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Loline alkaloids are commonly found in the endophyte-infected grasses tall fescue 

and meadow fescue (Festuca pratensis). In meadow fescue, lolines are often found in the 

absence of other alkaloids. The main objective of this research was to investigate the 

concentration and distribution of loline alkaloids in 12 meadow fescue lines and the 

effects of these loline alkaloids on two common pasture insects in New Zealand, grass 

grub (Costelytra zealandica) and Argentine stem weevil (Listronotus bonariensis), and 

sheep. 

Samples ofleaf and stem (6 times), crown and root (4 times), from twelve ecotype 

meadow fescues that originated from Europe were collected from plants grown in New 

Zealand during the years 2004 and 2005. Loline concentration was dependent on the 

presence of endophyte and varied independently between different parts of the plant and 

during seasons of the year. In general, concentration of loline in the stem> leaf> root. In 

stems and leaves, the loline concentration peaked at the second harvest in late spring but 

declined sharply at the third harvest. At the fourth harvest in early summer, the loline 

concentration increased in leaves but declined again thereafter. The loline concentration 

in the stems declined further after the third harvest and was lowest at the sixth harvest in 

late autumn. In crowns, there was no difference in loline concentration (p>0.05) between 

the lines but there was a difference between the harvest times (p<O.OOI) and a significant 

harvest time x line interaction (p<O.Ol). In roots, the loline concentration was extremely 

low in spring, increased slightly during the summer and peaked sharply in late autumn. 

Of the lolines, the concentration of N-formyl loline (NFL) >N-acetyl loline> N-acetyl 

I· :- .. 
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norloline> N-methylloline in all plant tissues measured. In general, each loline alkaloid 

as a proportion of NFL varied between different parts of the plant and in some lines. 

In short term laboratory and field studies, grass grub larvae feeding on roots of 

endophyte infected meadow fescue containing lolines at concentrations >450 /Jg/g, either 

lost weight or gained less weight than the corresponding controls feeding on endophyte 

free or low loline grass lines. Loline concentrations in the roots of plants exposed to grass 

grub were significantly higher (p<O.OOl) compared to plants of the same line not exposed 

to grass grub at the expense of loline concentration in the crown (p<0.05). 

Field and laboratory studies with Argentine stem weevil (ASW) also exhibited a 

reduction in feeding with less feeding holes in meadow fescue leaf in the presence of 

lolines compared with the absence of lolines. Total leaf loline concentration above a 

threshold of 400 /Jglg significantly reduced (p<O.OOl) feeding damage to leaves in a dose 

dependent manner indicative of a protective effect of lolines to the plants from ASW. 

Experiments with an acute (single 52 mg/kg BW dose) and chronic (68 mglkg 

BW doses for 6 consecutive days) oral dosing of lambs with loline containing seed 

showed rapid metabolism and appearance of loline metabolites in urine within 30 

minutes. The recovery of loline alkaloids from urine and faeces was low with 10 % in 

acute and 4 % in chronic studies. Blood parameters (red blood cell count, white blood cell 

count, haematocrit, and haemoglobin), four selected plasma enzymes (alkaline 

phosphatase, aspartate transaminase, creatine phosphokinase and gamma glutamyl 

transferase) and histopathological examination showed that lolines at such doses (selected 

to represent maximal exposure during grazing) were not toxic to sheep. 

In conclusion, in the 12 endophyte infected meadow fescue lines that were 

studied, loline alkaloid concentration varied in stems, leaves, crowns and roots and during 

seasons of the year. Total loline concentrations >400 /Jg/g in leaves deterred feeding by 

ASW adults, and loline concentration >450 /Jg/g in roots detened grass grub from 

feeding. Lolines at doses of potential maximal exposure from pasture grazing were non-

toxic to sheep. 



v 

Acknowledgements 

The successful completion of this degree has required the support of colleagues, friends 

and family far beyond what one would have thought necessary at the outset. This support 

and the readiness with which so many people both at the University and beyond have 

been prepared to help in a myriad of ways has been to me a most affirming and gratifying 

aspect of this project. 

Firstly to my superviors, Associate Professors Ravi Gooneratne, Bruce Chapman, and 

Lester Fletcher (Agresearch) lowe a huge debt of gratitude for guidance, critique and 

support. During the tenser times over the duration of this project, they have always been 

there in support and I appreciate that enormously. 

At a more practical level Martin Wellby, always knew where to find it and/or who to ask; 

Julie Furlong was a patient and helpful GC mentor over many months and many samples; 

and Mayson Kay helped with all the chemistry questions and on how to make crystals 

and then to make them grow. 

Fellow students, Jose LapOlte, Jenny Abrams, Duncan McLane: Duncan and Jenny were 

of great assistance in the first few months as computer tutors. Jose took up the mantle 

when Jen and Duncan moved on and he has guided me through the "getting it all together 

stage". Bryony McNeill willing proof read the final draft 

The wondelfully supportive help of Alison Lister and Dave Saville (Agresearch) with 

statistics is gratefully acknowledged. 

Roger Cresswell (Lincoln University), and Rewi Thompson and Professor John Blunt 

(University of Canterbury) undertook the NMR analysis and provided interpretation. 

Dr Mona Syhre (Canesis Network) verified the loline derivatives by GC-MS and 

undertook the urine loline analyses. 



VI 

Dick Lucas provided critical comments on some aspects of the manuscript and moral 

support. 

JML staff, Chris Logan, Martin Ridgway, Christina Lima assisted with sampling and 

dosing the lambs as did Matt Hicks (Crop mark) and Tom Patchett. 

Cropmark staff helped by harvesting grass and collecting grass grubs. In particular, Tim 

Cookson located grass grub collection sites and allowed me access to their large 

Argentine stem weevil collection at Hororata. Callum Davidson helped to maintain the 

Templeton experimental site. Mark Collie found some large Southland grass grubs. Nic 

Cameron initiated the whole idea and was there to critique the manuscript at the end. 

Cropmark seeds supplied the meadow fescue germplasm and financial support 

A Grant for Private Sector Research and Development to Cropmark Seeds Ltd provided 

financial assistance during the early stages of this work until I was awarded an Enterprise 

Scholarship by the Teitiary Education Commission. 

My mother, Marian Patchett, unreservedly supported "the experiment" in the way that 

only mothers can, and proudly showed off graphs of lolines and pictures of crystals on 

the wall in her room. 

Our children, Ruben (and Pamela), Lawrence, Kathryn, and Tom endured many lectures 

on lolines, grass grub, and stem weevil but supported my efforts anyway. Tom helped 

with sampling in the lamb experiments, Ruben with grinding samples in the dungeon and 

the grass grub experiment. Lawrence read some of the manuscript and understood it 

which was most gratifying. Kath was always in support of her crazy father. 

Above all this wondetful assistance and support, however, it is to my wife, Robyn, lowe 

the greatest debt of gratitude. She has been both the sternest critic and the strongest 

supporter. She read many versions of the thesis and continually provided useful criticism 



vii 

and comments. She has been very patient at times when I have been collecting grass 

grubs or the using the GC when I perhaps should have been attending to chores at home. 

She has endured many lectures on lolines in leaves and roots, effects they have on grass 

grubs, weevils and lambs, how to grow loline dihydrogen chloride crystals, and how to 

derivatise loline alkaloids. Thank you Rob, you're a champ. 

To all of these people and to the many others I may have inadvertently omitted, thank 

you. 

t,· - .. 
!' ,', 



viii 

Table of Contents 

Abstract .............................................................................................................................. iii 
Acknowledgements ............................................................................................................. v 
Table of Contents ............................................................................................................. viii 
List of Figures ................................................................................................................... xii 
List of Tables ................................................................................................................... xiv 
List of Abbreviations ...................................................................................................... xvii 
1. Introduction ..................................................................................................................... 1 

1.1 Background ............................................................................................................... 1 
1.2 Endophytes ................................................................................................................ 2 
1.3 Endophyte Alkaloids ................................................................................................. 3 
1.4 Loline containing grasses .......................................................................................... 4 
1.5 Research Objectives .................................................................................................. 5 

1.5.1 Broad objectives ................................................................................................. 5 
1.5.2 Specific objectives ............................................................................................. 5 
1.5.3 Hypotheses ......................................................................................................... 6 

2. Literature review - Lolines .............................................................................................. 7 
2.1 Introduction ............................................................................................................... 7 

2.1.1 Loline chemistry ................................................................................................ 7 
2.1.2 Loline in plants ................................................................................................ 10 
2.1.3 Allelopathy and loline ................................................ ...................................... 14 
2.1.4 Endophyte and loline production ..................................................................... 15 

2.2 Effect of Neotyphodium uncinatum/loline on insects ............................................. 15 
2.3.1 Introduction ...................................................................................................... 17 
2.3.2 Plant resistance to grass grub ........................................................................... 17 
2.3.3 Effect of endophyte on grass grub ................................................................... 18 
2.3.4 Effect of N. uncinatum on grass grub .............................................................. 19 

2.4 Argentine Stem Weevil ........................................................................................... 19 
2.4.1 Introduction ...................................................................................................... 19 
2.4.2 Effects of endophytes on Argentine stem weevil ............................................ 19 
2.4.3 Effect of peramine and analogues on feeding and development of 
Argentine stem weevil .............................................................................................. 21 
2.4.4 Polyploidy in grasses and Neotyphodium ........................................................ 21 

2.5 Activity ofloline compounds in mammals .............................................................. 22 
2.5.1 Fescue toxicosis ............................................................................................... 22 
2.5.2 Loline compounds ............................................................................................ 23 
2.5.3 Uptake and excretion oflolines in mammals ............................................... .... 24 
2.5.4 Hepatic effects ofloline alkaloids .................................................................... 25 
2.5.5 Receptors and receptor sites ............................................................................. 25 
2.5.6 Effects of lolines on plasma enzyme activity .................................................. 26 
2.5.7 Effects of ergot alkaloids and lolines on rats and mice ................................... 27 
2.5.8 Effects endophyte alkaloids on endocrine function ......................................... 28 
2.5.9 Effects of endophyte alkaloids on immune function ....................................... 29 



IX 

2.5.10 Effect of non-ergot alkaloid-producing endophytes on sheep and cattle ....... 29 
2.6 Summary ..................................................................................................................... 31 
3. Materials and methods .................................................................................................. 32 

3.1 Extraction and purification of loline dihydrogen chloride ...................................... 32 
3.2 Derivatisation of loline alkaloids ............................................................................ 32 

3.2.1 Derivatisation of loline base ............................................................................ 32 
3.2.2 Derivatisation of NFL ...................................................................................... 33 
3.2.3 Derivatisation of NAL ..................................................................................... 33 
3.2.4 Derivatisation of norloline ............................................................................... 33 
3.2.5 Derivatisation of NANL .................................................................................. 33 
3.2.6 Derivatisation of N-methylloline .................................................................... 33 

3.3 Source of the plant material .................................................................................... 34 
3.4 Extraction and measurement ofloline alkaloid concentration in plant samples ..... 35 
3.5 Gas chromatography (GC) ...................................................................................... 35 

3.5.1 Repeatability, recovery, stability, and detection limit ..................................... 36 
3.5.2 Variation in loline concentration between plants ............................................. 37 
3.5.3 Standard curves ................................................................................................ 38 
3.6.1 Sample preparation for GC-MS ....................................................................... 41 

3.7 Nuclear magnetic resonance (NMR) ...................................................................... 42 
4. Loline alkaloids in meadow fescue leaf and stem ........................................................ 44 

4.1 Abstract ................................................................................................................... 44 
4.2 Introduction ............................................................................................................. 44 
4.3 Methods ................................................................................................................... 45 

4.3.1 Sample analysis ................................................................................................ 45 
4.3.2 Statistical analysis .................................................................................... : ....... 46 

4.4 Results ..................................................................................................................... 46 
4.4.1 Loline alkaloid concentration in stems ............................................................ 47 
4.4.2 Loline alkaloid concentration in leaf ............................................................... 51 
4.4.3 Comparison ofloline alkaloids in leaf and stem .............................................. 55 

4.5 Discussion ............................................................................................................... 56 
4.6 Conclusions ............................................................................................................. 61 

5. Meadow fescue loline alkaloid concentration in roots and relevance to protection 
from pasture insects ................................................................................................... 62 

5.1 Abstract ................................................................................................................... 62 
5.2 Introduction ............................................................................................................. 62 
5.3 Methods ................................................................................................................... 63 

5.3.1 Sample analysis ................................................................................................ 63 
5.3.2 Statistical analysis ............................................................................................ 64 

5.4 Results ............................................................ , ........................................................ 64 
5.4.1 Concentration of loline alkaloids in roots ........................................................ 64 
5.4.2 Loline alkaloids in crowns ............................................................................... 67 
5.4.3 Loline alkaloids in shoots ................................................................................ 70 
5.4.4 Relationship between root, crown and shoot in total loline concentrations .... 73 

5.5 Discussion ............................................................................................................... 74 
5.6 Conclusions ............................................................................................................. 78 



x 

6. Interactions between loline-producing meadow fescue ecotypes and two New 
Zealand pasture insect pests ....................................................................................... 79 

6.1 Abstract ................................................................................................................... 79 
6.2 Introduction ............................................................................................................. 79 

Section A. Grass grub ....................................................................................................... 82 
6.3 Methods ..................................................................................................... .............. 82 

6.3.1 Laboratory experiments ................................................................................... 82 
6.3.2 Grass grub field studies .................................................................................... 83 

6.4 Results ..................................................................................................................... 84 
6.4.1 Grass grub laboratory assays ........................................................................... 84 
6.4.2 Main field experiment ................................................................. ..................... 87 

6.5 Discussion; Grass grub ........................................................................................... 92 
6.5.1 Effects ofloline alkaloids on grass grub .......................................................... 92 
6.5.2 Wound induced increase in loline concentration ............................................. 96 
6.5.3 Effects of other plant factors on grass grub ..................................................... 97 
6.5.4 Enhancement of insect activity ........................................................................ 97 
6.5.5 Effects of constituent alkaloids ........................................................................ 98 
6.5.6 Limitations of the laboratory and field assays in determination of grass 
grub population ......................................................................................................... 99 

Section B. Argentine stem weevil .................................................................................. 100 
6.6 Methods ................................................................................................................. 100 

6.6.1 Field experiments ............................................................... ............................ 100 
6.6.2 Laboratory experiment ................................................................................... 100 
6.6.3 Loline analyses ............................................................................................... 101 

6.7 Results ................................................................................................................... 102 
6.7.1 Field experiment ............................................................................................ 102 

6.8 Discussion; Argentine stem weevil.. ..................................................................... 107 
6.8.1 Field experiment ............................................................................................ 107 
6.8.2 ASW Laboratory experiment.. ....................................................................... 110 

6.9 Overall discussion (Section A and B) ................................................................... 110 
6.9.1 Conclusions .................................................................................................... 111 

7. Urinary and faecalloline profiles and blood parameters in sheep exposed to 
acute and chronic oral loline .................................................................................... 113 

7.1 Abstract ................................................................................................................. 113 
7.2 Introduction ........................................................................................................... 113 
7.3 Materials and methods .......................................................................................... 115 

7.3.1 Experiment 1: Preliminary study ................................................................... 116 
7.3.2 Experiment 2: Effect of an acute oral dose of loline containing seed ........... 116 
7.3.3 Experiment 3: Effect of a chronic oral dose ofloline containing seed .......... 117 
7.3.4 Sample analysis .............................................................................................. 119 

7.4 Results ............................................................. ...................................................... 119 
7.4.1 Experiment I: Preliminary studies ................................................................. 119 
7.4.2 Experiment 2: Acute study ............................................................................. 120 
7.4.3 Experiment 3: Chronic dose experiment.. ...................................................... 125 

7.5 Discussion ............................................................................................................. 130 
7.6 Conclusions ........................................................................................................... 135 



Xl 

8. General discussion ...................................................................................................... 136 
8.1 General discussion ................................................................................................ 136 
8.2 Conclusions ........................................................................................................... 143 
8.3 Future work ........................................................................ ................................... 144 

9. References .................................................................................................. ................. 145 
Appendix I: Leafloline concentration ............................................................................ 159 
Appendix II: Stem loline concentration .......................................................................... 165 
Appendix III: Root loline concentration ......................................................................... 170 
Appendix VI: Dry matter production .............................................................................. 179 



xu 

List of Figures 

Figure 2.1: Chemical structure of the naturally occurring loline alkaloids (Powell & 
Petroski, 1992) .................................................................................................. 8 

Figure 2.2: Proposed loline alkaloid biosynthetic pathway stalting with asparagine 
and proline and resulting in N-formyl loline, N-acetyl loline, N-acetyl 
norloline, N-methylloline, loline and norloline (Blankenship et aI., 2005) ..... 9 

Figure 3.1: Gas chromatograph of an extract from meadow fescue seed spiked with 
N-methylloline (NML) showing the internal standard (phenylmorpholine) 
and 4loline alkaloids.The NML spike concentration was 200 /lg/g . ............. 36 

Figure 3.2: Effect of position in the row on NFL concentration in one row of 10 
cloned meadow fescue plants (line Fp390). Plants 50 cm apart in the row 
and harvested 15.04.06 ................................................................................... 38 

Figure 4.1: Total monthly rainfall (mm) and mean daily air temperature for the field 
experimental in Templeton ............................................................................. 47 

Figure 4.2: Total loline concentration (/lg/g) in the stems of 9 meadow fescues 
harvested 6 times during 2004/05 ................................................................... 48 

Figure 4.3: Loline alkaloid concentration (/lg/g) in the stems of 9 meadow fescue 
lines harvested 6 times in 2004/05 .................................................................. 50 

Figure 4.4: Totalloline concentration (/lg/g) in the leaf blades of 12 meadow fescues 
harvested 6 times in 2004/05 .......................................................................... 53 

Figure 4.5: Loline alkaloid concentration (/lg/g) in leaf of nine meadow fescues 6 
harvested times in 2004/05 ............................................................................. 54 

Figure 4.6: Comparison of the loline alkaloid concentration in leaf and stem of 2 
meadow fescue lines harvested 6 times in 2004/05 ........................................ 56 

Figure 5.1: Root totalloline alkaloid concentration (/lg/g) in 12 meadow fescue lines 
harvested 4 times during 2004/05 ................................................................... 66 

Figure 5.2: Root loline alkaloid concentration (/lg/g DM) in Fp262 and Fp390 ............ 67 
Figure 5.3: Crown total loline concentration (/lg/g DM) of 9 meadow fescue lines 

harvested 4 times during from late spring to autumn 2004/05 ....................... 69 
Figure 5.4: Crown loline alkaloid concentration (/lg/g DM) profiles of Fp390 and 

Fp262 .............................................................................................................. 69 
Figure 5.5: Shoot total loline concentration (/lg/g) shoots of 9 meadow fescue lines 

harvested 3 times during 2004/05 ................................................................... 71 
Figure 5.6: Shoot loline alkaloid concentration (/lg/g) profiles of 9 meadow fescue 

lines harvested during 2004/05 ....................................................................... 72 
Figure 5.7: Total loline concentration (/lg/g DM) in roots, and shoots of 6 meadow 

fescue lines harvested 4 times and 3 times respectively during mid-
summer-late autumn 2004/05 ......................................................................... 73 

Figure 6.1: Fitted parallel regression curves for the number of ASW feeding holes 
versus total loline concentration (/lg/g) in the leaf of meadow fescue lines 
assessed four times in 2004/05 (R2 adj = 48.9, p<O.OOl). Fp53 was 
excluded from the regression analysis as it was a nil endophyte line ....... 104 

Figure 7.1: Experiment 2: Profile of loline metabolites in urine (mean /lg/h) of 6 
lambs following oral administration of an acute dose of loline containing 
meadow fescue seed ...................................................................................... 121 

