
Phosphorus induced changes in 
food quality enhance porina fitness 
feeding on Epichloë endophyte free 
forage grasses
Katrin G. Hewitt 1,2, Rainer W. Hofmann2, Olivier J. Ball3, Sarah C. Finch1,  
Racheal H. Bryant2 & Alison J. Popay1

The increasing expenses and environmental repercussions associated with phosphorus (P) fertiliser 
underscore the necessity for precision-managed application methods. These changes affect pastoral 
systems, where cool-season grasses like perennial ryegrass and meadow fescue form beneficial 
relationships with Epichloë endophytes. Understanding how fertilisers influence these endophytes, 
host grasses, and insect pests is crucial, as Epichloë endophytes enhance resistance to some 
herbivorous insects. This study examined the indirect impact of various P fertiliser regimes on cool-
season grasses, which serve as food sources for porina larvae (Wiseana copularis), a significant pasture 
pest in New Zealand. Endophyte-infected (Epichloë sp. LpTG-3 strain AR37) perennial ryegrass and 
meadow fescue infected with E. uncinata (strain MaxR (AR1017)), alongside their endophyte-free 
counterparts were grown in P-enriched soil with varying Olsen P levels (9, 18, 28, and 78 mg/L). 
Freeze-dried foliage was added to semi-synthetic diets and fed to porina larvae in a no-choice assay. 
Measurements included diet consumption, porina survival, weight gain. Measurements in foliage 
included fungal alkaloid concentration, fungal biomass, and plant nutrient levels. Endophyte infection 
of AR37 and MaxR significantly reduced porina diet consumption, larval weight gain and survival 
irrespective of soil Olsen P levels to the plant. Loline alkaloid concentration in MaxR-infected herbage 
increased with increasing soil Olsen P levels while fungal mass remained unchanged. In endophyte-free 
grasses, porina larvae significantly increased their diet consumption, weight gain and survival as the 
Olsen P level available to the host plant increased. While endophyte strains AR37 and MaxR continue 
to protect their hosts under different Olsen P regimes, these results suggest that the improved 
performance of porina on endophyte-free plants is largely driven by P-induced changes in food 
quality. Here, we discuss the implications of porina damage in New Zealand pastures in the context of 
decreasing P availability.
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Effective nutrient management in crops, including pastures, is vital for sustained farming success, soil fertility, 
and profitability. While New Zealand’s pasture-based farming is cost-effective, fertiliser expenses represent 
a significant portion of milk and meat production costs1. Phosphorus (P), is an essential macronutrient for 
plant growth, including in pasture systems, where adequate P fertiliser is essential for optimising grass yield 
and improving forage quality. However, its widespread use to meet global food demands not only raises 
environmental and economic concerns2, its effects on herbivorous insects in pasture systems are not well 
understood. Some studies suggest that fertilisation enhances plant growth, which may increase herbivore 
performance due to higher plant quality or biomass3,4. Conversely, higher P availability may also reduce insect 
performance5 demonstrating that interactions among plants, insects, and their environment are complex and 
influenced by multiple factors. This complexity in pastures is further compounded by the presence of fungal 
endophytes of the genus Epichloë within cool-season grasses of the Poaceae family. These seed-transmitted 
asexual Epichloë endophytes can form mutualistic relationships with cool-season grasses including perennial 
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ryegrass (Lolium perenne L.) and meadow fescue (Festuca pratensis Huds.) which naturally host the endophytes, 
E. festucae var. lolii and E. uncinata  respectively6. The endophyte benefits from its host by receiving shelter, 
nutrients, and a means of transmission. In return, the plant gains protection against biotic stresses, including 
insects, mammalian herbivores, pathogens, and nematodes, as well as increased resilience to abiotic stresses 
such as drought and nutrient deficiencies7,8. Plants hosting an asexual Epichloë endophyte gain resistance to 
some herbivorous insects primarily due to the synthesis of alkaloids with antifeedant and/or toxic properties9. 
In perennial ryegrass, for instance, Epichloë endophytes can produce three compound classes: ergot alkaloids 
(e.g., ergovaline), indole diterpenoids (e.g., lolitrem B, epoxyjanthitrems (EJ)), and the pyrrolopyrazine alkaloid 
peramine. Meadow fescue and tall fescue endophytes produce another compound class called lolines, including 
N-acetylloline (NAL), N-acetylnorloline (NANL), and N-formylloline (NFL), which are particularly efficient 
in combating herbivorous insects10,11. All of these alkaloids exert diverse effects on herbivorous insect pests 
and/or grazing animals. Whereas ergot alkaloids and certain indole diterpenoids in perennial ryegrass affect 
both ruminants and some insects, pyrrolopyrazine and loline alkaloids have no impact on grazing ruminants12, 
while still serving as deterrents or even toxins to insect pests6. Perennial ryegrass strain Epichloë LpTG-3 AR37 
produces complex EJ alkaloids (epoxyjanthitriol, EJ I, EJ II, EJ III, EJ IV) that provide resistance to porina13,14. 
Several insect pests are affected by AR37 but the chemical basis for those effects have not been elucidated. 
AR37 reduces risk to grazing mammals in comparison to the naturally occurring perennial ryegrass endophyte 
(commonly called NZCT, wild type, standard endophyte)8,15.

