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Abstract

The relationships of the distributions of the insect and mammalian mycotoxins, lolitrem B and ergovaline, and the insect-feeding

deterrent, peramine, with the distribution of fungal mycelium were investigated in three genotypes of perennial ryegrass (Lolium

perenne L.) infected with the endophyte Neotyphodium lolii. In planta levels and distribution of the endophyte and of the three alka-

loids were assessed in parallel, and different spatial or temporal concentration gradients were observed for each. Variation in the

tissue distribution of the endophyte accounted only for 20%, 6%, and 31% of the variation in ergovaline, lolitrem B, and peramine,

respectively. Alkaloid–endophyte ratios, determined in individual grass tissues, showed distinct in planta distribution patterns for

each alkaloid and differed in magnitude among genotypes. The ergovaline–endophyte ratio was higher in the very basal plant tissues

than in the apical tissues, while the lolitrem B and peramine ratios tended to be higher in apical tissues. The lolitrem B–endophyte

ratio increased with leaf age, while no consistent temporal trends were detected for the other alkaloids. The results indicate that

endophyte colonisation is a minor determinant of alkaloid levels, and that accumulation of the alkaloids relative to the endophyte

mycelium is affected by plant genotype and tissue in a manner specific to each alkaloid. Possible factors in the regulation of alkaloid

levels in the grass plant are discussed.
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1. Introduction

Neotyphodium lolii (Latch, Christensen, & Samuels)

Glenn, Bacon & Hanlin is a fungal endophyte symbiotic

with perennial ryegrass (Lolium perenne L.) (Christensen
et al., 1993). In this symbiosis, the biologically active
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alkaloids, ergovaline, peramine and lolitrem B, are pro-

duced (Fig. 1). The ergopeptine, ergovaline, and the in-

dole-diterpenoid, lolitrem B, have been associated with

toxic effects on mammals (Bush et al., 1997; Rowan,

1993; Tor-Agbidye et al., 2001) and insects (Ball et al.,
1997b; Prestidge and Gallagher, 1988). The pyrrolopyr-

azine alkaloid, peramine, deters feeding of the Argentine

stem weevil (Listronotus bonariensis), a major insect pest

on perennial ryegrass (Rowan, 1993). Despite the mam-

malian toxicities associated with ergovaline and lolitrem

B, endophyte infection is considered to provide a net

benefit in agricultural settings (Bacon, 1993; Bush
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Fig. 1. Structures of the alkaloids produced in N. lolii-infected perennial ryegrass.
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et al., 1997; Easton, 1999). Therefore, current strategies

for forage grass improvement focus on maintaining the
benefits of endophyte infection, while minimising nega-

tive effects caused by the accumulation of ergovaline

and lolitrem B. One approach has been the identification

of endophyte strains that do not lead to the accumula-

tion of these toxins in the host plant and inoculation

of these strains into endophyte-free grass plants (Bouton

et al., 2002; Tapper and Latch, 1999). Perennial ryegrass

cultivars infected with endophytes that do not produce
the mammalian toxins have been shown to be free from

animal toxicity and to maintain significant levels of

resistance to insect herbivory (Fletcher, 1999; Popay

et al., 1999).

An alternative approach is to manipulate the levels

and distribution of alkaloids in the plant, hence, the

balance between different alkaloid pathways in the sym-

biosis, by selection of suitable plant–endophyte associa-
tions. Genetic and in vitro studies have indicated that

the endophyte is the producer of all three alkaloids

(Gurney et al., 1994; Rowan, 1993; Scott, 2001). Both

plant genotype and tissue type influence endophyte

and alkaloid levels (Easton et al., 2002; Keogh et al.,

1996; Roylance et al., 1994), and some correlations be-

tween alkaloid levels and endophyte levels were sug-

gested by earlier studies (Ball et al., 1995; Easton
et al., 2002; Keogh et al., 1996). It is still unclear, how-

ever, whether alkaloid levels in the plant are simply a

function of the level of endophyte colonisation, or if

the plant genotype/tissue inhabited by the endophyte

has an influence on alkaloid levels, for example, by mod-

ulating alkaloid biosynthesis in the fungal mycelium or

alkaloid degradation and translocation. Until recently,

a lack of sensitive high-resolution methods for mapping
of endophyte and alkaloid distributions has prevented

researchers from addressing this key question. However,

such methods have now become available. Tan et al.