~~;~~;.~.~~'if~ 
~~~;:.:::~.: 



Figure 7.2: Experiment 2: Profile N-formylloline (NFL) and N-acetylloline (NAL) 
(Ilg/h ± SE) in faeces of 6 lambs after I acute dose of loline containing 

Xlll 

seed ............................................................................................................... 122 
Figure 7.3: Mean ambient temperature and rectal temperature expressed as DC (±SD), 

of 6 lambs after a single dose of loline containing seed ............................... 123 
Figure 7.4: Experiment 3: Loline alkaloids profile in urine (mg/day /lamb ± SE) on 

day 1-6 and day 7-9 following daily administration of meadow fescue seed 
containing lolines .......................................................................................... 126 

Figure 7.5: Experiment 3: Loline alkaloid profiles in urine (mg/h ±SE) on day 6 and 
7 following 6 days of a daily dosing of 6 lambs with meadow fescue seed 
containing lolines .......................................................................................... 126 

Figure 7.6: Experiment 3: Mean rectal temperatures (DC ± SD) recorded at 8:00 am 
each day of 6 lambs before orally dosing with loline containing meadow 
fescue seed on each day from dayl-6 and on day 7-9 following the last 
dosing on day 6 ............................................................................................. 128 



xiv 

List of Tables 

Table 2.1: Grass species endophyte and N-acetylloline (NAL) and N-formylloline 
(NFL) (/!g/g DW) in pseudostems and leaves (Bush et a1.,1993) ................... 10 

Table 2.2: Distribution of lolines between pseudostems and lamina of meadow 
fescue in late summer/autumn (Justus et aI., 1997) ........................................ 11 

Table 2.3: Loline alkaloids in soil grown fescue plants ................................................... 12 
Table 2.4: Mean for each harvest of endophyte and NAL and NFL concentration in 

shoot tissue (Burhan, 1984) ............................................................................ 14 
Table 2.5: Physiological and endocrine responses of lambs fed endophyte-infected 

tall fescue (Fiorito et a1.,1991) ........................................................................ 26 
Table 2.6: Effect of sheep grazing endophyte infected ryegrass on serum enzymes. 

(Piper, 1989) ................................................................................................... 27 
Table 2.7: Effect of endophyte infected seed diets with or without ergovaline on 

growing rats (Piper et aI., 1997) ...................................................................... 28 
Table 3.1: Stability of prepared GC samples over 10 weeks ........................................... 37 
Table 3.2: Recovery of alkaloids ..................................................................................... 37 
Table 3.3: Equations for the best fit standard curves of five loline alkaloids .................. 38 
Table 3.4: N-formyl 10Hne (NFL) and N-acetyl loline (NAL) concentration (/!g/g 

DM) in four meadow fescue herbage samples tested at Agresearch, 
Palmerston North (Agres) and Lincoln University (Lincoln) ......................... 39 

Table 3.5: N-formyl loline (NFL) and N-acetyl loline (NAL) concentration (/!g/g 
DM) in eight meadow fescue herbage samples tested at Oregon State 
University (Oregon) and Lincoln University (Lincoln) .................................. 39 

Table 3.6: GC-MS analysis of loline alkaloids derived from loline dihydrogen 
chloride (1) compared with those of Petroski et a1. (1989)(2) and Justus 
et al. (1997)(3) ................................................................................................ 41 

Table 3.7: IH-NMR Chemical shifts for loline dihydrogen chloride ............................... 42 
Table 3.8: 13C_NMR shifts for loline dihydrogen chloride .............................................. 43 
Table 4.1: The total loline alkaloid concentration (/!g/g) in stems of 12 meadow 

fescue lines harvested 6 times during 2004/05 ............................................... 49 
Table 4.2: Total leaf 101ine concentration (/lg/g) in 12 meadow fescue lines at 6 

harvests during 2004/05 .................................................................................. 52 
Table 4.3: Mean ratio % ( ± SD) of NAL, NANL and NML as a proportion of NFL 

in the leaves and stems of 9 meadow fescue lines at 6 harvest times 
during 2004/05 ................................................................................................ 55 

Table 5.1: Root loline alkaloid concentration mean of 4 harvests (late autumn, mid-
summer, early autumn, autumn) expressed as 10g1O (x+ 1) [/lg/g DM] in 
9 meadow fescue lines .................................................................................... 65 

Table 5.2: Root loline alkaloids expressed as log I 0 (x + 1) in meadow fescue at 4 
harvest times ................................................................................................... 66 

Table 5.3: Crown total loline concentration (/lg/g) expressed as log IO (x + 1) of 9 
meadow fescue lines harvested 4 times from late spring to autumn 
during 2004/05 . ............................................................................................... 68 



Table 5.4: Shoot total loline concentration (Ilglg) expressed as log 10 (x + 1) of 9 
meadow fescue lines harvested 3 times in mid-summer, early autumn 

xv 

and autumn 2004/05 ........................................................................................ 71 
Table 5.5: Totalloline concentration (I-lg/g DM ± SD) in roots, crowns and shoots 

of 6 meadow fescue lines in autumn (harvest 4,28.4.05) ............................... 73 
Table 6.1: Weight change and food consumption of 3rd instar grass grub larvae 

offered roots of 6 meadow fescue lines for 5 days (Experiment 1) ................ 85 
Table 6.2: Weight change and food consumption of 3rd instar grass grub larvae 

offered roots of 6 meadow fescue lines for 5 days (Experiment 2) ................ 87 
Table 6.3: Concentration of loline alkaloids in roots, and number of live grass 

grubs recovered and weight change when exposed to 12 lines of meadow 
fescue in the field over 39 days in autumn ..................................................... 88 

Table 6.4: Weight change in the roots of 12 lines of meadow fescue in field 
experiment over 39 days when exposed to third instar grass grub larvae 
and the mean totalloline concentration (± SD) in the roots ........................... 89 

Table 6.5: Changes in dry weight of above-ground herbage of 12 meadow fescue 
lines in a field experiment exposed to attack by third instar grass grub 
for 39 days ....................................................................................................... 90 

Table 6.6: Totalloline concentration (± SD) in the roots, crowns and shoots of 12 
meadow fescue lines in a field experiment, with or with out grass grubs 
for 39 days ....................................................................................................... 91 

Table 6.7: Mean concentration of loline alkaloids (Ilglg) in the roots of 9 meadow 
fescue lines in a field experiment in the presence or absence of grass 
grub for 39 days in autumn 2005 .................................................................... 91 

Table 6.8: Loline alkaloid concentration in the roots of 12 lines of meadow 
fescue in a field experiment in the presence of third instar grass grub 
larvae for 39 days ............................................................................................ 92 

Table 6.9: Argentine stem weevil damage (holes / 20 tillers) to 12 meadow 
fescue lines in field experiment at 4 assessment times ................................. 102 

Table 6.10: Mean number of holes in the leaf caused by feeding of ASW in 12 
lines of meadow fescue grown in Templeton, Canterbury assessed four 
times in 2004/05 versus Leaf totalloline concentration (Ilg/g) . .................. 103 

Table 6.11: R2 adj and p values for ASW damage versus loline alkaloid 
concentration in leaf and stem of 12 meadow fescue lines when analysed 
by groups (each assessment time was treated as a separate but related 
group) ............................................................................................................ 104 

Table 6.12: Argentine stem weevil damage to two meadow fescue lines and 
one perennial ryegrass line in a No-choice test (paired comparisons) 
assessed as the SQRT total number of holes/plant, and Log(holes/g + 1) 
of plant fresh weight. .................................................................................... 105 

Table 6.13: Argentine stem weevil damage to 2 meadow fescue lines and 1 
perennial rye grass in a Choice test (paired comparisons) assessed as the 
SQRT total number of holes/plant, and Log(holes/g + 1) of plant fresh 
weight. ........................................................................................................... 106 

t~~~ 
I :_j ,_----



Table 6.14: Number of leaves/plant and tillers/plant in two meadow fescue lines 
and one perennial ryegrass and total plant fresh weight/pot in a Choice 

XVI 

test (paired comparisons) with Argentine stem weevil. ................................ 106 
Table 6.15: Ergovaline and peramine concentration (f.lglg DM) in tillers of two 

meadow fescue lines and one perennial ryegrass in Choice and No-
choice assays with Argentine stem weeviL ................................................. 107 

Table 7.1: Experiment 2: Blood, urine and faecal sampling protocol ........................... 117 
Table 7.2: Experiment 3: Chronic dose study sampling protocol. ................................. 118 
Table7.3: Experiment 2: Loline alkaloids orally administered (as a single 

acute dose) and excreted in the urine oflambs ............................................. 120 
Table 7.4: Experiment 2: Loline alkaloids orally administered (as an acute dose) 

and excreted in the faeces oflambs .............................................................. 122 
Table 7.5: Mean (± SD ) red blood cell count (RBC), haemoglobin, haematocrit 

(RCT) , and white blood cell (WBC) count in 6 ewe lambs dosed with 
meadow fescue seed containing loline alkaloids .......................................... 124 

Table 7.6: Mean concentration (± SD) of four plasma enzymes (IU/I) and plasma 
creatinine (f.lmol/l) in 6 ewe lambs dosed with meadow fescue seed 
containing 60mg/kg of loline alkaloids recorded during the experiment ..... 124 

Table 7.7: Experiment 3: Loline alkaloids orally administered as a chronic dose 
and excreted in the urine of lambs (n=6) ...................................................... 125 

Table 7.8: Experiment 3: Loline alkaloids excreted in faeces of 6 lambs dosed 
with meadow fescue seed containing lolines ................................................ 127 

Table 7.9: Experiment 3: Plasma enzyme activity (IU/I ± SD) and plasma 
creatinine concentration (f.lmoll1) in 6 ewe lambs during and after dosing 
with meadow fescue seed for 6 consecutive days ......................................... 129 

Table 7.10: Red blood cell count (RBC), white blood cell count (WBC), 
haemoglobin (Rb), and haematocrit (RCT), (expressed as mean ± SD) 
in 6 ewe lambs before and after treatment with meadow fescue seed 
containing loline alkaloids ............................................................................ 129 

I 
I 



List of Abbreviations 

AFLP = Amplified fragment length polymorphism 

AgRes = AgResearch 

AI =artificially infected 

ANOV A = Analysis of variance 

AP = alkaline phosphatase 

AST = aspartate amino transferase 

ASW = Argentine stem weevil 

AVC = area under curve 

CHCh = chloroform 

CK = creatine phosphokinase 

cv = cultivar 

CYP3A4 = cytochrome P450 isoform 3A4 

D20 = deuterated water 

DM = dry matter 

EI = endophyte infected 

EI AGC = electron ionisation automatic gain control 

EIMF = endophyte infected meadow fescue 

EITF = endophyte infected tall fescue 

FID = flame ionisation detector 

GC = gas chromatography 

GC-MS = gas chromatography-mass spectrometry 

GDH = glutamate dehydrogenase 

GGT = gamma glutamate transferase 

ID = internal diameter 

LDH = lactate dehydrogenase 

[Mt = parent ion (mass spectrometry) 

Me2CO = acetone 

MeOH = methanol 

MHz = mega heltz 

XVll 

i . 

I 



m/z = mass/Charge ratio 

MS = mass spectrometry 

N = nitrogen 

NAL = N-acetylloline 

NANL = N-acetyl norloline 

ND = not detected 

NFL = N-formylloline 

NFNL = N- formyl norloline 

NI = naturally infected 

NML = N-methylloline 

NMR = nuclear magnetic resonance 

NOL = norloline 

P = phosphorus 

PM = phenyl morpholine 

SD = Standard deviation 

SE = Standard error 

Tel = thermocirculation index 

xviii 



1 

1. Introduction 

1.1 Background 

Selection pressure since early farmers first started collecting seed of "better" 

grasses undoubtedly favoured lines that were more resistant to pests and diseases. 

Unwittingly these early "plant breeders" may have retained endophyte containing 

selections. The superior agronomic performance of the new selections would likely have 

favoured their retention and propagation. Toxicity syndromes were not observed probably 

because of the extensive grazing systems and low stocking rates of early farmers. More 

recently, however, it has been shown that although the presence of endophyte is a cost to 

the host (Clay & Schardl, 2002), the benefits bestowed upon endophyte containing lines 

by the fungus have contributed to their widespread dissemination and success (Clay, 

1994). At least part of the success of perennial ryegrass (Latium perenne) in New 

Zealand, which now covers around 7 million hectares and is the basis for the nutrition of 

sheep, beef and dairy industries, is due to the presence of the endophyte (Neatyphadium 

lalii) (Fletcher, 1993). This endophyte offers resistance to a number of insect pests, plant 

pathogens, drought and overgrazing (Easton, 1999). Recent investigations have shown, 

however, that livestock production can be impaired by some of the compounds that are 

produced by the endophyte, and has stimulated intensive research to select alternative 

endophytes that are more resistant to pasture insects (Prestidge et aI., 1982; Tapper et aI., 

1989) but lack toxicity towards livestock (Bacon, 1993; Gallagher et aI., 1982; Gallagher 

et aI., 1981). Intensive efforts to breed endophyte free grasses resistant to pests and 

diseases could conceivably produce successful grasses unhindered by the cost of 

sustaining an endophyte. However, this would need to be linked to the control of pests by 

chemical application or, the control of the symptoms of endophyte toxicosis in 

domesticated livestock grazing on toxic grasses by vaccination or drug therapy. Such an 

approach is probably not economic, or environmentally sustainable and will ultimately 

reduce market access. The numerous advantages that endophyte-host combinations have 

evolved suggests that duplication of the attributes of the endophyte even with modern 

plant breeding techniques and genetic technology is not yet possible. Consequently, 

effOlts to exploit the natural variation in endophytes to produce new host-fungus 
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combinations offer more immediate and practical benefits. These efforts have initially 

concentrated on N. lalii because it is the naturally occurring endophyte in perennial 

ryegrass. However, the development of techniques to inoculate cultures of endophytic 

fungi into uninfected hosts (Latch & Christensen, 1985) has increased interest in 

endophytes from a wider genetic background. Other endophyte ecotypes that have 

evolved in different regions under different selection pressures, from climate, insects and 

diseases have resulted in unique alkaloid profiles (Malinowski & Belesky, 2006) that may 

be expressed when inoculated or bred into other ryegrass or ryegrass-like lines. Novel 

endophyte-host combinations that produce unique alkaloid profiles with insecticidal 

properties that are non-toxic to livestock seem certain to be a key feature of grasses in the 

future. 

1.2 Endophytes 

Endophytes are fungi that grow in association with higher plants in a symbiotic 

relationship that usually confers advantages to both the fungus and the host species 

(Latch, 1997). Endophyte infected grass species occur in many habitats where grasses are 

common and endophytic hosts encompass the entire spectrum of grasses from annuals 

and perennials to woody grasses such as bamboo (Clay, 1994). The endophytic hyphae 

grow between the plant cells within the cell walls. Endophyte mycelia are usually 

concentrated in the leaf sheath and crown of the plant, but as the grass reaches the 

reproductive stage the hyphae extend into the reproductive stem, inflorescence (Easton, 

1999) and enter the developing seed. 

In temperate grasslands in Europe, NOlth America, and Australasia, the main 

grass species of interest and their associated endophytes are outlined in Table 1.1 (Clay, 

1994; Porter, 1994). These endophytes are generally beneficial to the host plant by 

providing protection from some insects, pathogens and drought stress, but can be 

detrimental to livestock production by causing heat stress, fescue toxicosis, ryegrass 

staggers and dagginess in lambs (Bouton & Easton, 2005). 

! ,. ".' 



Table 1.1: Temperate grasses and their endophytes (Clay, 1994; Porter, 1994) 

Host 

Lolium perenne (perennial ryegrass) 
Festuca pratensis (meadow fescue) 
Festuca arundinacea (tall fescue) 

Endophyte 

Neotyphodium lolii 
Neotyphodium uncinatum 
Neotyphodium coenophialum 

3 

N. coenophialum, the naturally occurring endophyte in tall fescue, is thought to be 

responsible for "fescue toxicosis" and related symptoms (Bacon, 1993). Fescue toxicosis 

is characterized by heat stress, increased rectal temperature, lowered plasma prolactin 

concentration, and peripheral vasoconstriction. Peripheral vasoconstriction in extreme 

cases in cold weather can lead to loss of appendages as in fescue foot. Similarly, N. lolii 

is responsible for rye grass staggers, heat stress, and low liveweight gains and dagginess 

in lambs (Fletcher, 1993). N. uncinatum, however, is not known to cause toxic symptoms 

in livestock (Clay & Schardl, 2002; Siegel & Bush, 1996) but this has not been clearly 

demonstrated under New Zealand conditions. Environmental and management conditions 

can play a significant role in the accumulation of endophyte alkaloids in plants. The 

unique conditions imposed by intensive in situ grazing systems usually employed in New 

Zealand combined with a unique range of insect pests and climate suggests that 

differences in alkaloid accumulation in grasses is probable. Consumption of alkaloids in 

pastures is also likely to be different under the more intensive livestock grazing systems 

common in New Zealand. 

1.3 Endophyte Alkaloids 

The alkaloids in grass/endophyte symbionts of main interest in this study are the 

lolines, a chemically distinct group of the pyrrolizidine alkaloids (Powell & Petroski, 

1992) that occur almost exclusively in grasses. Most of the research work on lolines, 

however, has been undertaken with tall fescue and has been confounded by the presence 

of ergot alkaloids. The ergot alkaloids are important because of their toxicity and 

presence in endophyte-infected tall fescue (EITF) (Porter, 1995). 

I. 
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Lolines occur in tall fescue and meadow fescue (Table 1.2), and ergot alkaloids 

and peramine occur in perennial ryegrass and tall fescue but not in meadow fescue 

(Porter, 1994). However, ecotypes, individual plants and clones, and lines of some 

species have been shown to depart from this generalization by the presence and absence 

of different alkaloids (Bush et aI., 1997; Easton et aI., 2002). 

Table 1.2: Natural alkaloids in grass endophyte combinations (Cook & Lewis, 2001). 

Grass Endophyte Ergopeptine Lolitrem Peramine Loline 

Perennial N. lolii Yes Yes Yes No ryegrass 
Tall fescue N. coenophialum Yes No Yes Yes 
Meadow N. uncinatum No No No Yes fescue 

Recent study has shown ergopeptine alkaloids in a number of European meadow 

fescue-No uncinatum combinations (N.E.Cameron pers.com). 

The response of insect pests and animals to different endophyte-grass 

combinations are a reflection of the total alkaloid profile and the mere presence or 

absence of particular alkaloids may not be an indication of toxicity or protection from 

herbivores. The concentration of palticular alkaloids and interactions with other alkaloids 

in ways not cunently understood may also be important. 

1.4 Loline containing grasses 

While there is some information on the production of loline compounds by meadow 

fescue (Justus et aI., 1997), little is known about the loline profiles in meadow fescue 

grown in New Zealand. Loline alkaloids have been shown to offer resistance to a very 

wide range of insects (Siegel & Bush, 1994) and in particular to act as both a feeding 

deterrent and a toxin (Bush et aI., 1997) to porina (Wiseana spp.) and grass grub 

(Costelytra zealandica) in New Zealand (Popay & Lane, 2000). There is, however, little 

information on the effect of grass grub larvae, in field or laboratory, on roots of grasses 
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with known loline alkaloid concentration and few reports of loline alkaloid effects on 

Argentine stem weevil (Lislronolus bonariensis)(ASW). 

Grass grub and ASW are considered major pests of grassland pastures in New 

Zealand (Pottinger et aI., 1985; Willoughby et aI., 1993). Control of these insects, while 

minimizing any effect on animal health and productivity, is of significant economic 

impact to farmers, the livestock industry and the country. 

1.5 Research Objectivcs 

1.5.1 Broad objectives 

The development of grass varieties producing high yields of high quality herbage 

that are non-toxic to stock, while resistant to a broad range of pasture insects and 

diseases, would be a significant contribution to New Zealand grassland agriculture. Some 

grasses, particularly those infected with N. uncinatum and producing loline alkaloids may 

fulfil these broad objectives. A key requirement of new endophyte-host pasture 

combinations IS their safety to livestock. A thorough investigation of the seasonal 

variation, production and toxicity of alkaloids in new combinations is critical. To fulfill 

these requirements. a better understanding of the seasonal profile of loline alkaloid 

concentration in shoots and roots of meadow fescue is necessary. Determination of the 

concentration of loline alkaloids required to dctcr grass grub and ASW from fecding on 

roots and shoots of meadow fescue is also necessary to establish guidelines 011 optimal 

values for plant breeders. Assurance is also required that pastures with loline alkaloids at 

concentrations sufficient to deter economically impOitant insects, are safe for sheep and 

cattle. 

1.5.2 Specific objectives 

More specifically, the objectives of this research are to: 

• Isolate and purify loline dihydrogen chloride from meadow fescue seed 

infected with N. ul1cinarum for transformation to loline, N-formyl loline 
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(NFL), N-acetyl loline (NAL), N-acetyl norloline (NANL) and N-methyl 

loline (NML) to use as standards in the analytical procedures. 

• Determine the profiles of loline alkaloids in the herbage and roots of selected 

meadow fescue ecotypes. 

• Determine the toxicity of roots of some loline alkaloid containing meadow 

fescue ecotypes to grass grub larvae. 

• Determine the toxicity of herbage of loline alkaloid containing meadow fescue 

ecotypes to adult ASW. 

• Investigate the toxicity of loline alkaloid containing feed on sheep with 