Understanding the variability among Epichloë strains, their bioactive alkaloids, distribution within the plant, 
and their effects on insects, presents an opportunity to selectively choose strains with a favourable chemical profile 
that address animal health concerns while safeguarding plants against insect pests. Such selected endophytes are 
employed in pest management strategies within farming systems and turf applications and are identified as 
an essential component for pasture longevity in various regions of New Zealand6,16. However, environmental 
changes such as fertiliser input can alter the relationship between Epichloë endophytes and its host grass5. For 
example, P fertiliser can impact a plant’s synthesis of secondary metabolites, which play important roles as 
defence mechanisms against herbivores17. Such changes in P levels have the potential to modify the inducibility 
or effectiveness of chemical defence metabolites, consequently affecting the plant’s resistance to herbivores18. 
Such impacts on insect resistance might also be observed in commercially available Epichloë strains, such 
as AR37 and MaxR, which have demonstrated effectiveness against New Zealand’s endemic porina larvae 
(Wiseana spp., Lepidoptera: Hepialidae). These larvae cause significant damage to both natural and managed 
pasture ecosystems14,19–22. The larvae of two out of the seven closely related moth species W. copularis and W. 
cervinata23 are known pests of cultivated grasses and legumes, particularly in the cooler and lower regions of 
the North Island and various areas of the South Island23–25. The impact of porina on pasture productivity, forage 
quality, and persistence is estimated to cause a financial loss of NZ$84 M pa26. Porina have one generation per 
year during which the short lived adult moths do not feed. Adult moths emerge from spring to early autumn 
depending on the species and female moths can scatter over 3000 eggs/female when flying over pastures26. After 
hatching, larvae live on the surface initially for approximately 6 weeks before they construct vertical burrows up 
to 30 cm deep27,28. They can cause considerable damage by either severing grass tillers at the base of the plant 
or by pulling down low-lying leaves and dragging them into their burrows29. At densities below 40 larvae/m2, 
porina damage causes pasture production losses while densities above 40  larvae/m2 lead to overgrazing and 
subsequent plant mortality26. In the field, porina populations are naturally regulated by pathogens30. However, 
soil cultivation can disrupt these insect-pathogen associations, leading to increased porina populations and 
subsequent plant damage in pastures aged 2–4 years26.

Although the significance of P fertiliser and Epichloë  endophytes for pasture production and persistence 
is widely recognised, the implications of their interactions for herbivorous insects have not been extensively 
studied. Soil fertility and nutrient availability not only directly impact plants but also have indirect effects on 
insect herbivores31,32. For example, variations in nutrient availability to plants can result in suboptimal nutrient 
content for consumers33. The interactions between insects and fertiliser application often yield contradictory 
results. Many studies suggest a positive effect of fertiliser applications on insects34,35, while others indicate 
negative effects36,37, or no effect at all38,39. The majority of studies have focussed on nitrogen (N) as it is generally 
accepted to be the limiting factor for insect development and plant growth40. Therefore, it is not unexpected that 
most studies on the response to fertiliser and herbivores in Epichloë infected grasses have also focused on N41–44. 
Tall fescue (Lolium arundinaceum Schreb.) Epichloë endophytes can enhance soil nutrient absorption, aiding in 
low-fertility soil adaptation45–49. It has been shown that in certain plant genotypes, ergot alkaloid concentrations 
may rise with increased P availability, whereas in others, they might decrease45,50.

The impact of changes in nutrient and alkaloid concentrations in pasture grasses on herbivorous insects has 
only been hypothesised and little information is available. Understanding how soil nutrient availability alters 
the interaction between plants and herbivores is needed to determine the impact of reduced nutrient availability 
on pastures and the ability of the endophyte to protect against herbivorous insect pests. Here, we report on the 
interactions between porina performance and availability of soil P measured as Olsen P in perennial ryegrass 
and meadow fescue infected with endophytes. Specifically, we sought answers to the following questions:

	 i)	� How do different P fertiliser regimes interact with endophyte-infected perennial ryegrass and meadow 
fescue to impact the survival and growth of porina larvae?

	ii)	� Is the endophyte able to protect plants grown at different P fertiliser regimes against porina larvae?
	iii)	� Can endophytes protect against porina in a changing environment in which P might be limited?
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Material and methods
To compare the effect of P fertiliser on porina performance, a fully randomised no-choice bioassay was conducted 
where 3rd instar porina larvae were fed with semi-synthetic diets containing freeze-dried foliage. The design 
consisted of a 2 × 2 × 4 factorial with two pasture species, two endophyte associations, four P environments and 
15 replicates (n = 240 experimental units). The 2 × 2 endophyte-grass associations included perennial ryegrass 
(PR) cultivar Ceres One50 infected with Epichloë LpTG-3 strain AR37 (PR-AR37) and endophyte-free (PR-Nil); 
meadow fescue (MF) cultivar Oakdon infected with Epichloë uncinata strain MaxR (AR1017, MF-MaxR) and 
endophyte-free (MF-Nil). The grasses were grown in soil with four Olsen P treatments (target Olsen P values 
of 9, 18, 28 and 78 mg/L). These Olsen P levels were chosen to represent the range commonly found in New 
Zealand pasture systems. The study took place over three weeks in January 2024 at the AgResearch Ruakura 
Agricultural Centre (lat: − 37° 46′ 17.23" S; long: 175° 18′ 22.24" E), Hamilton, New Zealand. The study complies 
with local and national guidelines and regulations.