(2001) have shown that the in planta distribution of

endophytes transformed with a constitutively expressed

b-glucuronidase (GUS) gene (Jefferson, 1987) can be

precisely mapped with quantitative GUS activity assays.

We have also recently developed sensitive micro-scale
extraction methods for extraction and quantification

of ergovaline and peramine (Spiering et al., 2002) and
lolitrem B (Tapper and Latch, 1999). Here, we have

combined these methods to investigate the relationship

between alkaloid and endophyte levels. This study is

the first assessing the distributions of all of the major

alkaloids produced in N. lolii-infected perennial ryegrass

together with the distribution of the endophyte. Our

findings suggest that levels and distribution of the

endophyte is only a minor factor in determining alkaloid
levels in a given plant genotype or tissue.
2. Results and discussion

2.1. GUS activity is a quantitative indicator for endophyte

levels in different plant genotypes and tissues

Alkaloid levels in endophyte–grass associations are

affected by the plant genotype (Adcock et al., 1997; Eas-

ton et al., 2002). To represent different spectra of the

alkaloids in different endophyte–plant associations, we

performed a pre-screening. Tissue concentrations of

GUS activity, ergovaline, peramine, and lolitrem B were

determined in 15 genotypes infected by the GUS-trans-

formant KS1. Three genotypes, Nui D, Nui UIII, and
Nui UIV, showing distinct differences in alkaloid and

GUS activity concentrations (data not shown) were se-

lected for detailed dissection. To minimise environmen-

tal effects in the experiments, plants of the selected

genotypes were introduced into a controlled-environ-

ment cabinet.

As shown by Tan et al. (2001), GUS activity closely

follows the in planta distribution of KS1 hyphae in the
ryegrass genotype Nui D, suggesting that GUS could

be used as a quantitative marker for endophyte levels.

We confirmed this for all genotypes (Nui D, Nui UIII,

and Nui UIV) used in this study. We determined GUS

activity and endophyte levels (as hyphal counts in

cross-sections) in 29 tissues (sheath and blade from first

and third mature leaf) from all three genotypes. Linear

regression analysis indicated a first-order relationship



M.J. Spiering et al. / Phytochemistry 66 (2005) 195–202 197
between the two parameters (slope 0.955 ± 0.07; inter-

cept �0.0415 ± 0.158; r2 = 0.87; P < 0.0001; data were

log-transformed to normalise residuals), and no statisti-

cally significant differences in the GUS–hyphal ratio

were detected between genotypes or tissues (P > 0.05

for all t-tests).

2.2. Alkaloid levels are only weakly correlated with

endophyte levels and are influenced by plant genotype,

tissue position, or tissue age

Grass tillers were dissected into 16 different grass tis-

sues (Fig. 2), and the concentration of the endophyte

(measured as GUS activity concentration) and of the
three alkaloids assessed in each tissue. Alkaloid

and endophyte levels (Fig. 3) differed significantly (P <

0.01; ANOVA) between genotypes and tissues. The dis-

tributions of the endophyte and of the alkaloids fol-

lowed approximate basal–apical gradients regardless of

genotype. Similar endophyte and alkaloid gradients

have been observed in earlier studies of endophyte-in-

fected ryegrass (Herd et al., 1997; Keogh et al., 1996;
Lane et al., 1997; Tan et al., 2001) and tall fescue (Chris-

tensen et al., 1998; Siegel et al., 1984).

Linear regression indicated that levels of all alkaloids

were significantly (P 6 0.01) correlated with levels of the

endophyte. However, these correlations were weak: the

r2 values of the regressions indicated that the endophyte

accounted only for 20%, 5.7%, and 31% of the in planta

variation in ergovaline, lolitrem B, and peramine,
respectively.
Fig. 2. Schematic of the grass tiller dissection performed in this study.

Dashed lines indicate where leaves were cut for sampling. Leaf sheaths

are shown in light grey and leaf blades in dark grey. Emerging leaves

(at least 20 mm long; younger leaves were discarded) were classified

into two types, depending on their developmental stage; one type

consisted of blade only, and the other type of both sheath and blade.