emphasis on uptake, metabolism and excretion of selected forms of loline 

alkaloids. 

1.5.3 Hypotheses 

• Loline alkaloids can be derivatised from loline dihydrogen chloride. 

• Loline alkaloid profiles vary in different parts of meadow fescue plants. 

• Loline alkaloid concentrations vary in meadow fescue plants during the 

season(s). 

• Loline alkaloids are toxic (feeding detelTent) to grass grub larvae. 

• Loline alkaloids are toxic (feeding deterrent) to adult ASW . 

• Loline alkaloids are non-toxic to sheep at doses that are toxic to ASW and 

grass grub. 

As indicated in the objectives, this project is broad ranging in scope requiring the 

use of skills from a number of disciplines. Underlying the research is the predominant 

importance of the chemistry involved in isolating, crystallizing and characterising loline 

dihydrogen chloride and its subsequent derivatisation into loline alkaloids for use as 

standards. Insect laboratory assays and field experiments demanded different approaches 

and skills. The collection of the plant and animal data extended the range of skills even 

further. As a result, this thesis stands astride a number of disciplines to determine the 

potential of loline alkaloids in New Zealand grasses of the future. 
...:.; ,-
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2. Literature review - LoHnes 

2.1 Introduction 
The lolines are a group of pyrrolizidine alkaloids that are restricted to the genera 

Lolium, Festuca and Adenocarpus and are closely associated with the presence of 

endophytic fungi (Powell & Petroski, 1992). The loline alkaloids are of particular interest 

because of their presence in tall fescue and meadow fescue and their toxicity to a wide 

range of insects. 

Loline alkaloids act as toxins and also as feeding deterrents to some insect species 

(Dahlman et aI., 1991). The main loline alkaloid in meadow fescue, NFL, has broad 

insecticidal activity (Schardl et aI., 2004), acting as a contact and an oral toxin (Bush et 

aI., 1997). The loline alkaloid concentration in pseudostems and leaves has been widely 

reported to offer resistance to a range of insects. The concentration in roots is much lower 

than in the crown and shoots of the plant but may be sufficient to protect against some 

insects (Bush et aI., 1997). 

Loline compounds cannot be purchased commercially. It is time consuming to 

isolate and purify loline compounds in sufficient quantities for use in large animal 

experiments. Extraction from plants, purification, and chemical transformations are 

required to isolate the principal biologically active loline compounds, NFL, NAL and 

NANL. 

2.1.1 Loline chemistry 
Reviews on the chemistry (Hartmann & Witte, 1995), and toxicity and 

metabolism of pyrrolizidine alkaloids (Cheeke, 1988), and loline alkaloids (Bush et aI., 

1993; Powell & Petroski, 1992) have been published. 

The naturally occUlTing loline alkaloids are 10line, NFL, NAL, NML, norloline 

(NOL), N-formyl norloline (NFNL) , and N-acetyl norloline (NANL) (Fig 2.1). The 

pyrrolizidine alkaloids are a common occurrence in plants particularly in genera such as 
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Senecio, Crotolaria, Symphytum, Echium and Heliotropium (Powell & Petroski, 1992). 

Typical pyrrolizidine alkaloids possess a CH20R group at Cl, are unsaturated at C1, C2 

and usually have additional oxygen functions at C7. As many of these pyrrolizidine 

alkaloids are potent hepatotoxins and carcinogens, they have been widely studied in terms 

of their effects on animal and human health, and the economy of animal production 

(Cheeke, 1988). 

Loline and its derivative alkaloids differ from typical pyrrolizidine alkaloids in 

having an additional nitrogen function at Cl, are fully saturated and have a stable ether 

linkage between C2 and C7 (Fig 2.1). Recently, however, a new unsaturated loline, 5,6. 

dehydro-N-acetylloline, was isolated from endophyte infected Festuca argentina (Tan & 

Zou,2001). 
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2.1.1.1 Biosynthesis of loline 

Whether the loline alkaloids were synthesised by the endophyte or the plant was 

the subject of conjecture for many years (Siegel & Bush, 1996). Recently, however, 

Blankenship et aI. (2001) demonstrated the production of loline alkaloids by N. 

uncinatum in culture. A proposed pathway based on other pyrrolizidine biosynthetic 

schemes had earlier been proposed (Bush, 1997) but precursor feeding studies and the 

identification of a cluster of nine genes specific for loline production suggest a unique 

pathway for loline alkaloid biosynthesis (Schardl et aI., 2004; Fig 2.2). 
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Figure 2.2: Proposed loline alkaloid biosynthetic pathway starting with asparagine and 
proline and resulting in N-formylloline (l), N-acetylloline (5), N-acetyl norloline (2) , 
N-methylloline (4), loline (3) and norloline (6) (Blankenship et aI., 2005) 
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2.1.2 Loline in plants 
In a fescue toxicity study in cattle, Yates & Tookey (1965) isolated "festucine" 

which they later demonstrated to be loline or a derivative of loline. Subsequently, NAL, 

NANL, and NFL were isolated from tall fescue seed (Robbins et aI., 1972). Bush et aI. 

(1983) reported that the presence of NAL and NFL were directly related to endophyte 

infestation of tall fescue. 

Loline alkaloids in grasses are produced only when Neotyphodium species are 

present in an host-endophyte symbiosis (Siegel et aI., 1990). LoHne alkaloids were most 

readily detected in tall fescue plants infected with N. coenophialum. Perennial ryegrass 

inoculated with N. coenophialum produced measurable quantities of NAL and NFL but 

less than in the tall fescue-No coenophialum combination (Table 2.1). Meadow fescue 

plants produced 1254 /lg/g of NAL and 4360 /lg!g of NFL with its natural endophyte N. 

uncinatum. In six meadow fescue breeding lines from Changins (in Switzerland), the 

concentration of NFL varied from 3260-5459 /lg/g and NAL from 1021-1354 /lg!g 

(Leuchtmann et aI., 2000). Peramine or ergovaline in these lines were below the detection 

limit of 0.3 /lg/g and 0.03 /lg!g respectively. 

Table 2.1: Grass species endophyte and N-acetylloline (NAL) and N-formylloline 
(NFL) (/lg/g DW) in pseudostems and leaves (Bush et al.,1993) 

Species Endophyte Origin of endophyte NAL NFL 
Lolium perenne N. coenophialum AI 417 234 
Festuca arundinacea N. coenophialum AI 557 987 

N. coenophialum NI 211 898 
Festuca pratensis N. uncinatum NI 1254 4360 

AI = artificially infected; NI = naturally infected. 

Burhan (1984) and Justus et aI. (1997) measured the distribution of loline 

alkaloids in tall fescue and meadow fescue. Spikelets of tall fescue were shown to contain 

the highest levels of total loline (4566/lg/g) with lesser amounts in leaf lamina (74/lg/g) 

and leaf sheath (181/lg/g) (Bm·han, 1984). In the study of Justus et al. (1997), spikelets 

were shown to contain the highest concentration of totallolines (150 /lg!g). 

.: "'\.-~ -;--
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Tall fescue NAL and NFL concentrations increased during the season(s) with the 

greatest accumulation during summer which declined in winter (Bush et aI., 1993). In a 

study of loline alkaloids in meadow fescue, two stages of plant growth and loline 

accumulation have been described (Justus et aI., 1997). The first stage starts with the 

growth of reproductive stems in early spring growth when alkaloid formation begins with 

the young growth and increases until seed dispersal. In the second stage, vigorous 

vegetative growth occurs after reproduction followed by stem extension and tiller 

production and this lasts until leaf senescence at the end of the season (autumn). With the 

senescence of the reproductive stems, total loline content in the plant declines 

dramatically. In vegetative tissue, the highest concentrations are found in the young 

leaves in early spring and in late summer after disappearance of reproductive stems. 

Pseudostems contain a higher loline concentration than the leaf lamina (Table 2.2). 

Table 2.2: Distribution of lolines between pseudostems and lamina of meadow fescue in 
late summer/autumn (Justus et al., 1997) 

Sampling date 
Plant part Concentration of 

(in 1995) loline (Ilg/g DM) 

17 August Pseudostem ND 
Lamina ND (summer) Whole plant 57 

31 August Pseudostem 295 
(late summer) Lamina 106 

Whole plant 157 

21 September Pseudostem 496 
(early autumn) Lamina 153 

Whole plant 244 

10 October Pseudostem 226 
(autumn) Lamina 166 

Whole plant 182 

26 October Pseudo stem 99 
(late autumn) Lamina 29 

Whole plant 47 
ND -not detected. 

: .': 
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2.1.2.1 Loline in roots 

Endophyte is seldom found in roots of grasses. It is thought that NAL and NFL 

are translocated to the roots from the apparent sites of synthesis in the crown and lower 

stem (Bush et aI., 1993), probably via the phloem as suggested by studies with aphids and 

pyrrolizidine alkaloids (Dreyer et aI., 1985); Lolinealkaloids have been measured in roots 

of tall fescue at 250 ).tglg (Bush et aI., 1993; Burhan, 1984) in plants grown in soil in a 

glasshouse study. According to Bush et aI. (1997) this is sufficient to protect plants 

against some insects. This is in direct contrast to endophyte infected perennial ryegrass 

that shows no effect on root aphid (Cook & Lewis, 2001) probably because peramine, the 

insect feeding deterrent produced in perennial ryegrass-N. lalii combinations is not found 

in significant concentrations in the roots (Ball et aI., 1997). Very low concentrations of 

loline alkaloids, described as a trace, were found in the roots of meadow fescue (Justus et 

at, 1997) that had 153 ).tg/g totallolines in lamina and 496 ).tg/g in pseudostems. This was 

considerably lower than the concentrations reported by Bush et at, (1993) (Table 2.3). 

Table 2.3: Loline alkaloids in soil grown fescue plants. 

Tall fescue * 

Meadow fescue** 

"'Bush et aI., (1993) 
** Justus et al, (1997). 

Loline alkaloid concentration (f.lg/g DM) 
NAL NFL 

Lamina 192 1086 
Pseudostem 327 1851 
Roots 8 274 

Lamina 
Pseudostem 
Roots 

Total Loline 
1278 
2179 
282 

153 
496 
trace 

A better understanding of the factors affecting the presence and concentration of 

different loline alkaloids in roots and their effect on subterranean plant pests could 

provide useful information to plant breeders in their quest to improve grasses. 
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2.1.2.2 Effect of growing conditions on loline concentration 

Loline concentration in endophyte infected tall fescue was increased by nitrogen 

(N) fertiliser but varied according to the season in field experiments (Belesky et aI., 

1987). In a glasshouse pot experiment, N fertiliser had no effect on loline concentration 

in tall fescue (Burhan, 1984) but phosphorus (P) increased loline concentration by three-

fold (Bush et aI., 1993). In contrast, ergopeptine alkaloids increased when soil Nand P 

levels were high (Leuchtmann et aI., 2000). 

Severe water stress increased NAL and NFL concentration in three lines of 

Kentucky 31 tall fescue (Belesky et al., 1989). When GI-307, a Festuca-Lolium line was 

exposed to severe water stress, NAL concentration increased by five-fold over control 

levels after nine weeks and NFL was twice the control levels over a twelve week period 

(Kennedy & Bush, 1983). 

Temperature also had a significant effect. NAL and NFL concentration increased 

by 200-300% in tall fescue plants growing at 21°C dayl15°C night for 10 weeks 

compared to plants grown at 32°C day /27°C night and 16°C day /5°C night when 

alkaloid levels tended to be constant or decrease slightly (Kennedy & Bush, 1983). 

Similarly in ryegrass, NFL production required a temperature in excess of 23°C (Cook & 

Lewis, 2001; Huizing et aI., 1991). 

2.1.2.3 Effect of cutting on loline concentration 

Green house studies have shown that loline concentrations increase in re-growth 

tissues following clipping (Burhan, 1984) ( Table 2.4) . Weekly measurement of 

endophyte, NAL and NFL levels in tall fescue-ryegrass hybrids in plants that were cut 

every three weeks showed that: 

• The alkaloid concentration increased with each harvest (Table 2.4) 

• NAL and NFL in initial clippings were low and uniform. 

• NAL and NFL concentration of the second harvest increased with time 

from initial harvest. 



14 

• High NAL and NFL concentrations were found in subsequent regrowth 

from plants clipped six or seven weeks after seeding. 

• NAL and NFL concentration increased as plants matured with no increase 

in endophyte density. 

Table 2.4: Mean for each harvest of endophyte and NAL and NFL concentration in shoot 
tissue (Burhan, 1984). 

Loline alkaloid concentration (J.lglg DM) 

Harvest* 1 2 3 4 
Endophyte 183 543 92 102 
NAL 77 410 681 872 
NFL 239 1389 2315 2316 
*Harvest interval 3 weeks. 

A subsequent experiment showed stem tissue less than 5 cm above ground level 

had a higher alkaloid concentration than in the leaf blades (Bush et aI., 1993). Others 

have found only trace of levels of NAL and NFL when tall fescue plants were grown in 

the glasshouse and harvested monthly at 5 cm or more above ground level (Salminen & 

Grewal, 2002). 

2.1.3 AUelopathy and loline 

The secretion of chemicals that suppress competitors may be an advantage that 

endophytes offer host plants in grassland ecosystems. Reports on the effect of endophyte 

bearing grasses on white clover, subterannean clover, and birdsfoot trefoil growth and 

production are inconsistent and conflicting (Luu et aI., 1982; Prestidge et aI., 1982; 

Springer, 1996; Stevens & Hickey, 1990; Sutherland & Hoglund, 1989). 

Difficulties in establishing birdsfoot trefoil (Lotus corniculatus) in sods of tall 

fescue could not be fully explained by competition for light, water, and nutrients alone 

and may be due to an allelopathic effect (Luu et aI., 1982). Red clover germination, and 

root and shoot weights decreased when grown with extracts from endophyte infected tall 

fescue (Peters & Zam, 1981) while N. lolii had no permanent effect on white clover 

vigour and growth (Prestidge et aI., 1992). A study with extracts from tall fescue plants 

with or without endophyte on five clover species showed that part of the allelopathic 
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effect could be attributed to the endophyte but inhibition of seed germination and effects 

on seedling shoot and root length could not be adequately expressed by the effects of 

fungal endophyte alone (Springer, 1996). However, the amount of NFL detected in soils 

under tall fescue plants infected with N. coenophialum was four times the level required 

to inhibit germination of Lolium multiflorum(Bush, 1997). Others contend that the 

allelopathic effects explain why endophytic plants become the dominant species in some 

ecosystems (Tan & Zou, 2001). 

There is debate on the importance and significance of endophytes and alkaloids in 

natural grassland ecosystems (Faeth & Fagan, 2002; Saikkonen et aI., 1999). As the main 

interest of this study is the significance of lolines produced in grasses in managed 

agricultural systems, this debate will not be discussed any further. 

2.1.4 Endophyte and loline production 
After considerable early conjecture about the site of synthesis, loline alkaloids 

have been recently demonstrated to be produced by N. uncinatum in culture (Blankenship 

et aI., 2001). 

The relationship between endophyte mass, as measured by ELISA, and loline 

alkaloid production has shown that fungal mycelium concentration was positively 

correlated with the sum of NAL and NFL concentrations in the stem, rachis, and leaf 

blade (Burhan, 1984). Belesky et aI. (1987) also reported that NAL and NFL 

concentrations were positively con'elated to endophyte infection but loline alkaloids can 

continue to accumulate in plant tissue in the absence of fUlther growth of endophyte 

mycelial mass. 

2.2 Effect of Neotyphodium uncinatumlloline on insects 
The loline alkaloids are toxic to a wide range of insects including some species 

that have no natural association with grasses such as cat flea (Ctenocephalides Jelis), and 

cockroach (Periplaneta americana)(Siegel & Bush, 1996). Insects that feed on aerial 

parts of the plant are generally more affected by endophytic associations than root 



16 

feeding insects or nematodes (Siegel & Bush, 1996). Evidence for an effect of lolines on 

root feeding insects such as white grubs of Japanese beetle (Popillia japonica) and 

Southern masked chafer beetle (Cyclocephala lurida) are equivocal. However, studies in 

field plots with Japanese beetle could not substantiate earlier pot trials. Studies with 

artificial diets supplemented with loline alkaloids suggested reduced growth and survival 

of first to third instars due to the effects of loline alkaloids (Davidson & Potter, 1995). 

Loline producing tall fescue symbiota have been shown to suppress six root nematode 

species and three mechanisms for the antibiosis activity have been proposed (Gwinn & 

Bernard, 1993). They are: 

• Root exudates could deter hatching or act as a repellent 

• Repellency could discourage root penetration or initiate changes in root 

morphology 

• Endoderm cell wall thickness is greater in endophyte infected roots 

Endophytes seem always absent from roots so that the anti-insect or anti-

nematode agent active in roots must be either transported from the endophyte infected 

tissue or induced in the root at critical periods by the endophyte (Schardl et aI., 2004). 

Lolines may also exert effects on other trophic levels. For example, the parasitoid 

wasp (Euplectrus spp.) of fall armyworm was negatively affected by NAL and in a no-

choice situation, survival of the wasp decreased (Siegel & Bush, 1996). 

The alkaloids in 4 strains of endophyte in L. perenne cultivar Nui reduced adult 

emergence and development rate of the parasitoid of ASW, Microctonus hyperodae, 

compared to no endophyte controls (Bultman et aI., 2003). The negative effects on 

parasitoid survival were associated with the presence of ergovaline while the effects on 

parasitoid development were related to the presence of peramine, ergovaline, or lolitrem 

B. No loline alkaloids were present in the endophytes used in this test. 
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2.3 Grass Grub 

2.3.1 Introduction 
Grass grub is a native insect of indigenous grasslands of New Zealand and an 

economically important pest of improved pastures (Chapman, 1984). Larvae feed on the 

roots of many plants and the adults will feed on leaves of brassica plants, shrubs and 

trees. 

Grass grub generally completes one life cycle/year (univoltine) but may take two 

years to develop in cooler seasons or at higher altitudes (Willoughby et aI., 1993). In such 

circumstances, larvae suspend development until the following season. 

Grass grub larvae can cause severe damage to pastures but emphasis in recent 

years has been on developing bio-control methods. One of these is the naturally occurring 

soil organism Serratia entomophila which has been developed into the commercial 

preparations Invade™1 and Bioshield™1 and these have been shown to be efficient at 

controlling grass grub under appropriate conditions (Townsend et aI., 2004). 

2.3.2 Plant resistance to grass grub 
The magnitude of damage caused by grass grub larvae to high producing pastures 

and the difficulties and expense of chemical control following the withdrawal of DDT 

prompted an intensive effort to understand the population dynamics of grass grub and a 

search for management controls or resistant/tolerant plant types. 

Early work (Flay & Garrett, 1942) reported that lucerne (Medicago sativa) was 

resistant, but perennial ryegrass (L. perenne) was susceptible to grass grub. Growth rate 

of grass grub larvae feeding on Lotus pedunculatus and lucerne was shown to be 

significantly lower than on red clover (Trifolium pratense) or perennial ryegrass (Farrell 

& Sweney, 1972) but there was no difference in larval mortality between popUlations 

growing on pure white clover (Trifolium repens) or ryegrass pastures (Radcliffe, 1970). 

I Agresearch, Ruakura, New Zealand. 
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Grass grub larvae are attracted to grass roots and preferentially to young roots 

(Kain & Atkinson, 1977). Larvae find roots of red clover, white clover, lucerne and Lotus 

more attractive, but dock (Rumex crispus) roots are less attractive than those of perennial 

rye grass (Sutherland & Hillier, 1974). Larvae do not necessarily gain more weight on 

roots to which they are preferentially attracted and live weight gain may not be related to 

larval survival (Kain & Atkinson, 1977). Grass grub larvae, however, are omnivorous and 

can exist on decaying organic matter in the absence of live plant material (Kain & 

Atkinson, 1977). 

Tall fescue (cv. S 170) and cocksfoot (cv. Apanui) were shown to be more tolerant 

of grass grub attack than ryegrass pastures (Kain et aI., 1979). It was subsequently shown 

that tall fescue/white clover and cocksfootlwhite clover will out yield rye grass/white 

clover in the presence of grass grub densities >600 larvae/m2 with the greatest difference 

when the popUlation was between 200-400 grubs/m2 (East et aI., 1982). The endophyte 

status of the grasses used in these experiments was not reported. 

2.3.3 Effect of endophyte on grass grub 
The demonstration of the effect of N. lolii on ASW stimulated investigations into 

the effects of the endophyte on a wide range of plant pests (Papay & Latch, 1993). N. 

coenophiallim in tall fescue has been shown to have some effect on soil dwelling 

nematodes (Papay & Bonos, 2005 ), scarab insects, Japanese beetle, and Southern 

masked chafer beetle (Potter et aI., 1992). Papay et aI. (1993) showed in a pot trial that 

grass grub larvae were deterred from feeding on grass roots in the presence of N. 

coenophiallim and N. uncinatum. Grass grubs feeding on three tall fescue-No 

coenophialum combinations and one meadow fescue-No uncinatum combination weighed 

significantly less than those feeding on the endophyte free control for six weeks. All of 

the grass-endophyte combinations which affected the growth and survival of grass grub 

contained loline compounds and two of the grass-No uncinatum combinations did not 

produce ergopeptine alkaloids or ergovaline (Papay et aI., 1993 ). 



19 

2.3.4 Effect of N. uncinatum on grass grub 
Recent studies have revealed a variety of effects of N. uncinatum endophyte 

infected meadow fescue on grass grub and porina larvae (Popay et aI., 2003). In field and 

laboratory studies, third instar grass grub fed roots of endophyte-infected meadow fescue 

(EIMF) failed to increase body weight compared to larvae offered meadow fescue roots 

from plants without endophyte. This effect was consistent with the known effects of 

loline alkaloids extracted from the seed of tall fescue on grass grub larvae (Popay & 

Lane, 2000) although the EIMF in the field study was not tested for the presence of 

alkaloids. 

In an artificial diet study, third instar grass grub larvae fed a crude extract from 

EITF containing 0-2000 Ilg/g of totalloline alkaloids (mainly NFL and NAL) (Popay & 

Lane, 2000) exhibited anti-feeding responses at exposure to 250 Ilg/g but survival of the 

grass grub was not affected by concentrations of up to 2000 Ilg/g for 6 weeks (Popay & 

Lane, 2000). The effects of different forms of loline alkaloids were not examined. 

2.4 Argentine Stem Weevil 

2.4.1 Introduction 
Argentine stem weevil has been widely considered as the most impOltant 