Plant material
Seeds were sourced from the Margot Forde Germplasm Centre, AgResearch, Palmerston North. Two hundred 
seeds per endophyte–grass associations (PR-AR37, PR-Nil, MF-MaxR, MF-Nil) were sown in 12 × 12 plastic 
propagation trays (40 × 40 × 5 cm), with one seed per plug placed in standard seed raising mix (Daltons™) and 
germinated under glasshouse conditions. The viable endophyte infection frequency was confirmed at the 6–10 
tiller stage using the tissue print immunoblot method51. In this method, grass tillers are cut at the base and 
lightly pressed onto a nitrocellulose membrane. This transfers fungal proteins onto the membrane, which is 
then developed using Epichloë-specific antibodies. The antibodies bind to the fungal proteins, and the resulting 
blots are stained red, indicating the presence of endophyte infection within the tissue. Plants with ambiguous 
immunoblot results were checked by microscopy of leaf sheath material52. Plants with the appropriate endophyte 
status were transplanted into pots containing New Plymouth brown loam (39°00′55.8"S 174°11′47.6"E) that had 
been previously manipulated to achieve different soil Olsen P levels by mixing weighed P fertiliser (Ca2(PO4)2, 
Sigma Aldrich, USA). Olsen P levels were 9, 18, 28, and 78 mg/L. A soil subsample from each pot was taken and 
bulked within each Olsen P treatment and analysed for its nutrient content before planting. Further details of 
the experiment set-up are described in Hewitt, et al.5. Plants were left to establish in a glasshouse for five months 
and were maintained with regular watering and trimming. At five months plants were retested for endophyte 
presence using the tissue immunoblot method. The foliage was trimmed into two sections; 10 cm above the soil 
surface (mainly leaf blade) and soil surface to 10 cm (mainly pseudostems), using sterilised scissors (dipped into 
70% ethanol between plants to avoid cross contamination of potential plant diseases), individually bagged, and 
immediately frozen to −20 °C for subsequent freeze drying and weighing.

Chemical analysis
Endophyte-derived alkaloid concentrations were assessed in the leaf and pseudostems of 20 replicate plants 
infected with endophyte strains AR37 and MaxR, cultivated across the four Olsen P levels (n = 320 experimental 
units). Foliage samples were freeze-dried at ambient temperature and under a vacuum of −0.4 mbar (Christ, 
Alpha 1–2 LDplus, Germany), then ground to a fine powder for 5 min at 1500  rpm to ensure homogeneity 
(GenoGrinder, HG-600, USA). Epoxyjanthitrems were extracted in the AR37-infected perennial ryegrass plants 
following the methods described in Popay, et al.53. Epoxyjanthitrems were extracted from 20  mg of ground 
herbage using a 1:4 water–acetone solution (1 mL) and mixed at 30 rpm for 1 h. Following centrifugation (5 min 
at 5600 g, Eppendorf, Hamburg, Germany), the extract was shielded from light to maintain stability and analysed 
using HPLC. Quantification was carried out using a reference standard (N-benzyl-1,8-naphthaleneimide, 5 mg/
mL) that had been validated against pure epoxyjanthitrem I. Separation was performed on a Prodigy ODS C18 
column (250 × 4.6  mm, 5  µm) with isocratic elution (1:19 water-acetonitrile, 1  mL/min), and detection was 
achieved using fluorescence (excitation at 333 nm, emission at 385 nm). For the loline analysis of MaxR plants, 
50 mg of freeze-dried plant material was weighed into 2 mL screw cap vials and analysed following the method 
outlined by Ueno, et al.54. Plant material was extracted for 1  h with 50 μL of 40% methanol, 5% ammonia, 
and 1  mL of 1,2-dichloroethane containing 54.8  ng/mL 4-phenylmorpholine as an internal standard. After 
centrifugation (8,000 g, 5 min), the supernatant was filtered (10 μm) into glass GC vials. Analysis was performed 
using a GC-FID (GC2010Plus, Shimadzu, Japan) with a ZB-5 capillary column (30  m × 0.32  mm × 0.25  μm; 
Phenomenex, USA). The limit of detection for each analyte was determined to be 0.1 µg/g.

Fungal mass in AR37 and MaxR infected leaf and pseudostem was determined by ELISA whereby plates 
were coated with E. festucae var. lolii antigen and 1% Bovine serum albumin as a blocking agent55. Samples 
were quantified using standard curves prepared with E. festucae var. lolii endophyte standard. The presence 
of endophyte in herbage sample extracts was indicated by inhibition of specific E. festucae var. lolii antibodies 
binding to the coating antigen which was determined using a commercial anti-rabbit-horseradish peroxidase 
enzyme (HRP) conjugate and tetramethylbenzidine (TMB) substrate for HRP. Curve fits of mean absorbance 
versus the log of the analyte concentration were performed by a four-parameter curve fit and results were 
reported as E. festucae var. lolii immunoreactive equivalents (IRE) in µg/mg dry weight.

