) 
reduced the concentrations of lolitrem B in CS infected 
ryegrasses. There was no significant interaction. There were no 
significant effects of cultivar, nitrogen or their interaction on the 
concentration of ergovaline (not shown as graph).

Janthitrems are produced only in plants infected with AR37. 
They followed the same general pattern as peramine and lolitrem 
B, being significantly lower in AberDove-HSG than in Fennema 
(P<0.01) and in high N compared to low N (P<0.001) (not shown 
as graph). There was no significant interaction.

Relationship between endophyte and alkaloid concentrations
Factors such as cultivar (high sugar trait), or N supply, could alter 
the production of alkaloids either by altering the concentration of 
fungus per se, or by altering the rate of alkaloid production per 
unit endophyte. In Figures 1 and 3 there appears to be a similar 
trend in the way cultivar and N affect both endophyte and alkaloid 
concentrations. To examine this further, the two highly correlated 
estimates of endophyte concentration (copy numbers of NRPS-
1 and chitinase; Pearson correlation coefficient 0.905, P<0.001, 
R2=0.7752) were condensed to a single principal component 
(1st PC accounts for 95% of the total variance, both genes load 
positively and strongly onto PC-1) and alkaloid concentrations 
were regressed against PC1. In all cases except ergovaline, the 
regression was highly significant (Fig. 4).

One study (Spiering et al. 2005) reported only a weak 
relationship between alkaloid and endophyte concentration 
(assessed using the GUS reporter gene) in a comparison between 
clonal populations of three plant genotypes selected for different 
endophyte content and distribution. In that study, much of the 
variation in endophyte content was between different tissues and 
tissue ages. In our present study, the variation in alkaloid and 
endophyte content comes from differences between genotypes 
within and between cultivars, and represents alkaloid and fungal 
concentrations in tissues of overall similar age. This may provide 
a more general representation of endophyte/ grass population 
responses to external environmental factors.

Not only does qPCR enable us to quantify endophyte content 
more widely, it also allows us to reconsider the scale of the 
contribution of the endophyte to metabolism and gene expression 
in the association. Based on the comparison of total amounts of 
DNA, it is often argued that the endophyte represents only 0.5 to 
2% of the association; however, the haploid N. lolii genome is 
very small (38 Mb) compared with the diploid ryegrass genome 
(6.18 x 103 Mb). Our results show that in leaf blades the ratios of 
fungal compartments (one gene copy = one fungal compartment) 
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to plant cells may be as high as 1:2 to 1:6. The plant genome 
codes for 10000 to 60000 genes (Messing et al. 2004) but 
likewise the genome of the fungus Neurospora crassa (40 Mb, 
similar to N. lolii), also codes for 11000 genes (Mannhaupt et al. 
2003). The relatively high ratio of potentially expressed fungal 
genes suggests a more substantial contribution for the fungus 
in the association than has previously been perceived, and re-
emphasises the importance of a quantitative estimation of fungal 
concentrations if metabolic interactions between both organisms 
are to be interpreted.
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