arthropod pest in New Zealand. The cost to animal production is immense, in the region 

of $78-251M (Prestidge et aI., 1991). Adult ASW damage grasses by foliar feeding and 

the effects on emerging seedlings can be substantial (Kelsey, 1958; Pottinger, 1961). 

Damage by ASW larvae to vegetative tillers and reproductive tillers can result in loss of 

plants and severe pasture depletion. 

2.4.2 Effects of endophytes on Argentine stem weevil 
Although N. uncinatum endophyte containing grasses are known to have tolerance 

to infestation by a wide range of insect pests (Siegel & Bush, 1996), there is little 

information on the effect of N. uncinatum on ASW. In the only experiment referred to by 

Popay & Latch (1993), neither NFL nor NAL at 100 /lg/g had any feed deterrent or toxic 

,,':'. 
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effect on ASW adults over a 6-day period. LoHne concentrations of up to 8000 Ilg/g have 

been measured in foliage but the effect of such concentrations on ASW is unknown. 

Anecdotal evidence suggests loline containing endophytes provide tolerance to ASW 

(L.R. Fletcher, pers. comm. 2004). In the absence of further literature on loline alkaloids 

and ASW interactions, the subsequent discussion will be based on N. lalii and the 

important insect feeding deterrent alkaloid in that species, peramine. 

Adult ASW are polyphagous but prefer feeding on grass leaf (Barker et aI., 1984 

a) and exhibit a considerable variation in preference for grasses with or without 

endophyte (Barker, 1989). Tolerance to oviposition and larval damage varies 

considerably between grass species and cultivars (Goldson, 1979) and this may be related 

to the degree of fungal endophyte infestation (Prestidge et aI., 1982). The endophyte N. 

lalii in perennial ryegrass has been shown to convey resistance to ASW (Prestidge et aI., 

1982) and the ASW feeding deterrent was identified as peramine (Gaynor & Rowan, 

1985; Rowan et aI., 1990; Rowan & Gaynor, 1986). 

Adult ASW prefer to feed on plants without the endophyte N. lalii (Barker et aI., 

1983). In the absence of endophyte, there is no difference in ASW feeding and 

oviposition on perennial or annual ryegrass (Barker, 1989; Goldson, 1982). Grasses with 

a high concentration of the endophyte have fewer ASW eggs and larvae (Gaynor & Hunt, 

1983) and survival from first to fourth instar larvae is reduced (Barker et aI., 1984 b). 

Pastures without the endophyte would not persist in many parts of New Zealand because 

of the drastic effects of ASW (Easton, 1999). Wild type N. lalii in perennial ryegrass 

produces ergovaline, lolitrem Band peramine which substantially protect pastures from 

ASW (Popay et aI., 2000) and peramine is regarded as a strong feeding deterrent to adult 

ASW (Prestidge & Gallagher, 1988). 

In studies with grasses containing the endophytes ARl2 and AR22, which 

produce peramine but not ergovaline or lolitrem B, oviposition and feeding of adult ASW 

was less than that observed in rye grass without the endophyte but similar to that observed 

in ASW feeding on ryegrasses with the wild type endophyte (Popay et aI., 2000). Three 
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field trials with grasses containing ARI endophyte, which produces peramine but not 

ergovaline or lolitrem B, also showed reduced oviposition and feeding by ASW but there 

was some damage to rye grass containing this endophyte probably because lolitrem B was 

absent in ARI (Popay et aI., 2000). Lolitrem B at 5 Ilg/g is not a feeding deterrent to adult 

ASW but can reduce growth and increase mortality of ASW larvae (Prestidge & 

Gallagher, 1988). 

2.4.3 Effect of peramine and analogues on feeding and development of 

Argentine stem weevil 
Peramine was isolated and identified in endophyte containing ryegrass (Rowan & 

Gaynor, 1986) and shown to be different to the tremorgen (lolitrem B) responsible for 

ryegrass staggers (Gallagher et aI., 1982; Gallagher et aI., 1981). Peramine was a feeding 

deterrent to adult ASW at 0.1 ppm in choice bioassays and deterred larval feeding at 10 

ppm in no-choice 'assays (Rowan et aI., 1990). Prestidge et aI. (1985) reported that to 

confer resistance to ASW, feeding extracts from cultured endophytes required peramine 

concentrations of 15-20 Ilg/g. Rowan et aI. (1990) reported that peramine concentrations 

in N. lolii endophyte-infected rye grass even as low as 5 Ilg/g can act as a feeding 

deterrent. Similar responses have been obtained with other insects such as fall army 

worm, and the European com borer (Riedell et aI., 1991). ' 

The effect of endophyte on larvae is a significant component in the dynamics of 

ASW popUlations. Factors that affect larval feeding will have direct consequences on 

plant tiller survival and on insect population growth. Peramine-containing diets reduced 

larval feeding and the number of larvae reaching pupation (Barker et aI., 1984 b) and 

induced ASW larvae to avoid such endophyte infected plants (Rowan et aI., 1990). 

2.4.4 Polyploidy in grasses and Neotyphodium 

There has been considerable interest in the use of polyploid grasses particularly 

tetraploids, to improve quality and yield of grass cultivars. This phenomenon has been 

particularly prevalent in hybrid and perennial rye grass cultivars grown in Europe and 

New Zealand where rye grasses are the main grasses grown. This interest stimulated a 

study on the effects of hybridity, polyploidy, and endophytes in grass varieties (Popay et 
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aI., 2003). Tetraploid and hybrid species were more susceptible to damage from adult 

ASW than diploid or perennial rye grass and this effect was mostly attributed to the lower 

peramine levels in leaf lamina of triploid and hybrid rye grass. Overall, ASW larval 

damage to tillers was dependent on the reproductive activity of adult ASW which was 

. affected by the type of endophyte and the alkaloids in the leaf, principally peramine and 

lolitrem B (Popay et aI., 2003). 

2.5 Activity of loline compounds in mammals 
As most of the mammalian toxicity studies on the activity of loline alkaloids 

have been undertaken with tall fescue, results have often been confounded by the 

presence of other alkaloids generally present in EITF particularly ergovaline. Peramine is 

thought to be non-toxic to mammals (Pownall et aI., 1993) but ergovaline can cause 

marked effects and is generally considered the alkaloid responsible for fescue toxicosis 

(Hoveland, 2000) although other ergopeptine or loline alkaloids may also be involved 

(Gadberry et aI., 1997, 2003). 

2.5.1 Fescue toxicosis 
Cattle grazing tall fescue pastures have often developed ergotism-like symptoms 

(Be1esky et aI., 1988) such as lameness, rough coat, poor appetite, photosensitization, 

excessive salivation, and heat stress. However, the origin of the alkaloids causing these 

symptoms, could not be confirmed (Oliver, 2005). The discovery of ergot alkaloids in 

EITF led Maag & Tobiska (1956) to deduce that ergot-like fungi can be present in tall 

fescue without the usual visual symptoms associated with ergot infestation such as 

ovarian parasitism in the seed. It has subsequently been shown that fescue toxicosis is 

associated with tall fescue infected with N. coenophialum and is caused by the presence 

of ergopeptine alkaloids, primarily ergovaline (Hovel and, 2000). 

Although ergovaline has been touted as the primary agent of fescue toxicosis 

(Oliver, 1997), ergoline compounds make up approximately 50% of the total ergot 

alkaloid pool in EITF and may contribute to, enhance, or even replace ergovaline as the 

primary cause of fescue toxicosis (Hill, 2005). The ergopeptine alkaloids have been 
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shown to affect reproduction, milk production, serum prolactin, and melatonin-mediated 

events (Siegel & Bush, 1994). Cattle studies have demonstrated the ability of ergotamine 

to alter endocrine traits leading to hyperthermia, poor growth, low fertility and stimulate 

symptoms offescue toxicosis (Browning & Thompson, 2001). Similarly, lambs fed EITF 

showed decreased food intake, skin· temperature, thermocirculation index (TCI) and 

serum prolactin concentration (Gadberry et aI., 2003). In the same series of experiments, 

lambs fed a diet spiked with ergovaline displayed a decrease in TCI and serum prolactin. 

However, the prolactin concentration was not reduced as much as with the EITF diet at 

the same level of ergovaline. This suggests that other alkaloids may be acting 

synergistically with ergovaline to produce the symptoms seen in fescue toxicosis 

(Gadberry et aI., 2003). 

Typically, animal responses to the effects of tall fescue endophyte toxins can be 

grouped into four categories (Stuedemann & Thompson, 1993). They are: 

(i) reduced weight gain and pregnancy rate 

(ii) behavioural changes including decreased feed intake but increased water 

intake 

(iii) physiological responses such as increased respiration and elevated rectal 

and core body temperature, and 

(iv) changes in serum prolactin and cholesterol levels 

Threshold levels (/lg/kg) at which ergovaline induces clinical symptoms are 

reported as; 300-S00 for horses, 400-7S0 for cattle, and SOO-800 for sheep (Aldrich-

Markham et aI., 2003). 

2.5.2 Loline compounds 

The effect of loline compounds on animal performance and metabolism is not 

well known. There are a few studies on the pharmacology of loline compounds but only 

in small animals. When cats and dogs were treated with loline dihydrogen chloride and 

the N-benzoyl iodomethylate of loline, a reduction in blood pressure and coronary blood 

flow occurred (Karimov & Kamilov, 1961). The oral or intraperitoneal administration of 

pure 101ine dihydrochloride failed to affect mice (Dannhardt & Steindl, 1985; Yates & 
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Tookey, 1965). Loline base, however, was lethal to mice when injected intravenously 

(Yates & Tookey 1965). N-acetyl loline has been implicated in vasoconstriction of the 

lateral saphenous vein in cattle and therefore may enhance the effect of ergot alkaloids 

(Oliver et al., 1990). Loline alkaloids when applied to the dorsal pedal vein of cattle 

partially inhibited norepinephrine-elicited vasoconstriction (Solomons et al., 1989). 

Therefore it seems that different loline compounds appear to give rise to different 

symptoms, sometimes even acting as antagonists of neurotransmitters. 

More recently, the activity of loline compounds on sheep uterine and umbilical 

arteries has been investigated (Dyer, 2000). Neither loline, NAL nor NFL directly caused 

contraction of uterine or umbilical arteries. Some enhancement of 5-hydroxy-tryptamine 

activity (an endogenous vasoconstrictor) occurred at high concentrations of loline 

compounds but these were considered unlikely to be of physiological importance. The 

response of the arteries to potassium chloride (a membrane depolarizer) was not altered 

by loline compounds. It appears from these rep0l1s that loline alkaloids are unlikely to 

significantly contribute to vasoactive actions (Dyer, 2000). 

2.5.3 Uptake and excretion of lolines in mammals 

Loline base is regarded as the primary form of loline alkaloid absorbed from 

the gastrointestinal tract (Westendorf et al., 1993; Oliver, 1997). N-formyl loline is 

converted by rumen liquor to other loline alkaloids especially to 101ine base (Westendorf 

et al., 1993) which may be absorbed through the rumen wall or pass down the intestinal 

tract for subsequent absorption or conversion in the abomasum or the small intestine to 

other loline forms. When EITF was fed to cattle, NFL and NAL were substantially 

convel1ed to loline base in the gastrointestinal tract (TePaske et al., 1993). An average of 

5% of NFL and NAL was recovered from the abomasum in cannulated sheep given 

infected seed orally, but no loline alkaloids were recovered from the faeces. Attempts to 

follow the fate of loline compounds in ruminants have revealed loline compounds at low 

concentrations in the urine of sheep (WestendOlf et al., 1993), cattle (TePaske et al., 

1993), and horses (Takeda et al., 1991). Loline, NFL, and NAL concentrations of 70.0 

flglmL, 8.6 flg/mL and 4.4 flglmL respectively were measured in the urine of a cow 
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exhibiting fescue toxicosis symptoms but attempts to locate loline compounds in blood 

fractions have been unsuccessful to date (TePaske et a1., 1993). 

2.5.4 Hepatic effects of loline alkaloids 
. Although the early studies into the toxicology of tall fescue on mammals 

implicated loline compounds, primarily due to the high loline concentrations often 

encountered in tall fescue herbage, subsequent investigation found ergovaline compounds 

to be the more potent toxic agents (Lane et a1., 1997) although the possibility of 

synergistic effects with different alkaloids cannot be discounted (Thompson & 

Stuedemann, 1993). 

Cytochrome P450 enzymes are important in detoxification processes but 

information on the detoxification of ergot alkaloids in livestock is very limited. The 

cytochrome P450 3A4 isoform (CYP3A4) has been implicated in the detoxification of 

ergot alkaloids in rats and humans (Moubarak et a1., 2004). Metabolism of ergotamine by 

cattle liver micro somes results in formation of more water soluble ergotamine metabolites 

(Moubarak et a1., 2004) but such induction effects in parallel rat experiments could not be 

confirmed. However, Settivari et a1. (2004) reported a significant increase in liver 

CYP3A4 protein expression and reduced liver weight in rats fed EITF seed. 

When ruminal and abomasal cannulated lambs were fed ground tall fescue hay 

with high or low endophyte infestation, total gastrointestinal tract digestion of dry matter, 

was lower in animals fed the high endophyte hay (Fiorito et a1., 1991). Serum prolactin 

concentration was also reduced in sheep on high endophyte hay but serum cOltisol and 

thyroxine were not effected (Table 2.5). 

2.5.5 Receptors and receptor sites 

Receptor site(s) for lolines or mechanism(s) of action of loline alkaloids in 

mammals have not been determined although a number of investigations have been 

undertaken (Doughelty et a1., 1991; Dyer, 2000; Jackson et a1., 1984; Jackson et a1., 

1989; Oliver et a1., 1990) 
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As previously mentioned, there are reports of vasoconstrictive and vascular 

thickening activity of loline in mammals (Strickland et aI., 1996). The site of action may 

be a-2-adrenergic, D2 dopamine, or serotonergic receptors (Larson et aI., 1995; Strickland 

et aI., 1996). However, Dyer (2000) concluded that loline alkaloids are unlikely to reduce 

blood flow by vasoactive action in ovine uterine and umbilical arteries. Suggestions have 

been made that loline compounds may have an influence on neural transmission 

(Dougherty, 1991). Steers grazing EITF displayed imbalances in the pituitary and pineal 

gland secretions which may be a result of adverse effects of EITF on growth and 

reproduction (Porter & Thompson, 1995) 

Table 2.5: Physiological and endocrine responses of lambs fed endophyte-infected tall 
fescue (Fiorito et aI., 1991). 

Low endophyte High endophyte SE 

Mean resp rate, cycles/min 51.1 44.1 3.97 
Mean heart rate, beats/min 68.6 65.0 1.32 
Mean rectal temperature, DC 39.5 39.7 0.10 
Mean hematocrit, % 29.0 28.6 1.37 
Mean cortisol, ng/ml 5.4 3.4 0.99 
Mean serum prolactin, ng/ml 24.1 4.7 3.36 
Mean serum thyroxine, ng/ml 6.1 5.4 0.35 
Mean serum alkaline 128.0 114.0 15.44 phosphatase, lUll 

2.5.6 Effects of lolines on plasma enzyme activity 

Indicators of liver or kidney damage such as plasma aspartate amino transferase 

(AST), glutamate dehydrogenase (GDH), gamma glutamate transferase (GGT) or plasma 

concentrations of creatinine and urea, could shed some light on the site and activity of 

loline activity but the signs, symptoms and laboratory findings of most investigations to 

date have been confounded by the presence of ergovaline from the tall fescue herbage or 

seed used in the different studies (Thompson & Stuedemann, 1993). 

Serum levels of AP, AST and LDH in cattle grazing pasture with low ergovaline 

levels (novel endophytes) increased compared to that of cattle grazing on wild type EITF 

(Nih sen et aI., 2004). Loline levels in the herbage of these novel endophytes were in the 

range of 50 to 360 Ilg/gm DM. Serum levels of AST and creatine kinase (CK) may also 
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be elevated with muscle damage such as that observed when endophyte induced staggers 

cause enzyme leakage from muscle cells (Fletcher, 1993). Serum LDH activity is reduced 

(Dougherty et aI., 1991) while amylase is increased in cattle grazing EITF (Nutting et aI., 

1992). 

Although there was an increase in the serum AST of ewes grazing endophyte 

infected perennial ryegrass showing staggers symptoms, there was no difference in serum 

GGT, and AP remained normal (Table 2.6)(Piper, 1989). Endophyte toxins may affect 

liver function and the toxins may destroy liver hepatocytes, reduce excretion in bile, and 

effectively increase the level of circulating lolitrems (Piper, 1989). 

Table 2.6: Effect of sheep grazing endophyte infected ryegrass on serum enzymes. 
(Piper, 1989). 

Enzyme Endophyte Endophyte LSD 5% (low) (high) 
Aspartate amino 114 144 15 transferase 

Glutamyl 70 66 12 ns transpeptidase 

Alkaline phosphatase 109 106 56 ns 
. -p<O.Ol sIgmficance level between means, ns = non sIgmhcant 

2.5.7 Effects of ergot alkaloids and lolines on rats and mice 
A small animal model has been explored as a tool to unravel the mysteries of 

fescue toxicosis (Dew et aI., 1990; Jackson et aI., 1989; Strickland et aI., 1992). Loline 

alkaloids have shown no effect on prolactin secretion in rats unlike ergopeptine alkaloids 

which may be responsible for the reduced serum prolactin levels and fescue toxicosis 

symptoms in rats and mice consuming EITF (Gay, 1990). 

Rats fed diets spiked with extracts of EITF showed a reduction in feed intake, 

average daily weight gain and serum prolactin levels (Jackson et aI., 1989). When rats 

were offered EITF seed, endophyte free seed, and endophyte free seed plus ergovaline (or 

ergine), a decline in serum prolactin level, feed intake, weight gain and rectal temperature 

occured suggesting that alkaloids other than ergine and ergovaline may also be implicated 
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in fescue toxicosis (Table 2.7). More recent feeding studies indicated that rats fed a diet 

of EITF exhibited a rapid reduction in feed intake and growth but these symptoms were 

absent in rats fed a diet containing endophyte infected rye grass seed with a different 

spectrum of alkaloids (Eichen et aI., 2004). These authors also concluded that compounds 

in addition to ergovaline may be responsible for the fescue toxicosis associated changes 

in feed intake, growth, and body temperature (Eichen et aI., 2004). 

Table 2.7: Effect of endophyte infected seed diets with or without ergovaline on growing 
rats (Piper et aI., 1997). 

Feed intake Weight gain Rectal Temp Serum 
Dietary treatment (g) (g) °C prolactin 

(nglml) 
Endophyte-free 20.3 a 3.10 a 38.19 a 31.7 a 
Endophyte-free 21.5 a 3.35 a 37.71 b 25.5 ab with ergovaline 

Endophyte-infected 13.8 b 1.46 b 37.35 b 6.6 b 
Means within a column with different letters differ significantly (p<O.OS) 

2.5.8 Effects endophyte alkaloids on endocrine function 
Impairment of endocrine function by endophyte alkaloids has been investigated 

extensively with an attempt to understand the effects of ergot alkaloid activity on fescue 

toxicosis. The close link between ergot alkaloids and lolines in plants has implicated the 

involvement of the loline alkaloids also in endocrine function impairment during fescue 

toxicosis. Acute ergotamine exposure alters plasma concentrations of the impOItant 

reproductive and metabolic hormones (Browning, 2000) and these effects may provide 

clues to possible mechanisms for reproductive failure and poor growth in cattle 

consuming Neotyphodium infected forages. 

Elevated levels of cOItisol and triiodothyronine induce muscle protein catabolism 

and lipid mobilization (Marieb & Hoehn, 2007). Browning (2000) showed that 

ergotamine alters plasma concentration of cortisol, triiodothyronine, glucagons, and 

insulin. Reduced insulin and increased glucagon concentrations contribute to degradation 

of muscle and fat tissue and this could account for the reduced growth rate or loss of body 

weight in cattle grazing EITF (Browning, 2000). Subsequent experiments showed that 

treating cows with ergotamine results in increased glucose and cholesterol and a 
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reduction in plasma insulin-like growth factor (lGF) concentration (Browning, 2003). In 

studies with lambs, serum prolactin was higher in lambs fed low endophyte rather than 

high EITF, with serum cortisol and thyroxin unaffected (Fiorito et aI., 1991). Decreases 

in live weight and serum prolactin were shown to be sensitive indicators of toxicosis in 

rabbits fed EITF (Filipov et aI., 1997). 

Prolactin is a polypeptide hormone, synthesized and secreted by specialized 

anterior pituitary cells called lactotrophs (Freeman et aI., 2000). Prolactin has many 

functions (>300) serving mUltiple roles in reproduction and homeostasis and is affected 

by a large variety of stimuli both endogenous and environmental (Freeman et aI., 2000). 

Reduced serum prolactin concentration is recognized as one of the most consistent 

signs of tall fescue toxicosis (Cross et aI., 1995). Loline alkaloids, however, did not have 

such effect on prolactin secretion in rat pituitary perfusion in vitro systems (Strickland et 

aI., 1992), although in vivo prolactin secretion was stimulated by ergonovine and 

perloline, and suppressed by a-ergocriptine. 

2.5.9 Effects of endophyte alkaloids on immune function 

The effects of endophyte alkaloids on immune function have been described (Dew 

et aI., 1990). Rats fed EITF showed a reduced serum antibody titre to sheep red blood cell 

immunisation and a decrease in WBC, suggesting an adverse effect on immune function. 

Mice fed an endophyte infected diet exhibited a reduced response to applied mitogens 

and an increase in T suppressor cell numbers in spleen cells indicating immune 

suppression by toxins in EITF (Dew et aI., 1990). 

2.5.10 Effect of non-ergot alkaloid-producing endophytes on sheep and 

cattle 

The selection of endophytes that produce low concentrations of ergot alkaloids 

and ergovaline in particular, provides the 0ppOltunity to study the physiological effects of 
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other endophyte alkaloids on sheep and cattle more closely. This endophyte development 

was successfully pioneered in New Zealand by inoculation of naturally occurring low 

ergot alkaloid and low lolitrem B selections into elite perennial rye grass cultivars 

(Fletcher & Easton, 1997; Tapper & Latch, 1999). This approach has recently been 

reported in tall fescue (Boutonet aI., 2002). 

Lambs grazing selections from the tall fescue varieties such as Kentucky 31, 

Jesup and AU Triumph, containing endophyte selections with a reduced ergot alkaloid 

concentration, showed an increase in prolactin concentration and a decrease in body 

temperature compared to the original selections (Hill et aI., 2002). These symptoms were 

further modified when lambs grazed the same cultivars that were endophyte free. In 

another study, lambs fed the tall fescue varieties, Georgia 5 and Jesup inoculated with 

AR542, showed improved live weight gain but no difference in serum prolactin 