The foliage was analysed for its nutrient content with four replications per treatment combination (4 × grass-
endophyte associations, 4 × Olsen P levels, with four replications equals 64 experimental units). To obtain 
sufficient plant material (500  mg/sample) each replicate consisted of bulked material from three individual 
plants (leaf + pseudostem) that were randomly selected. The nutrient content was analysed using a commercial 
service provider (Hill Laboratories, PWetFeed, tc, BP). Summarising nitrogen and carbon concentrations were 
determined using the Dumas combustion method (Elementar VarioMAX Combustion Analyzer Microwave), 
while P, sulphur, boron, and other metals were analysed via ICP-OES from the basic plant digest56.
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Porina larval rearing
Twenty-five female porina moths (Wiseana copularis) were collected in December 2023 near Mosgiel, in 
the South Island of New Zealand, using an incandescent light as an attractant. The species was identified by 
examining the bursa copulatrix of the female moth24. Moths were housed overnight in 60 mL specimen vials to 
allow the female moths to lay their eggs. The porina eggs were transported to AgResearch, Ruakura Research 
Centre, Hamilton, New Zealand, where they underwent surface sterilisation for 2 min using a 1 mL/L copper 
oxychloride solution57. Following sterilisation, the eggs were placed in Petri dishes lined with moist filter paper 
(Whatman, grade 3, 9 cm diameter) and left to hatch at 18 °C. The hatched larvae were then transferred into 
rectangular plastic containers (1000 mL) filled with fine bark chips (Garden Highlights, 15–25 mm). Larvae, 50 
per container, were fed weekly with a semi-synthetic diet58. To prepare the diet, 12 g of agar, 0.5 g of sorbic acid, 
1 g of methyl-p-hydroxybenzoate, and 300 mL of distilled water were boiled, then cooled to 70 °C. After adding 
16 g of powdered brewer’s yeast, 1.6 g of ascorbic acid, and 100 g each of blended white clover and carrot, the 
mixture was poured into Petri dishes and refrigerated. The diet was cut into small pieces and evenly spread over 
the surface of the bark. Containers were loosely covered with black plastic and kept at 18 °C with a 16:8 h light: 
dark regime for 2.5 months.

Semi-synthetic diet
For the porina larval bioassay, foliage leaf and pseudostem samples were bulked according to treatment 
combinations (80 plants per treatment combination) and ground to a fine powder for 5 min at 1500 rpm to 
obtain homogenous samples (GenoGrinder, HG-600, USA). This was done to create sufficient plant material to 
prepare semi-synthetic insect diets. Fresh carrot (218.7 g) was blended with 375 mL of Milli-Q water and then 
strained through a 1 mm sieve to obtain 328.1 mL of carrot juice. This carrot juice was combined with 5.4 g of 
agar (Oxoid, Thermo Fisher) and heated in a microwave oven until it reached boiling point. To prevent the agar 
from setting, the mixture was kept warm in a water bath. Sixteen batches of carrot-agar diet, each weighing 
13.5 g, were weighed out separately into warm glass beakers. To each beaker, 1.5 g of bulked ground, freeze-dried 
grass was added and thoroughly mixed before being poured into a 9 cm Petri dish and smoothed flat. The Petri 
dishes were then wrapped in tin foil to exclude light and chilled to 4ºC to minimise alkaloid degradation. In this 
way, diets were prepared weekly for 3 weeks. Plugs (180 mg ± 20 mg) of 6 mm diameter were extracted from the 
set agar using a cork borer.

Larval bioassay
To compare the effect of the P fertiliser on porina development, a fully randomised no-choice bioassay was set 
up with the four Olsen P treatments, and four endophyte-host associations with 15 replications each (n = 240 
experimental units). Porina larvae (2.5 months old, weighing between 10 and 40 mg) were selected from the 25 
parent moths. Each larva was visually inspected for injuries and healthy-looking larvae were weighed and assigned 
to each replicate across all treatment combinations such that each porina larva across the different replicates had 
a similar weight (4 decimal points). Larvae were starved overnight before the start of the experiment. Within 
each replicate, larvae were randomly assigned to a treatment. Individual larvae were placed into plastic specimen 
containers (70 mL) three-quarters filled with fine bark chips (Garden Highlights, 15–25 mm). Larvae were fed 
the semi-synthetic diet plugs from each treatment. Diets were changed in each larval container on days 4 and 7 of 
each week. Diets were stored at 4 °C between changes. Consumption was assessed by measuring the difference in 
diet weight between changes. Larval weights were recorded at the end of the 3-week trial allowing the calculation 
of their growth. The bioassay was conducted in a controlled environment (CE) room at 18 °C with a 16:8 h 
light:dark regime. Specimen containers were placed into polystyrene trays loosely covered with black polythene 
excluding light to minimise the degradation of fungal alkaloids.

Statistical analysis
Data on diet consumption, weight gain, and survival were analysed using a 3-way analysis of variance (ANOVA) 
blocked by replicate, with treatment factors plant-endophyte association (MF-Nil, MF-MaxR, PR-Nil, PR-AR37) 
and Olsen P (9, 18, 28, 78 mg/L). Loline and EJ concentrations and fungal mass were analysed using linear 
mixed models (LMM), with endophyte/grass association (PR-AR37, MF-MaxR), and Olsen P (and plant part 
(leaf, pseudostem) as fixed effects. Foliage nutrient content was analysed using unbalanced ANOVA because of 
an uneven number of replications. Where necessary, all variables were log or square root transformed to ensure 
variance stabilisation. For data presentation all transformed data were back-transformed. Graphical model 
validation tools such as residual plots, standardised residuals versus the fitted values, and quantile–quantile 
plots, were used for the model’s validation. For a graphical presentation of the nutrients in foliage, a principal 
component analysis (PCA) was performed using the Data integration app59. In all analyses, the significance was 
assessed by applying a multiple-comparison procedure using Fisher’s protected least significant difference test. 
All other analyses were carried out using the GenStat 22 statistical software package60. All graphs were generated 
using SigmaPlot 14.0 (Systat Software Inc.).