Mid- and upper leaf blade sections were pooled from the two types of

emerging leaves. The mature leaves (1st to 3rd leaf) were separated into

sheath and blade, which were each further separated by a median cut

into lower and upper tissues. The stem consisted of the small (�5–10

mm long) basal region of the tiller bearing the leaves and roots. Scale

bar indicates only the dimension of the true stem.
The steepness of the endophyte gradients differed

from that of the alkaloid gradients and the steepness

of gradients varied between the alkaloids. For example,

ergovaline was more heterogeneously distributed in the

tiller than the endophyte, whereas peramine was more

homogeneously distributed than both ergovaline and
the endophyte. The in planta distribution of ergovaline

is of particular interest as there is little detailed informa-

tion about ergovaline distribution in the literature. Our

study shows for the first time that the highest levels of

ergovaline are consistently present in the actual stem tis-

sue, a tissue essential for growth and reproduction of the

grass plant, and also in the tissues immediately sur-

rounding it.
To quantify the relationship between alkaloid and

endophyte distributions, we determined alkaloid to

endophyte ratios in each tissue (by dividing the concen-

tration of each alkaloid in a tissue by endophyte concen-

tration in the same tissue). Each alkaloid–endophyte

ratio was significantly affected by genotype (P < 0.02,

<0.005, <0.05 for ergovaline, lolitrem B, and peramine,

respectively; ANOVA) and tissue section (P < 0.001 for
all three alkaloids; ANOVA). This suggested that alka-

loid–endophyte ratios were influenced by general geno-

type effects in all tissues and by general tissue effects in

all genotypes. Significant genotype-specific tissue-section

effects were also detected (determined as genotype · tis-

sue section interactions; P < 0.02, <0.005, <0.001 for er-

govaline, lolitrem B, and peramine, respectively),

indicating genotype-specific modifiers of the general tis-
sue-section effects. However, we found that these geno-

type-specific tissue effects (determined as SD; see

Section 4) were small: the SD was only 0.21, 0.16, 0.14

for ergovaline, lolitrem B, and peramine, respectively.

The general tissue-section effects across the three geno-

types were much larger, having an SD of 0.55, 0.59,

and 0.28 for ergovaline, lolitrem B, and peramine,

respectively.
The analysed grass tissues differed in relative (basal or

apical) position in the tiller and age (defined by leaf po-

sition in the tiller (Soper and Mitchell, 1956)). This al-

lowed us to determine if tissue effects could be broken

down into significant position effects and age effects, as

well as their magnitude. By ANOVA, we found signifi-

cant (P < 0.01) effects on all alkaloid–endophyte ratios

for tissue position and plant genotype. Leaf age had a
significant effect on the lolitrem B–endophyte ratio

(P < 0.001), but not on the ratios of ergovaline and per-

amine (P > 0.05).

The magnitudes of the effects of plant genotype, tissue

position, and leaf age on each alkaloid–endophyte ratio

are shown in Fig. 4. The ergovaline–endophyte ratio

showed a very heterogeneous vertical distribution. The

ratio was much larger in the stem than in the leaf tissues,
and also high in the lower leaf sheaths. This might indi-

cate lower mobility of ergovaline and higher rates of



Fig. 3. Distributions of the endophyte (assessed as GUS activity) and of the alkaloids, ergovaline, lolitrem B and peramine, in grass tillers of the

three genotypes, Nui D, Nui UIII and Nui UIV, infected by theN. lolii-strain KS1. At the top of columns are indicated the parameters measured, and

at the far right of each row the plant genotypes assessed. Tissues were dissected as shown in Fig. 2. The stem (st) consisted of the most basal tissues;

emerging leaves (emerg leaf) were fractionated into sheath (s), lower blade (lb), and upper blade (ub); the mature leaves (1st to 3rd) were dissected

into lower sheath (ls), upper sheath (us), lower blade (lb), and upper blade (ub). GUS activity and alkaloid concentrations were determined in sub-

samples from tissue samples pooled from 10–12 tillers per replicate plant. Mean concentrations were determined on two replicates; error bars show 1