concentration or body temperature compared to lambs grazing endophyte free pastures 

(Bouton et aI., 2002). When cattle were fed the tall fescue cultivars (Kentucky 31, Jesup, 

Georgia) containing AR 542, and HiMag tall fescue inoculated with two low ergot 

alkaloid endophytes (Hi Mag 4 and HiMag 9), similar animal responses were observed 

(Matthews et aI., 2005; Nihsen et aI., 2004; Parish et aI., 2003). Serum prolactin, AP, 

LDH and cholesterol were all reduced by the wild type endophyte selections. Rectal 

temperature was reduced in the low ergot selections compared to grasses containing the 

wild type endophyte. 

AR 542 is thought to produce NANL in associations with tall fescue, but not NFL 

or NAL, and the HiMag 4 and HiMag 9 selections produced both NFL and NAL at low 

concentrations but not NANL (Nihsen et aI., 2004). These results suggest that NANL is 

not involved with fescue toxicosis. Similar studies with selections containing only NFL 

andlor NAL are required to confirm/deny a similar role for these alkaloids in fescue 

toxicosis. 
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2.6 Summary 
The biologically active loline compounds found in EIMF are NFL, NAL and 

NANL. The seasonal pattern of shoot (but not root) loline alkaloid conccntration has been 

described (Justus et aI., 1997; Leutchmann et aI., 2000) but information on New Zealand 

grown meadow fescue is lacking except for a report on loline alkaloids in one naturalized 

New Zealand grown ecotype (Fletcher et aI., 2000). The loline alkaloids can act as toxins 

and feeding deterrents to a range insects including grass grub but the root loline alkaloid 

concentrations in field grown meadow fescue with or without grass grub havc not bccn 

quantified. According to Justus et al.( 1997) root loline concentrations in meadow fescue 

are low and may be insufficient to deter grass grub feeding. This is in contrast to the field 

observations of Fletcher et al. (2000), and the laboratory studies of Popay et al. (2000) 

and Popay & Lane (2000). They showed that loline alkaloids in meadow fescue 

containing N uncinatum endophyte reduced grass grub feeding and grass grub size. NAL 

and NPL at low leaf concentrations (100 flg/g) have been shown to have no effect on 

ASW feeding but information at higher leaf concentrations is lacking. The uptake and 

excretion of loline alkaloids by sheep in the absence of ergot alkaloids is also lacking. 
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3. Materials and methods 
3.1 Extraction and purification ofloline dihydrogen chloride 

This was based on the methods of Petroski et al. (1989), Blankenship et al. (2001) 

and J.D.Blankenship (pers.com., 2004). Ground meadow fescue seed (200 g) were mixed 

with 2L of chloroform overnight, basified with 20 mL of 1M NaOH, and then filtered 

through fine mesh nylon and Whatman #1 filter paper. The filtrate was extracted three 

times with 50 mL of 1M HCI. The combined acid extracts were mixed by stirring at 80°C 

for 3 h. After cooling the pH was adjusted to a minimum of II with 10M NaOH, any 

precipitates were removed by filtration, and then extracted eight times with an equal 

volume of chloroform. The combined organic extracts were extracted three times with 30 

mL of 1M HCI and then dried under vacuum at room temperature to form oily crystals. 

These crystals were washed with absolute alcohol, redissolved in a minimum quantity of 

distilled water and recrystallised by the addition of a few drops of absolute ethanol. A 

selies of extractions and re-extractions from 600 g meadow fescue seed resulted in 

approximately 1.8 g of 10Une dihyrogen chloride crystals. 

The purity and authenticity of loline dihydrogen chloride were initially confirmed 

by melting point determination (246.2 ± 0.9°C) which was in agreement with the 

published melting point is 243-248°C (Petroski et aI., 1989) followed by nuclear 

magnetic resonance (NMR) which confirmed the chemical structure (section 3.7). 

3.2 Derivatisation of loline alkaloids 
The derivatisation of loline alkaloids was according to the method of Petroski et 

al. (1989) with minor modifications as described below. 

3.2.1 Derivatisation of loline base 
Crystals of loline dihydrogen chloride (10Img) were dissolved in 2 mL of water, 

pH adjusted to II and extracted 3 times with 5 mL chloroform and evaporated under a 

stream of nitrogen to yield 26 mg loline. 
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3.2.2 Derivatisation of NFL 
Loline (68 mg) was refluxed at 54°C with 3 mL of ethyl formate for 32 hours and 

dried under a stream of nitrogen to yield 58 mg of NFL. 

3.2.3 Derivatisation of NAL 
LoHne (26mg) was mixed with 0.1 mL acetyl chloride in 1.3 mL chloroform at 

room temperature in a shaker overnight and extracted 3 times with 1.3 mL of O.IN HCI. 

The pH of the combined aqueous extracts were adjusted to 10.0 and extracted 5 times 

with 2 mL chloroform. This was evaporated under a stream of nitrogen to yield NAL as a 

clear oil (7.3 mg). 

3.2.4 Derivatisation of norloline 
Norloline was prepared from 190 mg loline by adding 3 mL of H2S04 on ice and then 

slowly adding 0.084 g of KMn04 in 2.6 mL of water and refrigerating overnight. After 

filtration and evaporation an oily residue was obtained. 

3.2.5 Derivatisation of NANL 
Phenyl acetate was added to the oily residue (norloline mixture) and left on the bench for 

96 h. The mixture was extracted with O.IN HCI, washed with CHCh, and made basic 

with ION NaOH. CHCh extracts were combined and dried under a stream of nitrogen to 

yield 57 mg NANL. 

3.2.6 Derivatisation of N-methylloline 
Loline base (54 mg) was refluxed with 1.0 mL of formic acid and 1.6 mL of 

formaldehyde for 4 h at 93°C. After cooling the mixture to room temperature, it was 

made acidic with IN HCI and washed 3 times with ether, pH adjusted to 10 with ION 

NaOH, extracted with CHCh and dried under a stream of nitrogen to yield 43 mg NML. 
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3.3 Source of the plant material 
Twelve distinct ecotypes of meadow fescue that originated from Europe, were 

vegetatively propagated, and transplanted in autumn 2004 into single rows of 12 plants. 

The trial block was located near Templeton, Canterbury on a Templeton silt loam. The 

block was manually weeded and cut as required to ensure the meadow fescue plants 

remained vegetative throughout the sampling period. The plants were maintained in a 

vegetative state throughout the measurement period to simulate a grazed grass pasture in 

New Zealand conditions. Any reproductive heads (flowers) that appeared in the samples 

were discarded from the alkaloid analyses. 

The following grass lines, Fp53, Fp246, Fp248, Fp262, Fp345, Fp358, Fp390, 

Fp391, Fp408, Fp430, Fp440, Fp87 were chosen based on a one-off test by Oregon State 

University, USA, that indicated a wide range of loline concentrations in these lines. The 

plants were spaced 50 cm apart in the row, with 75 cm between rows, in a randomized 

complete block design. The position of the rows was randomized and there were three 

replications of each block. 

All grass clippings from the selected lines were removed from the site. Irrigation 

and fertiliser were applied sparingly only to maintain the plants in a growing condition. 

The site was irrigated three times with 20 mm, 20 mm and 15 mm on 28.10.04, 15.11.04, 

and 6.2.05 respectively. 100 kglha of fertilizer (12:5: 14:6) (N:P:K:S) was manually 

applied on 4.10.04. Soil quick test results conducted on 27.1 0.05 were: pH 6.2, Olsen P 

72, K 16, Mg 27, S 3 (R.J.Hill Laboratories, Cambridge). 

The presence of endophyte in epidermal pseudostem segments of each grass 

ecotype (except Fp53) was confirmed by cold-staining in lactophenol cotton blue and 

examination under a light microscope. 
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3.4 Extraction and measurement of loline alkaloid concentration in 

plant samples 
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The extraction of loline from the plant samples was based on the method of Yates 

et al.(1990). Herbage material (0.5 g) was shaken vigorously with 10.0 mL of 

dichloromethane:methanol:ammonia (75:25:0.5) solvent and 6 mg phenylmorpholine 

(PM)1100 mL solvent as the internal standard for 22-24 h. After centrifugation at 2000g 

for 15 min, 1 mL of the supernatant was taken up in a 1 mL plastic syringe and passed 

through a micro-filter (0.45 Ilm) into a 2 mL glass GC vial for analysis within 24 h. 

From the gas chromatograph, the area under the curve (AUC) attributable to the 

internal standard for each sample was recorded. For each experiment, the mean area for 

the internal standard from all the samples for each experiment was used to calculate the 

corrected alkaloid area of each loline alkaloid for each sample as follows: 

Mean area of the internal standard factual area internal standard x area for the loline 

alkaloid = corrected loline alkaloid area. 

The loline alkaloid concentration was calculated from the standard curve using the 

corrected area for each loline alkaloid. 

3.5 Gas chromatography (GC) 
Samples were analysed using a gas chromatograph (Hewlett-Packard 6980 series) 

with a dedicated mega-bore BPI column 530 Ilm (30 m), and a nominal film thickness of 

1.0 Ilm equipped with a flame ionisation detector (FlD). The oven was held at 100D C for 

2 minutes and then programmed to increase to 250D C at 4 DC/min. The initial inlet 

temperature was 250D C and the detector temperature was 325 D C. The helium flow rate 

was 50 mUmin and the auxilIary gas flow rate was 4.2 mUmin. The hydrogen flow rate 

was 40 mUmin and the air flow rate was 450 mUmin .. 

A chromatograph of an extract from meadow fescue seed spiked with N-methyl 

loline is shown in Figure 3.l. 
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Figure 3.1: Gas chromatograph of an extract from meadow fescue seed spiked with N-
methylloline (NML) showing the internal standard (phenylmorpholine) and 4loline 
alkaloids. The NML spike concentration was 200 !lg/g. 

3.5.1 Repeatability, recovery, stability, and detection limit 
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To test repeatability of the method, 10 samples of meadow fescue seed from the 

same seed lot were ground to pass through a 0.2 mm sieve and subjected to the standard 

extraction procedure (section 3.3). Standard deviations, and coefficient of variation 

(within brackets) were for PM 13.88 (2.75) ; NFL 70.9 (6.14); NAL 7.89 (2.36); NANL 

9.14 (6.12) respectively. 

To test sample stability, root samples first extracted on 16.11.05 and analysed by 

GC on 17.11.05, were stored at 4°C and re-analysed on 3 subsequent occasions, 25.11.05 

1 week, 2.12.05 2 weeks, and 27.1.06 10 weeks later (Table 3.4). These analyses 

confirmed that NFL and NAL were stable up to 10 weeks, but NANL showed some peak 

splitting at 10 weeks (27.1.06) suggesting some instability after 2 weeks. 
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Table 3.1: Stability of prepared GC samples over 10 weeks. 

Assessment 0 1 2 10 
period (weeks) 

Assessment 
date (16.11) (25.11) (2.12) (27.1) 

(dd.mm) 
Alkaloid Concentration (,..g/g) 

NFL 105 95 100 104 

NAL 25 25 19 25 

NANL 14 11 6 11 

NFL = N-formyllolme; NAL = N-acetyllolme; NANL = N-acetyl norlolme. 
SD-Standard deviation 

37 

Mean SD 

101 3.8 

24 2.7 

10 4.0 

Samples prepared for GC were spiked to test recovery of NFL, NAL, NANL and NML 

before analysis (Table 3.5). Recovery was satisfactory (>90%) for the four alkaloids 

tested, with NFL and NAL most consistent. 

Table 3.2: Recovery of alkaloids from meadow fescue root extracts spiked with 4 loline 
alkaloids. 

% SDfor 
Initial Added Final % recovery recovery 

Concentration (,..g/g) 
NFL 166 887 1040 98.6 1.4 
NAL 73 121 191 97.4 5.1 

NANL 26 151 166 92.6 11.7 
NML 30 199 219 94.0 22.6 

NFL = N-tormyllolme; NAL = N-acetyllolme; NANL = N-acetyl norlohne. 

Based on the area of a peak above baseline noise, the minimum detection limit was 

estimated at 6 11 gig. This is similar to the values described by Leutchmann et al. (2000) 

(2Ilg/g) and Justus et al. (1997) (20 Ilg/g). 

3.5.2 Variation in loline concentration between plants 

To test the variability in the root and shoot loline concentration 10 plants in a 

single row of one clone Fp390 were harvested, separated into root and shoot, freeze dried 
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and analysed for loline alkaloids. Results of NFL in root and shoot are presented in 

Figure 3.2 with a mean of 724 J1g1g ± 224 (shoot) and 184 J1g/g ± 34 (root). These results 

highlight the variability between plants and emphasise the importance of adequate plant 

numbers and replication to a<;:hieve reliable results. 
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Figure 3.2: Effect of position in the row on NFL concentration in one row of 10 cloned 
meadow fescue plants (line Fp390). Plants 50 cm apart in the row and harvested 
15.04.06. Error bars are standard deviations. 

3.5.3 Standard curves 
A dilution series was produced for each derivatised loline alkaloid (NFL, NAL, 

NANL, NML and loline) with duplicate samples. Equations, regression values (R2, %), 

and standard errors of the observations are shown in Table 3.4. These standard curves 

were used for quantification of all plant and faecalloline analyses. 

Table 3.3: Equations for the best fit standard curves of five loline alkaloids. 

Alkaloid Equation R2 (%) SE observations 

NFL y=20.69x -73 100 307 
NAL y=16.39x -119.6 100 52.6 

NANL y=29.766x + 348 99.6 376 
NML y=22.499x -8.049 100 8.6 
Loline y=23.875x-56.4 100 142 

NFL = N-formyllolme; NAL = N-acetyllolme; NANL = N-acetyl norlohne; NML=N-methyllohne 
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3.5.4 Comparison of the method with other laboratories 
For comparative purposes, some stored plant samples that had previously been 

tested commercially in external laboratories (Oregon State University, Oregon, USA and 

AgResearch Grasslands, Palmerston North, New Zealand) for the major loline alkaloids 

were also extracted and analysed. These analyses showed a good agreement between the 

AgResearch and Lincoln University analyses (Table 3.4). Similarly, there was a 

reasonable relationship between the Oregon State University and Lincoln University 

analyses, with some exceptions (Fp102 and Fp122; Table 3.5). The samples at Oregon 

State University were analysed 4 years prior to return and analysis at Lincoln University. 

Table 3.4: N-formylloline (NFL) and N-acetylloline (NAL) concentration (Ilg/g DM) in 
four meadow fescue herbage samples tested at Agresearch, Palmerston North (AgRes) 
and Lincoln University (Lincoln). 

Meadow NFL NAL NANL fescue line 
Laboratory Lincoln AgRes Lincoln AgRes Lincoln AgRes 

Loline alkaloid concentration (Ilg/g DW) 
Fp358 528 577 124 106 39 33 
Fp345 609 689 124 98 42 41 
Fp390 651 701 135 95 60 47 
Fp408 1064 1305 267 209 112 156 

Agresearch analysIs completed on 3.2.05; Lmcoln Umverslty on 2.6.06. 

Table 3.5: N-formylloline (NFL) and N-acetylloline (NAL) concentration (Ilg/g DM) in 
eight meadow fescue herbage samples tested at Oregon State University (Oregon) and 
Lincoln University (Lincoln). 

Meadow 
fescue line NFL NAL 

Laboratory Lincoln Oregon Lincoln Oregon 
Loline alkaloid concentration (/lg/g DM) 

FplO2 2244 6109 499 719 
Fp64-2 398 329 247 36 
Fp122 3768 5074 914 609 
FplO3 1617 2382 386 231 
Fp15S 1176 1087 420 116 
Fp69-11 2054 2237 544 229 
Fp62-21 750 238 425 38 

Oregon analysIs completed on 8.8.02; Lmcoln Umverslty on 26.6.06 
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3.6 Mass spectrometry (MS) 
Loline alkaloids were characterised by Canesis Network (now AgResearch) using 

a GC-MS (Varian CP-3800 model) gas chromatograph linked to a Saturn 2200 detector. 

The oven was set at an initial temperature of 90°C, held for 1 min, then increased 

(ramped) to 260°C at 30°C/min, and held for 7 min. Injector temperature was 250°C. Gas 

flow was a constant flow of 1.2 mLimin. The column was a ZB 624 of 30m, 0.25mm J.D. 

with a film of 1.40 flm. The film was 6% cyanopropylphenyl and 94% 

dimethylpolysiloxane. The mass spectrometer was fitted with an ion trap. The ion impact 

mode was EI AGe. 

For the major fragment ions collected by GC-MS there was good agreement 

between the data collected in this study and those of Petroski et al.(l989) and Justus et al. 

(1997) for the five loline alkaloids (Table 3.6). The detection of a major fragment ion at 

mass 197 (24) m/z in the spectra of NANL could not be explained and was an anomaly. 

In the NANL chromatograph, there was incomplete resolution from a compound with a 

base peak at 146 m/z that had major peaks at 147 m/z and 118 m/z but there was no peak 

at 197 m/z in this graph. The other major ions for NANL showed good agreement with 

the published results of Petroski et al. (1989) and Justus et al. (1997) (Table 3.6). 
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Table 3.6: GC-MS analysis of loline alkaloids derived from loline dihydrogen chloride 
(1) compared with those of Petroski et al. (1989)(2) and Justus et al. (1997)(3). 

Alkaloid (GC peak) [Mtmlz Characteristic ions mlz (% relative 
abundance) 

1 155(9) 123(9), 110(49),95(59),82(100),68(30), 
Loline 2 154(3.5) 123(12), 11 0(34), 95(31), 82(100) 

3 154(5) 123(17),110(47),95(33),82(100),68(19), 

1 169(20) 123(9),111(7),95(100),82(72),80(46), 
N-methylloline 2 168(2) 123(42),95(68),82(100) 

3 168(2) 123(49),111(6),95(70),82(100), 

1 183(19) 123(4), 95(33),83(11),82(100), 
N-formylloline 2 [M-28] 154(11),123(9),110(9),95(24),83(20),82(100) 

3 182(0.3) 154(15),123(10), 110(12),95(25),82(100), 

1 183(32) 153(8),123(11),95(45),82(100), 
N-acetylloline 2 196(2) 167(5), 153(8), 123(23), 95(43), 82(100) 

3 196(2) 167(5),123(26),101(16),95(42),82(100), 

1 197(24) 153(11), 123(9), 101 (8),95(69),82(100),69(17), 
N-acetyl norloline 2 [M-29] 153(26),123(7),95(21),82(100),69(34) 

3 182(0.3) 153(8), 123(26), 101 (16), 95(42), 82(100), 69(19), 

3.6.1 Sample preparation for GC-MS 
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Samples for GC-MS were prepared by solid phase extraction using Strata-X 

columns with 331lm polymeric sorbent at 1 mLl100mg. The columns were prepared by: 

Conditioning 
Loading 
Washing 
Eluting 

- with ImL MeOH followed by 1 mL ultra pure water 
- with 1 mL urine sample + 10 ilL phenylmorpholine 
- with ImL ultra pure water, and 
- with 1 mL MeOH. 

Eluant was collected in 1.8 mL GC vials and analysed directly by GC-MS using 

derivatised loline standards prepared by Lincoln University. 
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3.7 Nuclear magnetic resonance (NMR) 

The identity and purity of the loline dihygrogen chloride crystals was confirmed 

by lH NMR spectra recorded with a Varian INOVA 500 spectrometer operating at 500 

MHz from D20 solutions. Chemical shifts were relative to the D20 peak of 4.70 f.lg/g. 

l3C NMR spectra were recorded with a Varian UNITY 300 spectrometer operating at 75 

MHz from D20 solutions. 

The NMR data are presented in Table 3.7 and Table 3.8 for the structure of loline 

alkaloids in Figure 2.1. These show that the loline dihydrogen chloride prepared in the 

current study is the same as the published study (Petroski et aI., 1989). There were small 

and consistent deviations in proton and l3C chemical shifts for loline dihydrogen chloride 

compared to the data published by Petroski et aI.(1989). These differences were attributed 

to the differences between analytical equipment and the internal standard (D20 peak at 

4.70 f.lg/g v.Me2CO). 

Table 3.7: lH-NMR Chemical shifts for loline dihydrogen chloride. 

Chemical shift Chemical shift 
Proton Multiplicity 

(current study) (Petroski et al. 1989) 

H-1 s 4.29 4.23 
H-2, H-8 d 4.85 4.79 
H-3a d 4.20 4.15 
H-3b d 3.62 3.55 
H-5a,b m 3.79 3.73 
H-6a dd 2.33 2.28 
H-6b dddd 2.45 2.37 
H-7 dddd 4.79 4.72 
N-Me s 2.85 2.79 
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Table 3.8: 13C-NMR shifts for loline dihydrogen chloride. 

13C carbon Chemical shift Chemical shift 
(current study) (Petroski et al. 1989) 

C-I 63.3 65.9 
C-2 71.3 73.9 
C-3 61.5 64.2 
C-5 55.4 58.1 i",· 

I ' 

C-6 28.9 31.6 
C-7 80.6 83.2 
C-8 69.5 72.2 

N-Me 33.7 33.7 
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4. Loline alkaloids in meadow fescue leaf and stem 

4.1 Abstract 
The loline alkaloid concentration in the leaf and stem of 12 meadow fescue lines 

grown in the field in Canterbury and sampled 6 times between October 2004 and May 

2005 are reported. The concentration of loline alkaloids in stems was higher than in 

leaves and there were significant differences in loline concentration between lines and 

between harvest times. There was a strong seasonal pattern in stem loline concentration 

that peaked in late spring and gradually declined from early summer until the last harvest 

in late autumn. There was also a strong seasonal pattern in leaf loline concentration that 

followed the stem concentration except for a sharp decline in early summer that increased 

to late spring concentrations in mid-summer. The pattern of different loline 

concentrations in leaf and stem was NFL>NAL>NANL>NML except in Fp262 and Fp87 

where the concentration of NANL was higher than in the other lines and similar to the 

NAL concentration. The stem and leaf loline alkaloid concentrations were sufficient to 

deter herbivory by a range of insects. 

4.2 Introduction 

Meadow fescue is a grass of little agricultural use in New Zealand because farmer 

experience determined that the species lacked persistence and production capability 

compared to perennial ryegrass (Cooper, 1996). Poor persistence may have been 

attributable to attack by insects such as Argentine stem weevil or grass grub. Livestock 

activity such as treading, preferential grazing or the effects of drought or disease may also 

have been factors affecting persistence. Meadow fescue, however, is often infected with 

an endophyte (Neotyphodium uncinatum) which has been shown to convey resistance to a 

wide range of insects (Siegel & Bush, 1996) and help protect infected plants from the 

effects of physiological stress such as drought (Malinowski & Belesky, 2000). 

An in-depth knowledge about lohne alkaloids in the arboreal parts of the plant 

that are accessible to pasture pests and for grazing by farmed livestock would be helpful 

in assessing the potential value of grasses containing these endophytes and their alkaloids 
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to agriculture in New Zealand. A detailed examination of loline alkaloids in the 

inflorescence have been described (Justus et aI., 1997) and is not a part of this 

investigation. Seasonal concentrations of loline alkaloids in shoots of one meadow fescue 

ecotype selected from Northland have been reported from a grazing trial in Canterbury 

(Fletcher et aI., 2000). 

The primary objective of the study reported in this chapter was: 

To determine the concentration of loline derivatives and changes over time (throughout a 

single growing season) in the shoots (stems and leaves) of some meadow fescue 

ecotypes. More specifically, 12 meadow fescue ecotypes that originated from Europe 

were grown in New Zealand during 2004/05 and at 6 times during the growing season the 

stems and leaves were analysed for loline alkaloids. 

4.3 Methods 

4.3.1 Sample analysis 
The layout of the experimental site and design is described in section 3.3. On six 

occasions during 2004/05 (11.10.04, 9.11.04, 17.12.04, 19.1.05, 11.3.05,4.5.05) all the 

above ground herbage (shoot) was removed from each plot, weighed, and separate 

subsamples taken for dry matter and loline analyses. The samples for loline analysis were 