Results
Bioassay
In a significant 3-way interaction, diet consumption, porina weight gain and survival were significantly affected 
by endophyte status and the availability of soil Olsen P to the host plant (Fig. 1). Porina consumed less diet when 
feeding on diets containing endophyte strains MaxR and AR37 in comparison to diets containing endophyte-
free plant material (F9,1308 = 2.32, P < 0.05, Fig.  1a). In endophyte-free plants (PR-Nil, MF-Nil) porina larvae 
increased their feeding with increasing Olsen P availability to the host plant (P < 0.05). In PR-Nil, porina larvae 
fed 20% more on diets containing plant material grown at an Olsen P level of 78 mg/L in comparison to plants 
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grown in soils with an Olsen P level of 9 mg/L (Fig. 1a). Such feeding increase with increasing soil Olsen P 
was not observed in diets containing endophyte strains MaxR and AR37. Similarly, porina gained significantly 
more weight when feeding on endophyte-free diets in comparison to their endophyte-infected counterparts 
(F9,239 = 2.29, P < 0.001, Fig. 1b). In PR-Nil porina gained 43% more weight when feeding on diets containing 
plant material grown in soil with an Olsen P level of 78 mg/L in comparison to diets containing an Olsen P 
level of 9 mg/L (Fig. 1b). The presence of endophyte strains MaxR and AR37 resulted in lower survival rates of 
porina compared to their endophyte-free counterparts (F9, 239 = 5.9, P < 0.001, Fig. 1c) with respective mortality 
of 75% and 86% compared to their endophyte-free counterparts. Porina survival was not impacted by increasing 
soil Olsen P in AR37 and MaxR-infected plants. In PR-Nil diets, porina survival was 30% higher when feeding 
on diets containing plant material grown in Olsen P level of 78 mg/L in comparison to diets containing plant 
material grown in Olsen P level of 9 mg/L (F9, 239 = 5.9, P < 0.001, Fig. 1c).

Fig. 1.  Diet consumption (mg/larva) (a), larval weight gain (mg/larva) (b), and larval survival (%) (c) of 
porina (Wiseana copularis) after a 3-week long bioassay feeding on semi-synthetic diets containing perennial 
ryegrass foliage infected with Epichloë LpTG-3 strain AR37 (PR-AR37), meadow fescue foliage infected with 
Epichloë uncinata strain MaxR (MF-MaxR), or endophyte-free (MF-Nil, PR-Nil) in which plants grew in 
different Olsen P enriched soils (9, 18, 28, 78 mg/L). Error bars represent standard errors of the difference (± 1 
SED). Values labelled ns within a panel are not significantly different. Asterisk indicates significance difference 
between Olsen P level of 9 and 78 at α < 0.05 (Fisher’s protected least significant difference test).
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Fungal alkaloids and fungal mass
Loline concentrations (sum of NANL, NFL, NAL) in meadow fescue infected with endophyte strain MaxR 
and total EJ concentration (sum of epoxyjanthitriol, EJ I, EJ II, EJ III, EJ IV) in perennial ryegrass was higher 
in pseudostem than in leaf blade (Fig. 2a,c). In MaxR-infected plants, the total loline concentrations in both 
pseudostem and leaf increased with increasing soil Olsen P levels (F71.5, 11.03 = 3.68, P < 0.05, Fig.  2a). The 
concentration of total lolines in MaxR infected leaves and pseudostems were respectively 31% and 24% higher in 
plants grown in Olsen P level of 78 mg/L compared to Olsen P level of 9 mg/L (F71.5, 11.03 = 3.68, P < 0.05). Such an 
increase was not measured for the EJ concentrations in AR37-infected perennial ryegrass (Fig. 2b). The fungal 
mass in AR37 and MaxR infected plants did not change in response to soil Olsen P level (Fig. 2b, d).

Olsen P decreased the proportion of epoxyjanthitriol to total EJ concentration in AR37-infected perennial 
ryegrass (F94.1, 28.45 = 9.48, P < 0.001, Fig. 3a) with a 26% reduction from plants grown in Olsen P level of 9 mg/L 
to plants grown in Olsen P level of 78 mg/L. In contrast, there was a 19% increase in the proportion of EJ II 
to total EJ between plants grown in Olsen P level of 9 and 78 mg/L (F93.7, 15.7 = 5.23, P < 0.05). Similarly, Olsen 
P levels increased the ratio of NAL to total lolines in MaxR endophyte-infected foliage with a 20% increase 
between plants grown in Olsen P level of 9 and 78 mg/L (F77.1, 18.05 = 9.77, P < 0.001, Fig. 3b). In contrast, Olsen P 
decreased the ratio of NANL to total loline by 10% from Olsen P level of 9 to 78 mg/L (F103.8, 19.57 = 6.52, P < 0.001, 
Fig. 3b).

Nutrients
The foliage P and total carbon concentration in both perennial ryegrass and meadow fescue showed a positive 
relationship with soil Olsen P (Table 1). In contrast, the concentration of several other elements including N, K 
and Ca showed a negative relationship with increasing Olsen P levels in the growing medium (Table 1).

The presence of AR37 endophyte infection in perennial ryegrass had a notable impact on P concentrations, 
with higher levels measured in AR37-infected plants compared to endophyte-free plants (F3,31 = 5.24, P < 0.05). 
Such difference was not measured in endophyte-infected meadow fescue.