SD of the mean (nd = not detected).
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biosynthesis in the very basal tissues, or more rapid deg-

radation of ergovaline in the apical tissues. In the emerg-

ing leaf, ergovaline concentration was low and it showed

a more uniform distribution (Fig. 3), perhaps due to
translocation in the emerging leaf, despite its hydropho-

bic nature (Neumann, 1985) or less degradation activity

in younger tissues. Leaf age had no general effect on the

ergovaline–endophyte ratio (Fig. 4), but there was a sig-

nificant (P < 0.05) 3-fold increase in the ratio in the lower

sheath between first and second leaf. Taken together,

these observations suggest that ergovaline production

in leaves occurs mainly in the sheaths of younger leaves.
This was supported by repeated sampling from plants of

different age. Under the controlled-environment condi-

tions, ergovaline concentration in tissues tended to be

higher in younger plants than in older plants, i.e., ergov-

aline showed a 3 to 4-fold decline over 40–60 days of

plant culture (not shown).
The lolitrem B–endophyte ratio tended to increase

gradually along the leaf and varied widely with leaf

age, showing a pronounced increase from the emerging

to the first leaf and a further increase from first to sec-
ond leaf (Fig. 4). Increasing lolitrem B accumulation

with increasing leaf age is common in N. lolii-infected

grasses (Ball et al., 1995, 1997a; Keogh et al., 1996).

The increase of the lolitrem B–endophyte ratio suggests

constitutive production and greater stability of lolitrem

B in the plant. This is also supported by results from

sampling from plants of different age in the controlled

environment, revealing a 1.5- to 2-fold increase of loli-
trem B concentration over 40–60 days of plant culture

(not shown). The age-dependent increase of lolitrem B

might also explain the greater lolitrem B–endophyte ra-

tios in the apical tissues. These tissues are older than the

basal ones (Soper and Mitchell, 1956), and observations

by one of us have provided evidence that the endophyte



Fig. 4. Effects of (a) plant genotype, (b) tissue, and (c) leaf age on

alkaloid–endophyte ratios. Indicated are the effects of the three factors

on the alkaloid–endophyte ratios for ergovaline (erg), lolitrem B (lol),

and peramine (per). Effects were calculated by subtracting the log-

mean of the complete data of an alkaloid–endophyte ratio from the

log-mean for individual genotypes, tissue sections, or leaves. Values

above zero indicate that a genotype, tissue, or leaf had an alkaloid–

endophyte ratio that was higher than the average ratio for a given

alkaloid, and vice versa. Note that, except for genotypes, graphs

represent data subsets; therefore, plotted effects may not add up to

zero. Within each data set, points having a different letter differ

significantly from each other at P = 0.05 (Fisher�s LSD). Abbreviations

used: low, lower; upp, upper; emerg, emerging.
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hyphae are of the same age as the leaf tissues they inha-

bit (M.J.C., unpublished data). Translocation of loli-

trem B to the apical tissues could also explain its

vertical distribution, but this seems less likely given its

highly lipophilic properties (Munday-Finch and Gart-
hwaite, 1999) and the aqueous environment of the apop-

last. Low in planta mobility of lolitrem B is also

supported by findings of an earlier study (Ball et al.,

1993). The stem, despite being older than most leaf tis-

sues, showed a generally lower lolitrem B–endophyte ra-

tio, suggesting that, similar to ergovaline, accumulation
of lolitrem B apparently also depends on the nature of

the tissue inhabited by the endophyte.

Mevalonic acid and tryptophan (or tryptophan pre-

cursors) are precursors of both ergovaline and lolitrem

B (Baxter et al., 1962; Byrne et al., 2002). The ergova-

line- and lolitrem B–endophyte ratios could thus be

influenced by pathway competition for these two precur-

sors. Indeed genotypes (Fig. 4(a)) and tissues (Fig. 4(b)
and (c)) with an elevated ergovaline–endophyte ratio

typically had a reduced lolitrem B–endophyte ratio

and vice versa. The inverse relationship between ergov-

aline and lolitrem B ratios in the genotypes might simply

be a result of our selection of plants with different alka-

loid profiles. However, this selection cannot explain

some of the inverse relationships in several plant tissues

and with plant age.
The peramine–endophyte ratio was significantly

higher in apical than in basal leaf tissues, and exhibited

a fairly abrupt change between sheath and blade. This

strong sheath-to-blade variation of the peramine–endo-

phyte ratio was mainly due to the relatively uniform dis-

tribution of peramine and the heterogeneous

distribution of the endophyte in the leaf (Fig. 3). Per-

amine is relatively hydrophilic (Rowan and Gaynor,
1986), perhaps providing greater mobility of peramine

in the plant (Rowan, 1993). Hence, a simple explanation

for its uniform distribution is in planta translocation of

peramine.