separated into stem (stem and pseudostem) and leaf (lamina). The stem and leaf samples 

were freeze dried, ground through a 0.5 mm sieve, and held at -20°C for loline analysis. 

The herbage subsamples were dried in a forced draft oven at 68°C for at least 48 hours. 

All samples were analysed for loline alkaloids with a bulk seed standard (control) 

with every 12 samples and an internal standard (phenylmorpholine) with each sample. 

The extraction and crystallization of pure loline dihydrogen chloride and 

derivatisation of loline alkaloids for use as standards were based on the methods of 

Petroski et aI. (1989) and J.D.Blankenship (pers. comm., 2004) and are described in 

sections 3.1.and 3.2. The purity and identity of loline dihydrogen chloride was confirmed 
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by melting point and NMR, and the identity of the loline derivatives by GC and GC-MS 

(see chapter 3). 

4.3.2 Statistical analysis 
The concentration of loline alkaloids at each harvest time were analysed (Genstat 

8.2) using ANOV A. Square root transformation was required in one case to meet the 

error variance assumptions of ANOV A. As the transformation made little difference to 

the means separation test and no difference to the 'p' value, the treatment means 

presented here are from the raw data for ease of comparison with previously published 

data and other data presented in this thesis. 

The Fp53, Fp246 and Fp248 lines were excluded from the ANOV A. Fp53 was 

excluded because it is a zero endophyte control with very low loline concentration. Fp246 

and Fp248 were seedling lines with high variability in alkaloid concentration caused by 

the presence or absence of endophyte in the seedling. 

For the purposes of clarity the results are mainly presented graphically. The 

complete data set is presented in Appendices I (leaf), and II (stem). 

4.4 Results 
Generally drier than normal weather during the whole growing season was 

characterised by an unusual 110 mm of rainfall in December 2004 (This was 224% of 

long term mean for the month). The wet weather in December had an effect on 

temperatures (2.8°C below average for the month) and sunshine hours (91 % of average 

for December) based on past records for that period (NIWA, 2006). 

The total monthly rainfall and mean daily air temperature for each month of the 

experiment are shown in Figure 4.1. An early snow fall on the site in autumn (24.4.05), 

four days before the final harvest date of the plant material (harvest 4), covered the 

ground for 24 h and reduced soil temperature (see section 6.4.2). 
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Figure 4.1: Total monthly rainfall (mm) and mean daily air temperature for the field 
experimental in Templeton (Data for Broadfields from the Lincoln University website) 
from September 2004 to May 2005. 

Total dry matter yield was significantly different between lines and harvest times 

(p<O.OOI). The line x harvest time interaction was also significant (p<O.OOl). Since yield 

measurement (expressed as dry matter (DM» was a minor pat1 of this investigation, this 

aspect was not pursued any further but the data are presented in Appendix VI. 

4.4.1 Loline alkaloid concentration in stems 
Total loline concentration is the sum of N-formyl loline (NFL), N-acetyl loline 

(NAL), N-acetyl norloline (NANL), N-methyl loline (NML) concentration. These are 

shown in Table 4.1 and Figure 4.2 (select lines) ranging from 40 Ilg/g in Fp 53 up to a 

peak of 4990 Ilglg in (Fp408, harvest 2, 9.11.04). Of the four loline alkaloids NFL made 

the biggest contribution to the total loline concentration (Figure 4.3). There were 

differences in total loline concentration between meadow fescue lines (p< 0.001) and 

between harvest times (p<O.OO 1) and the line number x harvest time interaction was 

highly significant (p<O.OOl). In general, total loline concentration in stems of meadow 

fescue lines (except for Fp440, Table 4.1) developed a strong seasonal peak in mid-late 

spring (harvest 2) which declined abruptly in early summer (harvest 3), maintained its 

concentration during mid summer (harvest 4), and then gradually declined in the autumn 
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(harvest 5 and 6). Fp440 had lower peak total loline concentration (LSD 5%) in late 

spring (harvest 2) than an early autumn peak (harvest 5) but similar in seasonal pattern 

(Figure 4.2) to all other lines. Loline alkaloid concentrations in Fp53 were very low and 

varied only little throughout the measuring period. 

The concentration of NFL was the highest of the loline alkaloids in the stems and 

varied between 60% and 66% of the total loline alkaloid concentration (Figure 4.3). The 

NFL concentration in general, mimicked the totalloline concentration (Figure 4.2). The 

concentration of NAL in the stems varied between lines (p<O.OOI) and was considerably 

lower than NFL concentration but the variation between harvest times was less than that 

of NFL (Figure 4.3, Table 4.1). The NAL concentration was between 19-24 % of the total 

loline concentration and 31-39% of the NFL concentration at each of the 6 harvest dates. 
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Figure 4.2: Totalloline concentration (Ilg/g) in the stems of 9 meadow fescues harvested 
6 times during 2004/05. 

Fp53, Fp246, Fp248 were excluded from ANOV A (see section 4.3.2) 
LSDa = LSD 5% when comparing harvests within lines 
LSDb = LSD 5% when comparing between lines 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 

The concentration of NANL in the stems was lower than NFL concentration (Figure 4.3) 

and was also lower than the NAL concentration except in Fp262 where the NANL and 

NAL concentrations were similar. The NANL concentration in the stems of Fp262 

differed markedly from most of the other lines. In early spring, NANL concentration in 

Fp262 was at its highest (910 Ilg/g) , nearly 3 times the highest of the other lines and 
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remained significantly higher (LSD 5%) than all the other lines except for Fp390 in mid 

summer (harvest 4) and early autumn (harvest 5) for the rest of the measuring period. 

These differences may be important because of perceived differences in insect 

susceptibility to different loline alkaloids. 

Table 4.1: The totalloline alkaloid concentration (Ilg/g) in stems of 12 meadow fescue 
lines harvested 6 times during 2004/05. 

Harvest number (Date) 

Season Spring Late Early Mid- Early Late 
spring summer summer autumn autumn 

Harvest 1 2 3 4 5 6 
time (1l.1O.04) (9.11.04) (11.12.04) (19.1.05) (11.3.05) (4.5.05) 

Line no Loline alkaloid concentration (JIg/g) 
Fp53 40 40 40 170 40 270 
Fp246 1220 1630 920 1080 1560 1210 
Fp248 1540 780 500 570 1140 630 
Fp262 3960 a 4380 ab 2560 be 2280 ed 2550 b 2150 ab 

Fp345 3730 a 3870 be 1740 e 1900 d 2610 b 1120 e 

Fp358 1830 b 3030 ed 2410 be 2890 be 2220 b 1530 be 

Fp390 4150 a 4970 a 2870 b 3300 ab 2870 ab 1590 be 

Fp391 3940 a 4880 a 2460 be 2540 bed 960 e 780 e 

Fp408 3860 a 4990 a 3850 a 4150 a 3660 a 2320 ab 

Fp430 2440 b 4110 ab 2750 b 2590 bed 2220 b 1230 e 

Fp440 2450 b 2840 d 2360 be 1950 d 3280 a 1570 be 

Fp87 2220 b 3620 bed 2410 be 2580 bed 3020 ab 2750 a 

LSD 5% 
-when comparing harvests within lines = 920 
-when comparing between lines = 900 

Line number p<O.OOI, Harvest time p<O.OOI 
Line number x harvest time interaction p<O.OOI. Coefficient of variation 20 %. 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 
Fp53, Fp246, and Fp248 were excluded from ANOVA (see section 4.3.2) 
Means with different letters are significantly different (LSD 5%) within a column. 

The concentration of NML in stems of meadow fescue lines was low but ranged 

from 5 Ilg/g to a maximum of 235 Ilg/g for Fp390 late spring (harvest 2) which was 5 % 

of the totalloline concentration of Fp390 in late spring (harvest 2; Figure 4.3). 
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Figure 4.3: Loline alkaloid concentration C/-lg/g) in the stems of 9 meadow fescue lines harvested 6 times in 2004/05. 
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4.4.2 Loline alkaloid concentration in leaf 

Total loline concentration in the leaf blades was much lower than in the stems 

(Table 4.2). The maximum concentration measured in leaf was 1770 Ilg/g in Fp391, in 

late spring (harvest 2). Totalloline concentration in the leaf was characterized (except in 

Fp358) by a sharp increase in concentration in late spring (harvest 2) followed by a sharp 

decline in concentration in early summer (harvest 3; Figure 4.4) with the pattern being 

similar to the stem total loline concentration profiles (Table 4.1 and 4.2). However, in 

contrast to the total stem loline concentration, leaf total loline concentration increased 

again sharply in mid summer (harvest 4). Line Fp391 showed marked variability in total 

loline concentration (Figure 4.4). 

As with the stem, NFL was the major contributor to the totalloline concentration 

in the leaf. The variation in NFL concentration recorded in late spring (harvest 2), early 

summer (harvest 3), and mid summer (harvest 4; Figure 4.5) was the major contributor to 

the variation in totalloline concentration. 

The concentration of leaf NAL, NANL and NML followed the pattern of NFL 

(Figure 4.5). The relative concentration of NAL and NANL to NFL in leaf blades was 

higher than in the stems for the same line (Table 4.3) as can be seen by comparison of the 

graphs (Figures 4.3 and 4.5). For example in line Fp390 in mid summer (harvest 4), NAL 

was 24% of NFL in stems and 38% of NFL in leaf. Similarly, NANL and NML were a 

higher proportion of NFL concentration in leaf fractions and NANL in Fp390 in mid 

summer (harvest 4) was 10% of NFL in stems and 16% of NFL in leaf fractions. A 

similar relationship was observed with NML in leaf and stem albeit at lower 

concentrations of NML. This pattern was consistent over all lines at all seasons. This 

pattern may be reflecting differences in metabolism of secondary metabolites between 

plant parts or selective transport of different loline alkaloids within the plant. These 

differences may have implications for plant protection. 
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In some lines (Fp391, Fp262, Fp358, Fp430), NAL concentration in spnng 

(harvest 1) was higher than NFL and in the other lines was similar to the NFL 

concentration (Figure 4.5). This provides further evidence of differential transport or 

storage of different 10line alkaloids. 

Table 4.2: Totalleafloline concentration (Ilg/g) in 12 meadow fescue lines at 6 harvests 
during 2004/05. 

Harvest number (Date) 

Season Spring Late Early Mid- Early Late 
spring summer summer autumn autumn 

Harvest 1 2 3 4 5 6 
(Date) 11.10.04 9.11.04 11.12.04 19.1.05 11.3.05 4.5.05 
Line no. Loline alkaloid concentration (fJg/g) 

Fp53 50 60 40 60 40 110 
Fp246 320 240 210 250 470 320 
Fp248 390 240 140 460 360 190 
Fp262 1090 a 1670 ab 560 ab 1090 bede 620 be 580 ab 

Fp345 910 a 1580 ab 480 ab 1460 ab 690 b 317 b 

Fp358 290 b 590 e 520 ab 770 e 690 b 350 ab 

Fp390 900 a 1390 abe 610 ab 1500 a 900 ab 590 ab 

Fp391 1130 a 1770 a 810 a 1190 abed 240 e 330 b 

Fp408 510 b 1170 ed 780 a 1350 abe 990 ab 540 ab 

Fp430 410 b 1300 be 430 b 990 ede 720 b 600 ab 

Fp440 370 b 800 de 600 ab 1190 abed 1110 a 430 ab 

Fp87 400 b 910 de 670 ab 910 de 870 ab 730 a 

LSD 5% 
- when comparing harvest time within lines 400 
- all other comparisons 390 

Line number p< 0.001 Harvest time p<O.OOl 
Line number x Harvest time interaction p<O.OOI. Coefficient of variation 30 % 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 
Fp53, Fp246, and Fp248 were excluded from ANOV A (see section 4. 3.2) 
Means with different letters are significantly different (LSD 5%) within columns. 
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Figure 4.4: Totalloline concentration (Ilg/g) in the leaf blades of 12 meadow fescues 
harvested 6 times in 2004/05. 

Fp53, Fp246, Fp248 excluded from AN OVA. 
LSD (NFL) and LSD (NAL) are LSD 5% values appropriate for comparing the 6 harvest values 
for the same line. 
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The concentration of NANL in leaf blades was generally lower than NAL 

concentration except in Fp262 and Fp87 which were similar to the NAL concentration 

(Figure 4.5). The pattern of NANL concentration over 6 harvest times generally followed 

the NAL concentration. 

The concentration of NML in leaf blades was very low relative to the other loline 

alkaloids (Table 4.3) and varied less over time but significant differences in NML 

concentration between lines and harvest times was observed (LSD 5%). 
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Table 4.3: Mean ratio % (± SD) of NAL, NANL and NML as a proportion of NFL in the 
leaves and stems of 9 meadow fescue lines at 6 harvest times during 2004/05. 

NALINFL% NANLINFL% NMLINFL% 

Seasons Harvest Leaf Stem Leaf Stem Leaf Stem time 
Spring 1 107 ±18 40±6 62±48 23 ± 16 30 ± 11 6±1 
Late spring 2 63 ±7 34±5 32±23 17±1O 1O±3 6±1 
Early 3 67 ± 12 36 ±5 36 ± 21 16 ±7 24±4 6±1 summer 
Mid- 4 55 ± 12 30±6 25 ± 12 16 ± 6 14 ± 3 6±1 summer 
Early 5 63 ± 19 32± 10 25 ± 11 16 ± 5 19 ± 10 8±2 autumn 
Late autumn 6 84±20 39 ±9 36 ± 16 21 ± 9 17 ± 5 8±2 

Mean 73 35 36 18 19 6 

Paired t test (p) <0.001 <0.001 <0.001 
NFL N-fonnyllolme, NAL N-acetyllolme, NANL N-acetyl norlohne, NML N-methyllohne 

4.4.3 Comparison of loline alkaloids in leaf and stem 
Figure 4.6 shows important differences in the concentration of the 4 major loline 

alkaloids in the stem and leaf of two representative lines (Fp430 and Fp262) observed 

during the sampling periods. 

The profiles show important differences in the absolute and relative concentration 

of loline alkaloids between leaf and stem samples especially the sudden decline in loline 

alkaloid concentration in early summer (harvest 3) in leaf samples as already discussed 

(section 4.4.2). The profiles also show that the proportion of NAL, NANL and NML 

compared to NFL concentration is higher in leaf than in stem samples (Table 4.3; Figure 

4.6). In stem samples, the concentration of NFL was always the highest followed by 

NAL> NANL> NML with NFL concentration substantially higher than all other loline 

alkaloids (Figure 4.6). In leaf samples, NFL concentration was the highest followed by 

NAL> NANL> NML except in spring (harvest 1) when NAL was slightly higher than 

NFL (107 %) (Table 4.3). The profile of Fp262 leaf, however, revealed a relatively 

higher NANL concentration compared to the NFL concentration, that was similar to the 

NAL concentration in both leaf and stem fractions (Figure 4.3 and 4.5). Fp262 was also 

.. ~ - : :~ :. 
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unusual with NANL concentration higher than NAL in spring (harvest 1) in the stem 

fraction (Figure 4.3). 
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Figure 4.6 Comparison of the loline alkaloid concentration in leaf and stem of 2 meadow 
fescue lines harvested 6 times in 2004/05 
NFL N-formylloline, NAL N-acetylloline, NANL N-acetyl norloline, NML N-methylloline 

4.5 Discussion 
There were clear differences in leaf and stem total loline concentration between 

meadow fescue lines but these differences were overshadowed by differences in total 

loline concentration between harvest times for all the endophyte infected lines. Changes 

in loline alkaloid concentration in leaf and stem of the meadow fescue lines investigated 

here are in general agreement with previous findings with meadow fescue (Fletcher et aI., 

i 
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2000; Leutchmann et aI., 2000) and tall fescue (Burhan, 1984) studies. The total loline 

concentration in meadow fescue measured by Justus et al.(1997) was lower than those 

measured in the other studies. Loline concentration increased during the spring, peaked in 

late spring and declined in the autumn. Strong endophyte growth in spring and early 

summer that parallels the reproductive pattern of the host grass is expected to ensure 

survival of the endophyte in the developing ovule and this is reflected in high 

concentrations of endophyte mycelium and alkaloids found in seed (Yates ct al.,1990). 

The signals that drive and control this phenomenon are, however, less well understood. It 

may be related to endophyte growth as temperature increases during the spring and I or 

due to vernalisation, physiological or morphological changes that occur in plants during 

different seasons (Ju et aI., 2006). Studies with perennial ryegrass (di Menna & Waller, 

1985) amI lall fescue (Ju et aI., 2006) have shown a similar pattern in endophyte 

concentration over the growing season. However, endophyte growlh or concentration is 

not the sole determinant of alkaloid accumulation. Other factors such as nutrient status, 

water stress and plant damage are also important (Malinowski & Belesky, 20(0). 

The decline in totalloline concentration in stems (except for Fp87) and leaves at 

harvest 6 could have been due to reduced endophyte growth fOllowing a sharp drop in 

ambient temperature following a sudden and severe weather change that included a 

snowfall on April 24. 4 days before the tinal harvest. Reduced endophyte growth could 

result in lower production of secondary metabolites and initiate breakdown or 

redeployment of stored alkaloids. In tall fescue, at low temperatures, endophyte 

concentration is low (Ju et aI., 2006) but alkaloid synthesis and accumulation may occur 

indepelillenlly of endophyte growth (Spiering, 2000). The findings of the current study 

(chapter 5) suggest there is redeployment of loline alkaloids lu root tissue in early winter. 

Of particular interest in this study is the sharp decrease in loline alkaloid 

concentration in the leaf samples of all lines tested in early summer (harvest 3). A similar 

sharp decrease in loline alkaloid concentration in shoots of meadow fescue was repol1ed 

by Fletcher et al. (2000) and Justus et al. (1997). The decrease cannot be explained by the 

physiological stage of growth alone as all of the above reporls were at different times of 
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the growing season. It may be a weather related phenomenon. In the study of Fletcher et 

aI. (2000), loline concentration declined following high rainfall in the early autumn which 

may have stimulated grass growth. The experiment of Justus et aI. (1997) was not 

affected by unusual weather (T.Hartmann pers. comm. 2006). Environmental influences, 

such as temperature, in the controlled growing conditions of incubators and growth 

chambers, are known to have strong effects on endophyte alkaloid concentration in 

grasses (Huizing et aI., 1991; Ju et aI., 2006; Lane et aI., 1997 ; Salminen et aI., 2005). 

Endophyte frequency in tall fescue was not related to precipitation in field experiments 

undertaken in Georgia and Oregon by Ju et aI. (2006) but endophyte alkaloid 

concentrations were not reported. Competition between metabolic pathways for substrate, 

especially of amino acids such as proline that are required for loline synthesis 

(Blankenship et aI., 2001), could also be a factor. The availability of energy required to 

drive these reactions may also play a role. Rainfall may have leached loline alkaloids 

from the leaf or temperature changes may have signalled alterations in alkaloid synthesis 

or transport to the roots that were not apparent in this experiment. Volatilization of 

lolines from within the plant is also a possibility. 

The total loline concentration in stems (Figure 4.1) peaked in late spring (harvest 

2) and declined sharply in early summer (harvest 3) but unlike leaves did not increase 

again in mid-summer (harvest 4, LSD5%). This response raises questions about the 

relationship between the alkaloid concentration in stems and leaves during different 

seasons of the year. Fungal hyphae of N. uncinatum have not been reported in the leaves 

of meadow fescue and loline alkaloids are thought to be transported from the sites of 

production in the lower stem through plant vascular tissue (Bush et aI., 1993). The 

signaling and control mechanisms involved in the release of plant alkaloids from the sites 

of synthesis and storage and subsequent transport to other locations in the plant such as 

leaves and roots are not known. In leaves, both active and passive transport mechanisms 

may be involved but transport to the roots is likely to be an active process (Bush et aI., 

1993; Malinowski & Belesky, 2006). 
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High NFL and NAL concentrations were found in the stems and leaves of all the 

cloned meadow fescue lines that contained N. uncinatum endophyte, with lower 

concentrations of NANL and NML. The concentration of all loline alkaloids in leaf was 

lower than in the stem, the site of alkaloid synthesis (Bush et aI., 1993). The relative 

proportions of loline alkaloids in leaves and stems are markedly different (Table 4.3). In 

contrast to the NFL concentration, NAL, NANL and NML were at a relatively higher 

proportion of the total alkaloid concentration in the leaf than in the stem. This effect was 

consistent over the 6 harvest times and is in agreement with the results of Yates et al. 

(1989) with tall fescue, who reported marked differences in proportions of loline 

alkaloids in different plant compartments. However, Justus et al. (1997) showed that 

different loline alkaloids are in similar proportions in a number of plant parts. 

In this study, of the loline alkaloids, NFL concentration in both leaf and stem 

exhibited the highest and greatest variability over different seasons. However, the 

greatest variability in NFL concentration was in the leaf fraction (Fig. 4.3). Control over 

release and transport of loline alkaloids to remote locations in the plant is by, as yet, 

unknown mechanisms (Malinowski & Belesky, 2006). These mechanisms may be 

activated by changes in temperature, drought, physiology, or plant damage. Signs of plant 

damage or the presence of pathogens may be recognized at cellular level initiating 

signaling processes, transmitted by messengers such as jasmonic acid (Creelman & 

Mullet, 1997) that further activate multiple defence processes (Zhao & Sakai, 2003) 

including transport of loline alkaloids to the site of attack. Alternatively, turnover of 

secondary metabolites in cells at the destination may result in changes in the relative 

proportions of loline metabolites that are determined by signaling and dependent on 

available enzyme systems. This may be of some significance to above ground plant pests 

such as ASW and other herbivores and stem dwelling insects. Plants with superior ability 

to convert NFL to NAL for example, which may have a greater impact against ASW, 

would clearly be at an advantage. 

Although these grass-endophyte combinations all originated from Europe, the 

actual locations of the field collections were widely separated. DNA profiling using 
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AFLP (Amplified fragment length polymorphism) dendrograms has shown the endophyte 

genotypes used in this experiment to be closely related but genetically different 

(N.E.Cameron, pers.comm. 2006). Therefore, similar responses in loline alkaloid 

concentration to the environmental effects as observed in the current experiments is not 

surprising. The NANL concentration of Fp262 and Fp87 were different to the other lines 

investigated in this study. These lines originated from eastern Europe, regions 

geographically remote from the origin of most of the others lines tested in the current 

study, and provide evidence of regionalization in endophyte evolution in N. uncinatum. 