Fig. 2.  Total loline concentration (µg/g) (a) and fungal mass (µg/mg) (b) of meadow fescue pseudostem and 
leaf material infected with Epichloë uncinata strain MaxR and total epoxyjanthitrem concentration (µg/g) (c) 
and fungal mass (µg/mg) (d) in perennial ryegrass pseudostem and leaf material infected with Epichloë LpTG-
3 strain AR37 grown in different Olsen P enriched soils (9, 18, 28, 78 mg/L). Error bars represent standard 
errors of the difference (± 1 SED). Values with the same letter within a panel are not significantly different at 
α < 0.05 (Fisher’s protected least significant difference test).
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The PCA correlation structure of the traits is indicated by the directional vectors in the biplots (Fig. 4). The 
first (PC1) and second (PC2) principal components of the PCA explained 53.5% (PC1 = 33.9%; PC2 = 19.6%) of 
the variation in the data. The plot in Fig. 4a is separated by varying soil Olsen P levels and Fig. 4b is the same 
plot separated by Epichloë-host grass associations. PC1 separated the P soil fertility treatment where an Olsen 
P level of 78 mg/L (green) was on the negative side of PC1, and a low P Olsen P level of 9 mg/L (blue) was on 
the positive side (Fig. 4a). This signified PC1 as the “plant growth” axis, characterised by several important plant 
nutrients such as P, total carbon and N. Nitrogen and potassium content in the foliage decreased with increasing 
Olsen P levels. On the other hand, foliage P and total carbon concentrations increased with increasing Olsen P 
levels. The PC2 axis is classified as the host plant axis with a clear separation between meadow fescue (MF) and 
perennial ryegrass (PR)(Fig. 4b).

Discussion
This study has established a link between the indirect effect of soil Olsen P and associated changes in plant 
nutrient content, fungal endophytes, alkaloid production and native insect herbivory in high-value forage grasses. 
Phosphate concentration in soil, as measured by Olsen P, was positively related to porina diet consumption. 
Consequently, porina performed better when feeding on plant material grown in a high Olsen P environment. 
It is widely acknowledged that P fertilisers enhance photosynthesis in plants and physiological processes which 
leads to increased growth, higher protein content, and greater biomass61. It is also known that managing soil 
fertility can mediate the chemical composition of plants and their susceptibility to insect pests62. In our study, 
high soil Olsen P levels in endophyte-free perennial ryegrass and meadow fescue enhanced the porina weight 
gain and survival. Our study confirms that higher P levels in the soil generally lead to higher P concentrations in 
plant tissues, thereby making them potentially more nutritious for herbivorous insects63,64. While P concentration 
in plant tissue increases with increasing P fertiliser input, the concentration of N decreases with increasing P 
fertiliser averaging a 60% decrease from an Olsen P level of 9 mg/L to an Olsen P level of 78 mg/L. The reduction 

Fig. 3.  Proportion (%) of epoxyjanthitriol and epoxyjanthitrem II to total epoxyjanthitrem concentration in 
perennial ryegrass infected with Epichloë LpTG-3 strain AR37 (a) and % proportion of NAL and NANL to 
total loline concentration in meadow fescue infected with Epichloë uncinata strain MaxR (b) grown in different 
Olsen P enriched soils (9, 18, 28. 78 mg/L). Error bars represent standard errors of the difference (± 1 SED). 
Values with the same letter within a panel are not significantly different at α < 0.05 (Fisher’s protected least 
significant difference test).
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in N levels in the current study can be associated with the growth enhancement observed in high P plants5. In 
such cases, the plant utilises plant-available P (as measured in Olsen P), leading to a nutrient imbalance where 
N may become the limiting factor. Despite N often being reported to be the limiting factor for insect growth65,66, 
porina fitness peaked in high P plants where N was the lowest.

Certain nutrients, such as P and N, are crucial for insect development. For instance, holometabolous insects 
that undergo a complete metamorphosis, generally have greater P requirements compared to hemimetabolous 
insects67. This difference is likely attributed to the necessity of P-rich molecules, such as ribosomal RNA (rRNA), 
that are essential for growth. Consequently, these distinct P demands are expected to elicit varying responses to 
nutrient enrichment in different insect groups. Porina, a holometabolous insect, likely utilised higher P foliage 
concentrations leading to improved overall fitness in high P plants. This indirect influence of P fertiliser supports 
the ‘plant vigour’ hypothesis, which suggests that plants grown in nutrient-rich soils produce a high-quality 
biomass that attracts and benefits insect herbivores68,69. These benefits enhance food consumption, weight gain 
and survival69,70. However, the scientific literature on how fertilisers influence insect performance is inconsistent. 
For example, some studies including ours, suggest a positive effect38,71, others, no effect5,72,73, and some suggest 
a negative effect5,72,73. We believe that this inconsistency might be due to whether the insects were directly 
or indirectly exposed to the fertiliser. For example, in our study which showed a positive response in their 
growth patterns, porina caterpillars consumed P-enriched diets without any direct contact with the fertiliser. In 
contrast, Wang, et al.72 showed that wolf spiders (Pardosa pseudoannulata) responded negatively to P fertiliser 
incorporated into the soil, with higher mortality and lower reproduction immediately after adding the fertiliser72. 
Similarly, Hewitt, et al.5 showed that grass grubs (Costelytra giveni) performed worse when exposed to plants 
grown in the direct presence of P fertiliser. This direct impact contrasts with our study where the porina only 
encountered P in their herbivorous diet. Therefore, it is important to consider different mechanisms of exposure, 
whether through direct contact or dietary intake, when assessing the effects of fertiliser on herbivorous insects.