All three alkaloids have been associated with biolog-

ical activities against herbivores (Gallagher et al., 1981;

Prestidge and Gallagher, 1988; Tor-Agbidye et al.,

2001), and been implicated in enhanced fitness of endo-
phyte-infected grasses (Bush et al., 1997; Easton, 1999).

The different patterns of in planta accumulation of the

alkaloids may well reflect adaptation of the symbiosis

to feeding pressures by different herbivores (Lane

et al., 2000). For optimum protection of the grass plant

from herbivory, mechanisms might exist that provide a

balance of the levels of all alkaloids in the different parts

of the plant. How the in planta alkaloid levels may be
controlled in the plant remains to be determined. It is

very probable, however, that both alkaloid precursors

and regulatory compounds in the immediate in planta

environment of the fungus are involved. Using our data

as a framework and combining the approach described

here with the mapping of expression or disruption of

genes recently identified as being involved in alkaloid

biosynthesis (Panaccione et al., 2001; Scott, 2001; Wang
et al., 2004) should enable further elucidation of these

mechanisms.
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3. Conclusions

Our data provide a detailed picture of the relation-

ship between alkaloid and endophyte levels, and evi-

dence that alkaloid accumulation in the grass plant is

regulated at different levels. First, alkaloid levels in plant
tissues depend to some extent on levels of the endophyte

mycelium in these tissues. Second, and more impor-

tantly, alkaloid levels are affected by the nature of the

plant tissue the endophyte inhabits, indicated by varying

alkaloid–endophyte ratios in the different tissues, an ef-

fect that is further modulated by the plant genotype.

This may be due to tissue and genotype differences in

rates of alkaloid biosynthesis in the fungal mycelium,
in planta translocation of the alkaloids, and varying

rates of alkaloid metabolisation/degradation. Third,

each of the alkaloids showed a pattern of accumulation

different from the other alkaloids, suggesting modes of

regulation specific to each alkaloid.
4. Experimental

4.1. Endophyte strains and grass plants used

The endophyte strain KS1 (Tan et al., 2001), a

transformant of the N. lolii isolate Lp19, naturally

occurring in perennial ryegrass (Christensen et al.,

1993) was used. KS1 contains the b-glucuronidase
(GUS) gene of E. coli under control of the constitutive
promoter gpdA from Aspergillus nidulans. The plant

genotypes used were of the perennial ryegrass (L. per-

enne) cv. Grasslands Nui.

4.2. Plant selection and growth conditions

KS1 was inoculated into ryegrass seedlings by the

method of Latch and Christensen (1985). Inoculated
plants were grown for three months in the greenhouse

and then analysed for GUS activity and alkaloids (see

below) in the pseudostem (comprised of leaf sheath,

emerging leaf, and stem tissues). Plants of selected geno-

types were grown under controlled-environment condi-

tions (450 ± 30 lmol photons m�2 s�1 ; 12/24 h light

cycle; and 15 ± 2 �C) for >18 months before assessment

of GUS and alkaloid distributions. Plants were re-pot-
ted every 2–3 months.

4.3. Determination of the relationship between GUS

activity and levels of endophyte hyphae in planta

To relate GUS activity in tissues to endophyte levels,

GUS activity concentration and hyphal counts in leaf

cross-sections were assessed in parallel in grass tissues.
Hyphal counts were performed as described by Tan

et al. (2001): small sub-sections were cut transversally
from either end of a leaf tissue, cleared from leaf pig-

ments, and stained with aniline blue. Stained endophyte

hyphae were counted at 400 magnification in 0.5-mm

sliced cross-sections cut from each of the sub-sections.

Hyphal counts were performed in duplicate on each

sub-section. The mean hyphal number in the leaf section
was determined from the hyphal numbers in the two

sub-sections. The weight of the leaf section was deter-

mined, and the section extracted and analysed for

GUS activity with a quantitative fluorometric assay

(see below). GUS–hyphal ratios were determined by

dividing the GUS activity concentration (GUS activity

per tissue dry wt) in a tissue section by the average num-

ber of hyphae in the same section.

4.4. Grass plant dissection and sample preparations for

GUS activity and alkaloid analyses

All plants used in this study were non-reproductive.