Strong regionalization in the evolution of the endophytes of tall fescue has been recently 

described (Malinowski & Belesky, 2006) as determined by geographical barriers and also 

by local environmental influences such as drought. The variations in alkaloid profile 

described here suggest that, although the differences described are small, wider 

geographical searches for greater variation in N. uncinatum may be useful for plant 

breeding purposes. 

A cardinal mInImUm temperature has now been established for at least one 

species of endophyte (N. coenophialum) which is 5°C higher than the cardinal minimum 

temperature for growth of tall fescue and this may at least partly explain the lower 

endophyte concentration in grasses during the cooler months (Ju et aI., 2006; Salminen et 

aI., 2005). It may also explain the lower alkaloid concentrations found in some plant parts 

during winter (Prestidge et aI., 1985; see chapter 5). Temperature influenced changes in 

alkaloid concentrations have implications for insect herbivory (Huizing et aI., 1991; Ju et 

aI., 2006; Lane et aI., 1997; Salimen et aI., 2005; see chapter 5). Increasing temperature 

may be a determinant of increasing endophyte concentration and synthesis of alkaloids 

for plant protection during summer because it is a time of increasing insect activity and in 

particular ASW population growth and herbivory. Increased loline concentrations in plant 

shoots at this time may reduce insect egg lay and larval survival. 

The concentrations of loline alkaloids measured in leaf and stem tissue in this 

study are comparable to those measured in tall fescue and meadow fescue (Bush et aI., 

1997; Kennedy & Bush, 1983). The concentration of loline alkaloids measured is 
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sufficient to deter herbivory by some insects such as ASW (see chapter 6) and porina 

(Popay & Lane, 2000). 

4.6 Conclusions 

Loline alkaloid concentration in the stems and leaves of the meadow fescue lines in this 

investigation exhibited a strong seasonal pattern of accumulation. 

High concentrations of total lolines (up to 4990 ~g/g) were found 10 stems with 

considerably lower concentrations in leaf (up to 1770 ~g/g). 

There were differences in different loline alkaloid concentration between meadow fescue 

lines in both stem and leaf fractions and these differences varied during different seasons. 

Leaf loline concentration was more variable than in stems over different seasons. Most 

meadow fescue lines displayed a sudden decrease in leaf loline alkaloid concentration in 

early summer and a sharp increase in mid-summer. This phenomenon cannot be 

explained by the physiological stage of growth (reproductive cycle). 

Differences between meadow fescue-endophyte combinations 10 the relative 

concentrations of loline alkaloids (especially NANL) suggests that wider searches may 

reveal greater differences which may be useful for plant breeding purposes. 

The stem and leaf loline alkaloid concentrations measured in this experiment were 

sufficient to deter herbivory by a range of insects as reported in chapter 6 of this thesis 

and by others (Popay & Bonos, 2005). 
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5. Meadow fescue loline alkaloid concentration in roots and 

relevance to protection from pasture insects 

5.1 Abstract 

The loline alkaloid concentration III the roots, crowns and shoots of selected 

ecotype meadow fescue lines grown on a Canterbury farm during 2004/05 are reported 

for the first time. The concentration of four loline derivatives NFL, NAL, NANL, and 

NML were determined over 4 harvest dates from meadow fescue lines during November 

2004 to late April 2005. There were marked differences in loline alkaloid concentration 

between meadow fescue lines and seasonal variations in the same line. The loline 

alkaloid concentration in the roots of all the grasses that contained active Neotyphodium 

uncinatum endophyte increased substantially at the last harvest in autumn with a 

corresponding decrease in concentration in the shoots suggesting active mobilization and 

storage in the roots. With minor exceptions, the alkaloid concentration in the meadow 

fescue lines tested at each of the 4 harvest dates during late spring, summer and autumn 

was NFL>NAL>NANL>NML. The root alkaloid concentration recorded for some lines 

was sufficient to deter attack by grass grub larvae. 

5.2 Introduction 
The effects of the endophyte (Neotyphodium uncinatum) in meadow fescue on 

insects appear to be mediated by loline alkaloids (Dahlman et ai., 1991) which have been 

shown to be feeding deterrents to some important insects of New Zealand pastures such 

as porina and grass grub (Popay & Lane, 2000). 

There is no information, however, on the concentration and seasonal distribution 

of loline alkaloids in the roots of meadow fescue plants grown in New Zealand. 

Information from overseas is limited and suggests very low loline alkaloid concentrations 

(Justus et aI., 1997). Relative concentrations in different parts of the plant, or the changes 

that may occur in different loline alkaloids or plant parts during the growing season, is 

similarly lacking. Seasonal concentrations of loline alkaloids in one meadow fescue 

ecotype selected from Northland have been reported from a grazing trial in Canterbury 
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(Fletcher et aI., 2000) but there was no measurement of alkaloids in the roots of grasses in 

that experiment. Popay et aI. (2003), measured grass grub feeding activity and weight 

gain on meadow fescue roots with and without endophyte but did not report the root 

loline alkaloid concentrations in those plants. 

The purpose of the study reported in this chapter was to measure the loline 

alkaloid concentration in roots, crowns and shoots of 12 meadow fescue ecotypes (lines) 

which originated from Europe and were grown in New Zealand during 2004/05. 

Emphasis was on the root loline alkaloid concentration in the 12 grass lines and the 

relative concentration of these alkaloids in crowns and shoots. The leaf and stem loline 

alkaloid concentrations of the same 12 meadow fescue ecotypes are presented in 

chapter 4. 

5.3 Methods 

5.3.1 Sample analysis 

Details on the layout of the experiment and management of the site are presented 

in section 3.3. 

On four occasions during 2004/05 (19.11.04, 28.12.04, 8.3.05, 28.4.05) a vertical 

cut was made with a sharp spade to remove approximately half of one plant, including 

roots, from each plot. Soil was separated from the removed plant which was divided into 

shoots, crown, and root. Shoots included all the above ground herbage. Roots were 

defined as the below ground herbage intimately attached to the plant excluding tightly 

interwoven roots that comprised the crown. Crown was the part of the plant immediately 

above and below ground level and included a small amount of stem material «1cm) and 

some root material as described above. In mature meadow fescue plants, the crown was a 

very hard agglomeration of tightly interwoven roots and a short stubble of green stem. As 

much soil as possible was removed by hand before drying. After freeze drying further 

soil separation was possible by sieving out the dry soil. The shoot, crown and root 

samples were freeze dried, ground, passed through a 0.5 mm sieve, and stored at -20°C 

until required for loline analysis. 
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All samples were analysed for loline alkaloids in plot order, with a bulk seed 

standard with every 12 samples and the internal standard (phenyl morpholine). The 

extraction and crystallization of pure loline dihydrogen chloride and derivatisation of 

loline alkaloids for use as standards followed the methods of Petroski et aI., (1989) as 

described in chapter 3. 

5.3.2 Statistical analysis 

The concentrations of loline alkaloids were analysed (Genstat 8.2) using 

ANOVA or REML (Residual maximum likelihood). Transformation (log\O(x + 1» was 

required for some data to meet the error variance assumptions of ANOV A. As data for 

the roots was incomplete it was analysed using REML as this method does not require 

estimation of missing plots. Fp53, Fp246 and Fp248 were excluded from the analysis; 

Fp53 was a nil endophyte line with very low loline alkaloid concentration, Fp246 and 

Fp248 were seedling lines with extreme variability in alkaloid concentration caused by 

the absence of endophyte in some plants. The statistical analyses were carried out with 9 

lines only (i.e. the original 12 lines excluding Fp53, Fp246 and Fp248). The data in all 

tables in this chapter (except Table 5.5) have been transformed (loglO(x+I» but the raw 

data have been used for presentation of the graphs to facilitate comparison with data in 

other chapters that did not require transformation, and with the literature. 

5.4 Results 

The total monthly rainfall and mean daily air temperature for each month of the 

experiment are shown in Figure 4.1 (chapter 4). 

5.4.1 Concentration of loline alkaloids in roots 

The root total loline concentrations of the meadow fescues reported here were 

characterized by low concentrations during the summer. There was a significant 

difference 10 total loline concentration between lines (p<O.OO I) and a significant 

difference in total loline concentration between harvest times (p<O.OO I) but the line 

number x harvest time interaction was not significant (Table 5.1). The highest totalloline 
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concentration in the root samples was 790 flg/g root DM in autumn (harvest 4; Figure 

5.1). The totalloline concentration in the meadow fescue lines was largely a reflection of 

and related to NFL concentration. The concentrations of NAL, NANL and NML were 

relatively low compared to NFL concentration (Table 5.2). 

Table 5.1: Root loline alkaloid concentration mean of 4 harvests (late autumn, mid-
summer, early autumn, autumn) expressed as 10gIO (x+ 1) [flg/g DM] in 9 meadow fescue 
lines. 

Loline alkaloid concentration (IOglO (x+ 1» 

Line No NFL NAL NANL NML 

Fp262 2.094 be 1.480 e 1.336 a 0.670 ab 
Fp345 2.054 e 1.521 be 0.768 d 0.638 ab 
Fp358 2.043 e 1.581 abe 0.909 ed 0.366 ed 
Fp390 2.052 e 1.322 d 0.880 ed 0.783 a 
Fp391 2.074 be 1.538 be 0.919 ed 0.336 d 
Fp408 2.256 a 1.658 a 1.042 be 0.681 ab 
Fp430 2.247 a 1.572 abe 1.234 ab 0.528 bed 
Fp440 2.197 ab 1.572 abe 1.239 ab 0.647 ab 
Fp87 2.179 abe 1.618 ab 1.367 a 0.596 abe 

LSD 5% 0.137 0.119 0.235 0.162 

P <0.001 <0.001 <0.001 <0.001 
. - . -. . -Means with different letters within a column are slgmhcantly different (LSD 5%) 

Fp53, Fp246, and Fp249 were excluded from the analysis (See Section 5.3.2) 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 
NAL line number x harvest time interaction (p<O.05). 

Total Loline 

2.258 b 
2.190 b 
2.215 b 
2.170 b 
2.223 b 
2.383 a 
2.383 a 
2.341 a 
2.344 a 

0.112 

<0.001 

The concentration of loline alkaloids (except NML) and totalloline concentration 

increased from late spring (harvest 1) to early autumn (harvest 3; Table 5.2) but all 

increased significantly from early autumn (harvest 3) to late autumn (harvest 4). 

In all lines, only NAL showed a significant line number x harvest time interaction 

(p<0.05). There was no significant difference in the overall pattern of distribution of 

loline alkaloids between lines at each harvest time (Figure 5.1). The alkaloid profile of 2 

representative lines Fp390 and Fp262 is shown in Figure 5.2. These lines are presented 

because Fp390 has a high alkaloid concentration, and the profile of Fp262 is slightly 

different due to higher NANL concentration, which may be of interest to plant breeders. 
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The concentration of NFL in roots of all lines was highest at each harvest followed by 

NAL (16-44% of NFL» NANL (1-33% of NFL) and then NML (0-6% of NFL; Figure 

5.2). 

Table 5.2: Root loline alkaloids expressed as IOglO (x+ 1) in meadow fescue at 4 harvest 
times. 

Loline alkaloid concentration ( IOglO (x+ 1) 

Season Harvest no NFL NAL NANL NML (Date) 
Late spring 1 (19.11.04) 1.705 c 1.075 c 0.657 c 0.371 

Summer 2 (28.12.04) 2.083 b 1.494 b 1.091 b 0.370 
Early autumn 3 (08.03.05) 2.103 b 1.552 b 1.022 b 0.571 
Late autumn 4 (28.04.05) 2.641 a 2.040 a 1.539 a 1.020 

LSD 5% 0.110 0.144 0.192 0.217 

p <0.001 <0.001 <0.001 <0.001 
.. Means with dIfferent letters withm a column are sIgmficantly dIfferent (LSD 5%) 

Fp53, Fp246, and Fp249 were excluded from the analysis (See Section 5.3.2) 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 
NAL line no x harvest time interaction (p=O.0l4). 
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Figure 5.1: Root totalloline alkaloid concentration (Ilg/g) in 12 meadow fescue lines 
harvested 4 times during 2004/05. 

Fp53, Fp246, Fp248 were excluded from the REML analysis see section (5.3.2). 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 
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Figure 5.2: Root loline alkaloid concentration (Ilg/g DM) in Fp262 and Fp390. 
NFL N-fonnylloline, NAL N-acetylloline, NANL N-acetyl norloline, NML N-methylloline 

5.4.2 Loline alkaloids in crowns 
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There was no significant difference between meadow fescue lines in the crown 

totalloline concentration (p>0.05; Table 5.3). There was a significant difference in crown 

total loline concentration between harvest times and a significant harvest time x line 

number interaction. In general, crown totalloline was lower in late spring (harvest 1) and 

there was no difference in the total loline concentration at the other harvests. The highest 

crown totalloline concentration (1610 Ilg/g DM) was in Fp262 in early autumn (harvest 

3) followed by Fp390 in mid-summer (harvest 2; 1400 Ilg/g DM) and Fp440 in early 

autumn (harvest 3; 1550 llg/gDM)(Figure 5.3). 

The major contributors to the crown total loline concentration of Fp262 and 

Fp390 were NFL and NAL (Figure 5.4). The concentration of NFL was the highest at 

each harvest date (maximumlO60 Ilg/g DM) followed by NAL (maximum 350 Ilg/g 

DM). Line Fp358 had low NAL and low NFL concentration during all seasons over all 4 

harvests (Appendix III). Fp345 and Fp408 had consistently high NFL concentration 

(Appendix III). Fp408 and Fp430 had high NAL concentration and Fp262 and Fp87 had 

high NANL concentration at each harvest (Appendix III). There were significant 

differences in NANL concentration between lines at each of the 4 harvests (LSD 5%). 
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Table 5.3: Crown totalloline concentration (J-lg/g) expressed as 10glO (x + 1) of 9 meadow 
fescue lines harvested 4 times from late spring to autumn during 2004/05. 

Seasons Late spring Mid-summer Early Autumn autumn 
Harvest no 1 2 3 4 
(Date) (19.11.04) (28.12.04) (8.3.05) (28.4.05) 

Line no. Loline alkaloid concentration (I0g10 (x+ 1» 

Fp262 2.668 e 2.848 be 3.179 
Fp345 2.878 b 3.034 ab 3.152 
Fp358 2.587 b 2.841 ab 2.780 
Fp390 2.824 b 3.172 a 3.007 
Fp391 3.011 a 2.993 a 2.664 
Fp408 3.151 a 3.105 a 3.006 
Fp430 2.954 a 2.992 a 3.001 
Fp440 2.694 e 2.930 be 3.209 
Fp87 2.867 b 3.065 ab 3.096 

.. Means With different letters across rows are slgmflcantly different (LSD 5%) 
Fp53, Fp246, and Fp249 were excluded from the analysis (See Section 5.3.2) 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 

a 3.019 
a 2.951 
ab 3.006 
ab 2.929 
b 2.897 
a 3.034 
a 3.059 
a 3.069 
ab 3.144 

ab 
ab 
a 

ab 
ab 
a 
a 
ab 
a 

The concentration of NML was the lowest of the 4 loline alkaloids measured at 

each harvest time in all lines. There were significant differences in NML concentration 

between lines at each harvest date. In general, NML concentration followed the 

concentration of NAL and NANL but at a lower concentrations in each line at each 

harvest date. Both Fp358 and Fp391 had consistently the lowest NML concentration 

(Appendix III). 

There was considerable variability and little evidence of consistent trends between 

lines in the crown totalloline concentration. This could be attributable to sampling error 

due to the small number of plants sampled (only 3 plants were sampled/line with only 

one/plot) or differences in the comparative contribution of root and shoot to the crown of 

each plant. 
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Figure 5.3: Crown total loline concentration (Ilg/g DM) of 9 meadow fescue lines 
harvested 4 times during from late spring to autumn 2004105. 

Fp53, Fp246, and Fp249 were excluded from the analysis (See Section 5.3.2) 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 
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Figure 5.4: Crown loline alkaloid concentration (11 gig DM) profiles of Fp390 and Fp262. 
NFL N-formylloline, NAL N-acetylloline, NANL N-acetyl norloline, NML N-methylloline. 
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5.4.3 Loline alkaloids in shoots 

The results presented for shoots include harvests 2, 3, and 4 only during mid-

summer, early autumn, and autumn seasons respectively as the shoot samples for 

harvest 1 were lost. 

Shoot totalloline concentration within lines was either not significantly different 

or decreased from mid-summer (harvest 2) to autumn (harvest 4; Figure 5.6, LSD 5%) 

which largely reflected the NFL concentration (Figure 5.8). The concentration of lolines 

in shoots was NFL > NAL> NANL > NML (Figure 5.8). Concentration of NFL in Fp390 

was significantly higher than in Fp262 in mid-summer (harvest 2). NAL followed the 

NFL concentration over the 3 harvests during mid-summer, early autumn, and autumn 

except in line Fp262 in which NAL concentration increased from mid-summer (harvest 

2) to autumn (harvest 4; LSD 5%). There was, however, no significant difference 

between the lines in shoot NAL concentration (p>0.05). Similar decreases were shown 

from mid-summer (harvest 2) to autumn (harvest 4) for the shoot concentration of NANL 

and NML except for Fp440. The shoot NANL concentration of Fp440 was low in mid-

summer (harvest 2) increased in early autumn (harvest 3) and decreased again in autumn 

(harvest 4) and was significantly different at each harvest (LSD 5 %). Shoots were 

trimmed regularly so the age of leaves or tillers was no greater than 5.5 weeks. 

Observations suggested pseudo stem to leaf ratios were slightly greater than 1: 1 on a fresh 

weight basis. 

Differences in shoot NANL concentration between lines were sustained at each 

harvest time and Fp262 was always in the group with highest NANL concentration 

(Appendix III). Fp87 and Fp440 also had high shoot NANL concentration. There was a 

decrease (main effect) in shoot NML concentration from mid-summer (harvest 2) to 

autumn (harvest 4; LSD 5 %) but there was no line number x harvest time interaction 

(Appendix III). 
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Table 5.4: Shoot totalloline concentration (/lg/g) expressed as log IO(X + 1) of 9 meadow 
fescue lines harvested 3 times in mid-summer, early autumn and autumn 2004/05. 

Seasons Mid- Early autumn Autumn summer 
Harvest no (Date) 2 (28.12.04) 3 (8.3.05) 4 (28.4.05) 

Line no. Loline alkaloid concentration (IOglO (x+ 1)) 

Fp262 3.114 a 3.283 a 3.176 a 
Fp345 3.307 a 3.147 a 2.891 b 

Fp358 3.317 a 2.925 b 2.853 b 

Fp390 3.450 a 3.248 b 3.012 c 
Fp391 3.280 a 2.797 b 2.898 b 

Fp408 3.455 a 3.266 a 3.011 b 

Fp430 3.243 a 3.055 a 3.070 a 
Fp440 3.305 a 3.443 a 3.023 b 

Fp87 3.272 a 3.174 a 3.117 a 
LSD 5% 

- when comparing the same line = 0.1973 
- all other comparisons = 0.2123 

Harvest time p<O.OOI, line no. p <0.05, 
Line no. x harvest time interaction p<O.OOI 

Means with different letters across rows are significantly different (LSD 5%) 
Fp53, Fp246, and Fp249 were excluded from the analysis (See Section 5.3.2) 
Totalloline concentration = concentration of NFL+NAL+NANL+NML 
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Figure 5.5: Shoot total loline concentration (/lg/g) shoots of 9 meadow fescue lines 
harvested 3 times during 2004/05. 
Fp53, Fp246, and Fp249 were excluded from the analysis (See Section 5.3.2) 
Totalloline concentration = concentration ofNFL+NAL+NANL+NML 
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Figure 5.6: Shoot loline alkaloid concentration (Ilg/g) profiles of 9 meadow fescue lines harvested during 2004/05. 
Fp53, Fp246, and Fp249 were excluded from the analysis (See Section 5.3.2) 
NFL N-formylloline, NAL N-acetylloline, NANL N-acetyl norloline, NML N-methylloline. 
Standard error of the mean for NFL =156, NAL= 52, NANL= 27, NML= 9 

". 

-.] 
N 

~m~;;lr~ 



5.4.4 Relationship between root, crown and shoot in totalloline 
concentrations 
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In general, the crown and shoot totalloline concentration was greater than in the roots 

(Table 5.5). The relationship between root and shoot total loline alkaloid concentration over 

time is shown in Figure 5.7. The root total loline concentration was clearly lower than the 

corresponding crown concentration for harvest 1, 2, and 3 and shoots for harvest 2 and 3. The 

substantial increase in root total loline concentration in all the meadow fescue lines in late 

autumn (harvest 4; Figure 5.2), except Fp53, was accompanied by a simultaneous decrease in 

the shoot total loline concentration which resulted in loline concentration of crown, root and 

shoot in some lines that were similar to each other (Figure 5.7). 

Table 5.5: Total loline concentration (Ilg/g DM ± SD) in roots, crowns and shoots of 6 
meadow fescue lines in autumn (harvest 4, 28.4.05) 

Line no Root Crown 

Fp53 30 ± 20 20 ± 
Fp262 790 ± 220 1060 ± 
Fp358 490 ± 30 1020 ± 
Fp390 680 ± 290 850 ± 
Fp345 560 ± 240 890 ± 
Fp408 790 ± 140 1090 ± 

Total lolme concentratIOn = concentratIon of NFL+NAL+NANL+NML 
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Figure 5.7: Total loline concentration (f.lg/g DM) in roots, and shoots of 6 meadow fescue 
lines harvested 4 times and 3 times respectively during mid-summer-late autumn 2004105. 

Total loline concentration = concentration of NFL+NAL+NANL+NML 
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5.5 Discussion 

This study highlighted some clear differences in the relative concentration of loline 

alkaloids between shoots, crowns and roots in endophyte containing grasses over the growing 

season. The differences in the pattern of total loline accumulation between different plant 

parts became most obvious in autumn after the last harvest (harvest 4). At this time an 

increase in root total loline concentration occurred in concert with a decrease in shoot total 

loline concentration (Figure 5.7). The decrease in loline concentration in the shoots during 

autumn is similar to that observed with the leaf and stem data (chapter 4). Other studies have 

shown a similar decrease'in shoot total loline alkaloid concentration in the autumn/early 

winter but these studies did not report an increase in root total loline alkaloids (Justus et 

aI.,1997), or did not measure the root lolines (Fletcher et aI., 2000). However, Burhan (1984) 

reported combined NFL+NAL concentrations in the roots of pot grown tall fescue (GI-307), 

of up to 700 flg/g which is within the range (600-700 flg/g DM) measured in the current 

study (Figure 5.1 and 5.2) at the autumn harvest which was significantly higher than earlier 

harvests in late spring and mid-summer (LSD 5%). 

Failure to detect endophyte hyphae in roots of grasses in the field at any time 

(Burhan, 1984; Hinton & Bacon, 1985) prompted some authors to suggest translocation of 

loline alkaloids from sites of synthesis in the crown and pseudostem to the roots and leaf 

blades (Bush et aI., 1993). Translocation of lolines could occur in response to internal 