While porina feeding on diets containing endophyte-free plants exhibited increased fitness (weight gain 
and survival) when feeding on plants grown in rising soil Olsen P levels, this response was not observed in 
plants hosting Epichloë  endophytes. Certain endophytes, such as MaxR and AR37, confer resistance against 
herbivores through the production of secondary metabolites20–22. This study shows that regardless of the soil 
Olsen P levels used to grow the plants, endophyte infection sustained suppression of porina fitness in perennial 
ryegrass infected with AR37 and meadow fescue infected with MaxR. This highlights the efficacy of endophyte 
infection in providing herbivore resistance, irrespective of variations in soil nutrient levels and their linked plant 
nutrient compositions.

Phosphorus fertiliser can influence the synthesis of secondary metabolites in plants, which are essential for 
defending against herbivores, potentially altering the plant’s resistance to herbivore damage17,18. To the author’s 
knowledge, this study is the first to measure a response of loline concentration to P fertilisation of endophyte-
infected plants. The results indicate a positive correlation between foliage alkaloid concentrations and increasing 
soil Olsen P levels, while fungal mass concentrations remain constant. These results add new knowledge to 
previous research in which loline concentrations in endophyte-infected perennial ryegrass roots decreased with 

Fig. 4.  Biplot of a principal component analysis (PCA) of foliage (leaf + pseudostem) nutrients of perennial 
ryegrass (PR) and meadow fescue (MF) plants as a function (a) of growth in different Olsen P-enriched soils 
(9, 18, 28, 78 mg/L) and (b) of PR infection with Epichloë pTG-3 strain AR37 (PR-AR37) and MF infection 
with Epichloë uncinata strain MaxR (MF-MaxR), as well as grown endophyte-free (MF-Nil, PR-Nil).
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increasing soil Olsen P levels5. The decrease in alkaloid levels observed with increasing soil Olsen P levels was 
attributed to a mismatch between increased root growth and alkaloid translocation into the roots, resulting in 
a dilution effect in plants grown in high Olsen P environments5 (Fig. 5). The prevailing understanding suggests 
that when soil Olsen P levels trigger increased above-ground foliage production, only a portion of excess 
alkaloids is transported to the root tissue. This partial translocation may be due to limitations in the plant’s ability 
to efficiently channel higher alkaloid concentrations into the roots. Additionally, the lipophilic nature of certain 
alkaloids, such as EJs, hinders their water solubility and thus their movement across different plant parts74. These 
factors contribute to the complex distribution of alkaloids within plants, impacting their ecological performance. 
However, while this dilution and translocation effect may apply to root tissue, where fungal hyphae are absent, 
the concentrations of alkaloids in above-ground tissue are likely influenced by a different unknown mechanism.

Most studies on Epichloë endophyte-related responses to fertiliser and insects have focused on N since this 
element is an important constituent of fungal alkaloids42,75–77. The availability of soil N resources has been 
identified as a crucial factor that could modulate the effects of endophytes on host plant growth and the benefits 
conferred by fungal endophytes in protecting host plants against herbivores41,75,78. For example, N fertilisation 
resulted in a decrease in endophyte DNA, driven by nitrogen’s promotion of tillering and the initiation of more 
tillers lacking endophyte76. This reduction led to a dilution of fungal alkaloids in perennial ryegrass76, contrasting 
with the results from this study where fungal mass remained stable with different soil Olsen P levels while loline 
concentration increased. This may indicate different, non-linear responses of plants and fungi to nutrients or 
an interaction between soil and other environmental factors. However, a comprehensive understanding of how 
other key soil elements such as P influence plant and endophyte responses is poor. Epichloë endophytes have 
been connected to enhanced resilience against low P stress by managing the regulation of diverse metabolites 
and amino acid concentrations47. The availability of P has been proposed to affect the production of ergot 
alkaloids in endophyte-infected grasses, with high soil P levels potentially inhibiting the activity of the initial 
enzyme in the biosynthesis pathway79–81. Therefore, it may be expected that high P environments may decrease 
the effectiveness of ergot alkaloid defence compounds produced by certain endophyte strains. This was observed 
in a field study where P fertilisation increased native caterpillar (Paracles vulpina) density which was linked to a 
decrease in ergovaline production in endophyte-infected tall fescue50. In contrast to ergot alkaloids, this study 

Fig. 5.  Total epoxyjanthitrem concentration (µg/g) in (a) foliage and (b) roots in perennial ryegrass infected 
with Epichloë LpTG-3 strain AR37 and total loline concentration (µg/g) in (c) foliage and (d) roots in meadow 
fescue infected with Epichloë uncinata strain MaxR grown in different Olsen P enriched soils (9, 18, 28, 
78 mg/L). Error bars represent standard errors of the difference (± 1 SED). Root illustrations were modified 
from Hewitt, et al.5. Values with the same letter within each graph are not significantly different at α < 0.05 
(Fisher’s protected least significant difference test).
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showed increasing loline concentrations with increasing soil Olsen P levels indicating that high P environments 
would lead to increased effectiveness against herbivores.

Given the positive correlation between above-ground plant growth5and loline production measured in 
this study, we hypothesise that environments with higher soil P levels may induce a synchronised increase 
in metabolic activity in both plant and endophyte, which provides greater availability of precursors for loline 
production (e.g., L-proline and O-acetyl-L-homoserine), resulting in elevated loline concentrations without a 
requisite increase in the concentration of fungal biomass. These results are supported by previous studies which 
have shown that loline production is limited by the availability of precursors82. However, this hypothesis does 
not appear to apply to EJ concentrations, as they do not vary with increasing soil Olsen P levels. The underlying 
mechanism for this discrepancy remains to be investigated.