From each plant (representing an experimental repli-

cate), 10–12 tillers of similar size and having three ma-

ture leaves were removed and dissected. An overview
of the tiller dissection is given in Fig. 2. Emerging (i.e.,

growing) leaves were identified by the absence of a fully

developed ligule, a small protuberance at the adaxial

side of the leaf, separating the leaf sheath from the leaf

blade. The stem constituted the very basal tissue, bear-

ing the leaves, roots, and descendant tillers. Roots and

young tillers were not included in the analyses. Mature

(i.e., non-growing) leaves were dissected as shown in
Fig. 2. Dissected tissues of a given tissue fraction were

pooled within replicates and ground with a micropestle

in liquid nitrogen in 1.5-ml microcentrifuge tubes and

freeze-dried for 16–20 h. After freeze-drying, samples

were purged with N2 and stored at �20 �C. Under these

storage conditions, no detectable degradation of GUS

activity occurred within 10 days (Spiering, 2000). Paral-

lel analyses of GUS and alkaloids were performed on 2–
50 mg aliquots taken from each tissue sample. GUS

activity concentration was determined within ten days

on two to ten milligram samples of grass tissues as de-

scribed by Tan et al. (2001), and alkaloid analyses (see

below) were performed within one to two months (no

detectable degradation of alkaloids has been found to

occur during this time; GAL and Brian A. Tapper, per-

sonal observations).

4.5. Alkaloid analyses

Alkaloids were extracted from 5–50 mg of freeze-

dried and ground grass samples. For extraction of loli-

trem B, samples were weighed into 2.0-ml plastic vials

(Sarstedt; Nürnbrecht, Germany); to the vials was

added 1 ml (20–50 mg samples) or 0.5 ml (<20-mg sam-
ples) 1,2-dichloroethane:methanol, 9:1 v/v, and the sam-

ple–solvent mix agitated for 1 min in a cell disrupter (FP
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Samples were then extracted for 1 h at room tempera-

ture, in darkness, with gentle agitation on an orbital sha-

ker. Particulate grass material was removed from

extracts by a filtration method described by Spiering

et al. (2002). Extracts were analysed by HPLC with fluo-
rescent detection as described by Gallagher et al. (1985).

Quantitation of lolitrem B was performed with pure loli-

trem B, kindly provided by Dr. C.O. Miles, AgResearch

Ruakura, Hamilton, New Zealand, as external standard

run in the same batch of samples (Gallagher et al.,

1985). The lower limit of detection in this assay is 0.1

ppm (Tapper and Latch, 1999). Ergovaline was

extracted and analysed by HPLC with fluorescent detec-
tion as described by Spiering et al. (2002). Quantitation

of ergovaline was performed with the ergopeptine ergot-

amine added to each sample as an internal standard.

The lower limit of detection in this assay is 0.01 ppm

(Spiering et al., 2002). Peramine was analysed by HPLC

from the same extracts used for the analysis of ergova-

line (Spiering et al., 2002), and quantified by

UV absorbance using the peramine-analogue homo-
peramine [3(-40-guanidinylbutyl)-2-methylpyrrolo[1,2-a]-

pyrazin-1(2H)-one] as internal standard. The lower limit

of detection in this assay is 2 ppm (Tapper and Latch,

1999).

4.6. Data analyses

Data were log-transformed for statistical analysis,
to conform to a normal distribution around the mean;

to accommodate values for ergovaline concentration

below the level of quantification in some tissues, these

were approximated by the lower limit of detection for

ergovaline. The dependence of GUS activity on hyphal

counts in leaf cross-sections and alkaloid concentra-

tions on endophyte levels (assessed as GUS activity;

see Section 2) was tested by linear regression. Alka-
loid–endophyte ratios were determined by dividing

alkaloid concentration by GUS activity concentration

in individual tissue samples. The statistical significance

of effects, such as plant genotype and tissue section on

GUS activity and alkaloid concentrations, and alka-

loid–endophyte ratios, was assessed by analysis of var-

iance (ANOVA). Fisher�s LSD was used to test

statistical significance of differences between means.
In all analyses, a P < 0.05 was considered statistically

significant for detecting differences between means.

The relative magnitude of effects in accounting for

the variation in a given alkaloid–endophyte ratio was

assessed by determining for each factor the standard

deviation about the mean from the ANOVA model

(as an example for the calculation: for the ergova-

line-endophyte ratio, the effects of the three genotypes
(Fig. 4) are �0.41 (D), 0.25 (UIII), 0.15 (UIV) with

mean 0 and SD 0.36).
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