Furthermore, the proportion of epoxyjanthitriol to total EJ, as well as EJ II to total EJ, are influenced by changes 
in soil Olsen P levels. Specifically, epoxyjanthitriol decreases with increasing Olsen P levels, while the ratio of EJ 
II to total EJ increases. Similarly, the ratio of NAL decreases with increasing Olsen P. It may be that the increase 
of NAL with increasing soil Olsen P levels is due to the higher availability of plant enzymes that are required 
for the biosynthetic pathway from NANL to NAL83. Phosphorus availability may trigger metabolic adjustments 
within Epichloë endophytes. Changes in P availability can influence gene expression and metabolic pathways 
in fungi, potentially leading to alterations in nutrient acquisition, energy metabolism, or secondary metabolite 
production47. Alkaloids are affected by seasonal changes such as temperature13as well as other environmental 
conditions such as drought84. It is interesting to note that soil nutrient status can influence the relative abundance 
of specific alkaloid compounds, like lolines and EJ, albeit with relatively small fluctuations (approximately 5%). 
However, the prevailing view is that overall alkaloid concentrations are the primary determinant of herbivore 
feeding behaviour, rather than minor variations in individual compound proportions.

Pastoral farming application
Controlling porina in pastures poses economic challenges, particularly when dealing with large areas. A sustainable 
approach to porina management requires a combination of control strategies. The current primary method for 
controlling porina is through targeted applications of diflubenzuron, an insect hormone inhibitor that prevents 
larval moulting. While chemical control with diflubenzuron is relatively cheap at NZ$4.50/ha plus application 
cost85, it needs to be applied shortly before larvae moult. Therefore, optimal control using diflubenzuron requires 
a biological understanding of porina development86. Farmers often prefer organophosphate insecticides over 
diflubenzuron due to their simpler application requirements. Organophosphates, however, have broader 
environmental impacts affecting non-target insect species and increased safety risks to humans. As of now, 
there are no biological insecticides available against porina. However, research has shown promising results 
with the bacterium Yersinia entomophagaas a biological control agent87. Another control method is mechanical 
control. Porina inflicts the most significant damage during winter when pasture growth is limited. However, 
before reaching this stage, porina survival can be diminished by up to 70% through heavy grazing by livestock 
when larvae are young and situated near the surface in late summer26. Furthermore, incorporating other pasture 
species like cocksfoot, tall fescue, and lucerne can aid in pest control due to their tolerance to porina feeding26.

The availability of nutrients in the soil not only influences the extent of damage inflicted on plants by 
phytophagous insects but also impacts the plant’s ability to recover from herbivore injury88. The study’s findings 
indicating lower porina survival rates in a low soil Olsen P environment, suggest that porina are unlikely to 
cause further damage to pastures if P resources are diminishing and becoming less readily available. In New 
Zealand, the target Olsen P level for pastures can vary, although an Olsen P level of 20–30 mg/L is considered 
best for economic return89. On the contrary, it may be that P-fertilised pasture may increase porina performance 
in endophyte-free pastures, or in pastures infected with a non-loline/ EJ -producing endophyte strain. However, 
it is noteworthy that when soil nutrient levels are higher, plants are more likely to recover from herbivory. This 
is because increased nutrient availability accelerates the plant’s growth rate and facilitates easier recovery from 
injuries. This was observed in a glasshouse trial in which grass grub feeding did not affect pasture production of 
plants grown in soil containing Olsen P levels of 78 mg/L in comparison to grass grub feeding on plants grown 
in soil with Olsen P level of 9 mg/L5.

Furthermore, in porina-prone regions, endophyte strains like AR37 in perennial ryegrass or Happe in 
perennial ryegrass, as well as U2 in Festulolium, provide economic benefits and long-term protection from 
porina feeding90. These endophytes, through their production of bioactive compounds, contribute to the defence 
mechanisms of the grasses they inhabit, even in environments with varying P availability. This study confirms 
that endophyte strains such as AR37 and MaxR reduce porina feeding and hence plant damage20,22. This study 
also indicates that herbivorous insect feeding is more constrained by fungal endophyte-mediated plant defences 
rather than directly by P. Lolines are highly effective in reducing insect feeding, even in low concentrations. 
However, field trials manipulating plant-endophyte associations and soil nutrient levels are necessary since 
alkaloid concentrations are also highly dependent on environmental conditions42,91 and their associated impact 
on herbivorous insects.

Conclusion
This study investigated the intricate relationship between the availability of soil Olsen P levels to high-value 
forage grasses, fungal endophytes, and native insect herbivory. It demonstrated that increased soil Olsen P levels 
to perennial ryegrass and meadow fescue can enhance porina fitness. However, this response was mitigated 
in plants hosting loline or EJ-producing Epichloë endophyte strains, which sustained suppression of porina 
performance regardless of P fertilisation. These findings underscore the efficacy of endophyte infection in 
providing herbivore resistance, highlighting its importance in pasture management strategies. Furthermore, 
the study revealed contrasting responses in alkaloid production between endophyte-infected grasses and soil 
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Olsen P availability. While foliage loline concentrations increased with rising Olsen P levels, the mechanism 
driving this response is not fully understood. This study underscores the importance of considering both plant-
endophyte associations and soil fertility management in sustainable pasture management practices and the 
necessity for continued research to explore the intricate dynamics of plant-endophyte-herbivore interactions in 
pastoral agroecosystems.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author upon reasonable request.
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