signaling within the plant but little is known about the controls and signaling involved in 

synthesis or transport of secondary metabolites (Baldwin, 2001) The simultaneous decrease 

in shoot total loline concentration with a corresponding increase in root loline concentration 

observed in this study suggests mobilization of shoot loline and transport to the roots in 

autumn or in early winter. A snowstorm accompanied by very low soil temperatures (4°C) on 

April 24, four days before the last harvest in autumn (28.4.04) could be implicated in the 

dramatic increase in root total loline concentration at the last harvest. It may also be a 

response to decreasing day length and/or temperature, or light intensity as autumn proceeds, 

or may simply be a response to a limitation in supply of energy, or substrate such as proline 

for synthesis of secondary metabolites. Proline is thought to be a precursor for loline 

synthesis (Blankenship et aI., 2005). 
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Loline alkaloids could be transported to the roots for storage and remobilisation in the 

spring. In other plants, Nicotiana attenuata, secondary metabolites such as nicotine are 

synthesised in the root and transported to the shoot and accumulate in tissues with a high 

probability of insect attack (Baldwin, 2001). Subsequent synthesis and deployment of 

nicotine is dependent on the physiological stage of growth and wounding. Lolines could have 

been transported to the roots in response to similar internal signaling for storage, to mobilize 

defences against a challenge from subterranean pests and lor pathogens, or in response to 

physiological demands (Malinowski & Belesky, 2006). 

In the current study, NFL concentration was consistently the highest of the loline 

alkaloids in all plant parts measured followed by NAL > NANL > NML. The relative 

concentration of loline alkaloids, however, did vary in different plant parts and in some lines 

which may be related to the origin of the endophyte genotype. Fp87 and Fp262 originated 

from eastern Europe and both had higher NANL concentrations in roots and shoots relative 

to NAL, compared to other lines that originated from northern Europe. The ratio of 

NFLINAL or NFL INANL varied depending on harvest date and, except for Fp262 and Fp87, 

NAL was generally the second highest in concentration after NFL. 

There were significant differences in the concentration of all loline alkaloids between 

the meadow fescue lines tested but this depended on harvest date. In root and shoot, there 

were significant differences in NANL concentration between lines, Fp262 and Fp390 and the 

other lines, but there were no significant differences in NFL or total loline concentration 

between the same lines (Table 5.1). Similar relationships between loline alkaloids have been 

reported for shoots of tall fescue and meadow fescue (Ball & Tapper, 1999). In their study, 

concentrations of NFL, NAL and NANL were generally higher in meadow fescue shoots 

than in tall fescue but qualitative and quantitative differences in loline alkaloids present in 

different endophyte x host combinations were observed. These observations may imply that 

different N. uncinatum genotypes produce a different range of alkaloids for protection from 

insect pests. Such differences could profitably be exploited by plant breeders as a selection 

objective for activity against different insect pests as has been observed with N. lolii (Popay 

& Bonos, 2005). Alternatively, the expression of an endophyte in different plant genotypes 
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may result in novel alkaloid profiles as shown by different NFLINAL ratios produced by the 

same endophyte (AR512) in meadow fescue and tall fescue (Ball & Tapper, 1999). 

In the current study, the time interval between harvests (minimum 5.5 weeks) was 

sufficient for maximum accumulation of loline alkaloids as has been shown by Burhan 

(1984). In that study, NFL + NAL concentration in stem and leaf tissue of tall fescue 

increased with successive 3 weekly harvests but the endophyte concentration in the harvested 

tissue did not increase (Bush et aI., 1993). 

The management of shoots and roots may have implications for differential 

accumulation of loline alkaloids in fescue plants. In the current study, the shoots were 

removed regularly (6 times) from the plant during the 2004/05 growing season and twice 

before commencement of loline measurement in these plants. Also, the roots were not cut or 

damaged in the current experiments except at harvest and plants were not protected by 

insecticide treatment. The plant endophyte symbiosis reacts to cutting /mowing treatments or 

insect damage by increasing loline production in the crown and stem (Burhan, 1984; 

Salminen & Grewal, 2002). Some of the increased loline production may be translocated into 

the roots for storage. In the current experiment, damage to the roots was thought to be 

minimal which suggests that accumulation of loline alkaloids taking place in the roots was 

for storage purposes and not in response to damage. The stored lolines may be mobilized for 

defence purposes as required. The grass grub field experiment (chapter 6), however, suggests 

that root damage caused by insects increases the root loline alkaloid concentration. 

The root total loline alkaloid concentration in the meadow fescue plants measured in 

this study was more than sufficient to deter herbivory by grass grub larvae (Popay & Lane 

2000; chapter 6) and may deter attack and feeding by nematodes (Cook & Lewis, 2001), root 

aphids (Pennell et aI., 2005), and mealy bugs (Balanococcus poae) (Pennell et aI., 2001). 

Similarly, the 10line alkaloid concentrations observed in the shoots in this study could also be 

expected to deter feeding by porina (Wiseana cen1inata; Popay & Lane, 2000) and Argentine 

stem weevil (Listronotus bonariensis; chapter 6). Potter et aI.(l992) using potted plants 

demonstrated that white grubs (Coleoptera; Scarabeidae) were deterred from feeding at 93 

/Jg/g of NFL but these results could not be confirmed in the field with white grubs grazing on 

! 
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endophyte containing tall fescue (Patterson et aI., 1991). The root loline concentrations in the 

current study are considerably higher (600 -700 Ilg/g DM) than the 93 Ilg/g reported by 

Potter et aI., (1992) and therefore could be expected to offer better protection against a range 

of insects including white grubs. 

In the current study, there were considerable seasonal changes in the different loline 

alkaloid concentrations over time and this may have important implications for grass pests. 

The increase in loline concentration in roots of meadow fescue during autumn (March-

April), (Figure 5.1 and 5.2) coincided with the period of maximum risk of herbivory by third 

instar grass grub larvae (Chapman, 1984). The coincidence of warm soil temperatures, 

autumn rains and of the grass grub life cycle presents the rapidly growing larvae with 

maximum opportunity to indulge its voracious appetite and to damage unprotected herbage. 

It appears that the rise in root loline concentration of meadow fescue plants infected with N. 

uncinatum would offer increased protection to the plant at the time of greatest risk. The 

European ecotypes used in this study have not undergone selection in New Zealand and it is 

fortuitous that the root total loline concentration appears to increase at the appropriate time of 

the grass grub life cycle when the feed demand of the growing larvae is at its highest. The 

major contributors to the crown total loline concentration in the plant were NFL and NAL. 

The NFL concentration was highest at each harvest date followed by NAL but depending on 

the harvest date there were significant differences in the NFL concentration, both within and 

between lines. 

It is apparent that the increase in root loline concentration occurs at a time that is 

appropriate to thwart damage by the native New Zealand grass grub larvae. Questions of 

consistency in the response of endophyte infected plants to unidentified signaling triggered 

by conditions prevailing at autumn and the onset of winter must remain open at this time as 

data has been collected for one season only and requires verification in other seasons and at 

other sites. However, data collected with the same grass ecotypes from a separate trial nearby 

in the same season support the concept of high root loline concentrations during autumn 

(chapter 6). These observations suggest that root loline concentration is maintained at a high 

level during both autumn and winter. Loline alkaloids measured in the roots of the same 
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genotypes in the previous season also indicated high concentrations in mid winter (chapter 

6). The loline alkaloid concentration in shoots was discussed in more detail in chapter 4 with 

data on stems and leaves from the same lines. 

5.6 Conclusions 

This study has shown for the first time data on root loline alkaloid concentration of some 

endophyte infected meadow fescue lines grown in New Zealand. 

The seasonal changes in loline alkaloid concentration were characterised by an increase in 

concentration in the roots and a simultaneous decrease in shoots during autumn early winter. 

Differences in loline alkaloid concentration between lines were demonstrated for shoot and 

crown at each harvest time. There were differences between lines in root loline alkaloid 

concentration (main effect) but not at each harvest. 

Based on past studies, the loline alkaloid concentrations reported in the roots of some of the 

meadow fescue lines would be sufficient to deter attack by grass grub larvae and by some 

other insects and nematodes. 

There were some differences between lines in the relative proportions of different loline 

alkaloids that may be of interest to plant breeders. 
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6. Interactions between loline-producing meadow fescue ecotypes 
and two New Zealand pasture insect pests 

6.1 Abstract 
In short term laboratory and field studies, grass grub larvae feeding on roots of 

endophyte infected meadow fescue containing lolines at concentrations >450 flg/g, either lost 

weight or gained less weight than the corresponding controls feeding on endophyte free or 

low loline grass lines. Loline concentrations in the roots of plants exposed to grass grub were 

significantly higher (p<O.OOl) compared to plants of the same line not exposed to grass grub 

at the expense of loline concentration in the crown (p<0.05). 

Field and laboratory studies with ASW also exhibited a reduction in feeding with less 

feeding holes in meadow fescue leaf in the presence of lolines compared with the absence of 

lolines. Total leaf loline concentration above a threshold of 400 flg/g significantly reduced 

(p<O.OOI) feeding damage to leaves in a dose dependent manner indicative of a protective 

effect of lolines to the plants from ASW. 

6.2 Introduction 

Meadow fescue is often infected with Neotyphodiltln uncinatum and has the capacity 

to synthesize loline alkaloids. Argentine stem weevil (ASW) (Listronotus bonariensis) and 

grass grub (Costelytra zealandica) are economically important pasture pests in New Zealand 

and are examples of above and below-ground pests. Loline alkaloids produced in the roots 

and above-ground herbage may deter pasture insects such as grass grub and ASW from 

feeding, egg laying, and contribute to population control of these important pasture pests 

(Popay et aI., 2005). The degree of damage these insects inflict on pastures may be 

influenced by the concentration of loline alkaloids in the grass. 

Loline compounds are potent insecticides (Seigel & Bush, 1994) effective on many 

pasture insects. Presently, little is known about the effect of loline compounds on pasture 

insects in this country with reports limited to feeding deterrence to grass grub larvae (Popay 

& Lane, 2000; Popay et aI., 2003). The effect of N-formyl loline (NFL) and N-acetyl loline 
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(NAL) and an ergovaline free selection of N. coenophialum (AR 542 also known as 

2MaxpTM) on feeding of adult ASW has also been reported (Popay et aI., 2005; Popay & 

Latch, 1993). However, no correlation was observed between insect feeding responses and 

loline concentrations measured in roots and herbage in plants. The pyrrolopyrazine alkaloid 

peramine is present in tall fescue containing AR542-and this may be involved in deterring 

ASW from feeding (Popay & Bonos, 2005). 

Popay et al. (1993) showed in a 6-week pot trial that third instar grass grubs feeding 

on the roots of three tall fescue/No coenophialum combinations and one meadow fescue/No 

uncinatum combination weighed significantly less than those feeding on the endophyte-free 

control. All of the plant endophyte combinations which affected the growth and survival of 

grass grub contained loline compounds and of these two N. uncinatum grass combinations 

did not contain ergopeptine alkaloids or ergovaline (Popay et aI., 1993). Other studies have 

revealed a variety of effects of N. uncinatum endophyte infected meadow fescue on grass 

grub and porina (Wiseana cervinata) larvae (Popay et aI., 2000). Third instar grass grubs fed 

roots of endophyte-infected meadow fescue, in field and laboratory studies, failed to increase 

their body weight compared to larvae offered meadow fescue roots from plants without the 

endophyte (Fletcher et aI., 2000; Popay et aI., 2003). This effect was consistent with the 

known effects of loline alkaloids extracted from the seed of tall fescue on grass grub larvae 

(Popay & Lane, 2000) although the roots of the endophyte infected meadow fescue in the 

field study were not tested for the presence of alkaloids. 

In a study using an artificial diet, third instar grass grub larvae fed a crude extract 

containing NFL and NAL from endophyte-infected tall fescue with total loline alkaloid 

concentration in the range of 0-2000 I-lg/g dry matter exhibited anti-feed ant responses at 250 

I-lg/g but the survival of grass grub larvae was not affected by concentrations of up to 2000 

I-lg/g following exposure for 6 weeks (Popay & Lane, 2000). The effects of different loline 

alkaloids were not investigated in that study. 

2 Max pnl Agresearch Grasslands, Palmerston North, New Zealand 
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Although grasses containing N. uncinatum endophyte are known to have tolerance to 

a wide range insect pests (Siegel & Bush, 1996), there is little information on the effect of N. 

uncinatum on ASW. In an experiment referred to by Popay & Latch (1993), neither NFL nor 

NAL at 100 Ilg/g showed any feeding deterrence or toxic effect on ASW adults over a 6 day 

period. Loline levels of up to 8000Ilg/g have been measured in foliage of tall fescue (Bush et 

al., 1993) but the effect of such concentrations on ASW are not known. Anecdotal evidence 

suggests loline containing grasses are tolerant to attack by ASW (L.R.Fletcher, pers. com. 

2004). An Australian grass containing an endophtye that produced paxilline and N-formyl 

loline was shown to deter feeding by ASW (Miles et al., 1998). A recent study with tall 

fescue containing the novel endophtye AR542 has implicated NANL as a feeding deterrent to 

ASW and black beetle (Heteronychus arator; Popay, 2004). 

The main aim of the studies presented in this chapter was to determine if loline 

alkaloid grown under conditions representative of pastures would act as a feeding deterrent 

or be toxic to pasture pests. Specifically this chapter reports on the effects of loline alkaloids 

produced by 12 unique meadow fescue N. uncinatum endophyte combinations on grass grub 

and ASW, in laboratory and field studies. 

The objectives of this chapter are: 

• To determine the toxicity of roots in selected loline containing meadow fescue 

ecotypes to third instar grass grub 

• To determine the toxicity of herbage in selected loline containing meadow fescue 

ecotypes to adult ASW 

This chapter has two sections, A and B. The grass grub experiments are reported 

in Section A and the ASW experiments in Section B followed by an overall discussion and 

conclusions. 
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Section A. Grass grub 
6.3 Methods 

6.3.1 Laboratory experiments 
Third instar grass grub larvae were collected, from a pasture near Darfield, into 

individual cells of a plastic ice cube trays. Only actively feeding larvae that consumed all of a 
small cube (-8mm3) of fresh organically grown carrot within 24 h were used in the assays. 

One grub was placed in each cell. Four adjacent cells were designated as a plot. Mean grub 

weight was the mean of the weight of four grubs fplot. 

Roots from 12 meadow fescue genotypes collected from the field were weighed (100 

mg) and placed in the cells with weighed larvae that had been starved for the previous 24 

hours. Larvae that were not offered roots were used as controls (No-feed control). Trays were 

covered with damp paper towels enclosed in black plastic and kept in an incubator in the dark 

at 16 DC and checked once daily. 

After four days, grass grubs, faeces and remaining roots were separately weighed. 

The grubs were re-offered a weighed cube of carrot and after 24 h the remaining carrot was 

weighed. Roots from the same sample offered to the grubs were freeze dried, ground through 

a 0.1 mm sieve and kept at -20 DC for loline analysis. 

Two separate experiments were conducted with the same protocol. Experiment 1 was 

undertaken with 6 meadow fescue endophyte lines plus a No-feed control. Experiment 2 was 

undertaken with 7 meadow fescue endophyte lines and a No-feed control. Two of the 

meadow fescue lines (Fp53 and Fp408) were common to both experiments. All the meadow 

fescue endophyte lines were ecotypes with unique genetics (see chapter 3). 

The experiments were set up as randomized complete block design and replicated six 

times. Weight of grass grubs, root consumed, faecal weights, and carrot consumed from the 

laboratory assays were SUbjected to ANOV A and means were separated using LSD 5% 

(Gens tat v 8.2). Paired t tests were used to compare loline concentrations in plants in the 

presence or absence of grass grubs. 



6.3.2 Grass grub field studies 
6.3.2.1 Initial field experiment 
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To confirm the trends from the laboratory assays a field experiment was carried out at 

Templeton (close to Christchurch) to measure the effect of 12 meadow fesclIe genotypes 

containing endophyte (N. uncinatum) on third instar grass grubs. Six pre-weighed and pre-

screened larvae (as in section 6.3.1.1) were inserted separatcly 2.5 em into the ground around 

a plant enclosed by a 20 em PVC cylinder (1.0.16 em) on 10 June 2004. A blank enclosure 

with grass grubs but no plants was used as a control. Grubs were recovered on the 8 

September 2004 and weighed. 

Although it was late in the development of third instars when the grubs were 

introduced and would not be expected to have voracious appetites, differences in mean grub 

weight/plot were detected between treatments. This suggested that with sufficient replication 

and better timing (i.e. earlier in the development of third instars when the grubs are feeding 

voraciously) this technique could be used to determine if grass lines with high loline 

concentrations in the roots deterred attack by grass grub larvae. 

6.3.2.2 Main field experiment 

To explain further the results obtained in the initial field experiment and to measure 

the effects of grass grubs on loline-containing plants. and the effects of plants containing 

lolines on grass grubs. a field experiment was set up at Templeton in February 2005. The site 

was previously sown with a fine fescue (Festuca rubra) that had been mown regularly for 

five years and cultivated six weeks before transplanting. Two-tillered ramets from each of 12 

grass enduphyte combinations were planted in February 2005 and irrigated to ensure 

establishment. This experiment was set up as a split-plot randomized complete block design 

with each plot consisting of two plants of one grass genotype each separately enclosed hy a 

20 em plastic cylinder as in the initial experiment. One subplot of each pair contained six 

third instar grass grubs (inserted on 2 April 2005). to achieve a population of 300 grubs 1m'. 

The other subplot was grass grub free. Twelve meadow fescue genotypes were treated in this 

way plus a blank control. There were eight replications of each genotype and control. The 

plastic cylinders were placed over the plants and driven down to ground level I month before 



84 

the grass grubs were inserted. Soil moisture and temperature at 10 em were monitored every 

second day throughout the experiment. Plants were removed on 11 May 2005, complete with 

the plastic cylinder and enclosed soil. Plants were separated into shoots, crown, and roots, 

weighed, and samples taken for dry matter and 10Hne analysis. The grass grubs were 

recovered, counted and weighed. The herbage samples for loline analysis were pooled from 

the replicates, freeze dried, ground, and kept at -20 DC for analysis. Loline analyses for each 

pooled sample were undertaken in duplicate. Samples for dry matter analysis were dried in a 

forced draft oven at 60DC for at least 48 h. 

In the grass grub field experiment, grass grub weights, root, crown, and shoot dry 

weights were subject to ANOV A and means were separated using LSD 5% (Genstat v8.2). 

6.4 Results 

6.4.1 Grass grub laboratory assays 
6.4.1.1 Experiment 1 

Grass grub larvae increased in weight when fed for four days on roots of Fp53, a line 

of meadow fescue free of endophyte and low total loline concentration (Table 6.1). Larvae on 

the No-feed control lost weight over the experiment and grubs feeding on the roots of all the 

other grass endophyte combinations also lost weight. The weight of grubs feeding on roots of 

all treatments other than Fp53 after four days was less than the initial weight. There was no 

difference in grub weight after four days between the grubs in the No-feed control and those 

feeding on all roots other than Fp53. The weight of faeces produced by grass grubs displayed 

a similar pattern to that shown by consumption of roots, with grubs feeding on Fp53 

producing more than twice the weight of faeces of any other treatment (p<O.OOI). There was 

no difference in the weight of faeces produced by all the other root feeding treatments. Grubs 

consumed significantly more (p<O.OOl) of the nil endophyte line Fp53 than all the other 

treatments, and there was no difference in the weight of roots consumed by grubs feeding on 

all the other root treatments. 
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Table 6.1: Weight change and food consumption of 3rd instar grass grub larvae offered roots 
of 6 meadow fescue lines for 5 days (Experiment 1). 

Grass grub weight Weight consumed Loline* 

Line no Initial Final Change Faecal Root Carrot Roots 
weight (±SD) (mg) (mg) in wt % (mg) (mg) (mg) 

(flg/g) 
No-feed 165 154 be -6.7 2.1 d 0 21.6 ab 
Fp53 166 172 a +3.6 82.9 a 102 a 8.0 e 53 ± 1 
Fp262 164 162 b -1.2 31.8b 58 b 21.4 ab 85 ±45 
Fp391 165 157 be -4.8 25.4 be 44 b 15.1 abe 581 ± 8 
Fp358 162 149 e -8.2 20.8 e 50 b 13.2 be 704 ±47 
Fp345 165 157 be -4.8 20.8 e 41 b 22.9 a 778 ± 21 
Fp408 163 151 be -7.4 18.5 e 37 b 17.5 ab 1047 ± 65 
LSD 5% 7.8 10.5 29.06 9.3 
p ns <0.001 <0.001 <0.001 <0.05 
**Coeff 4.2 var% .. Means with different letters WIthlll a column are slgmficantly different (LSD 5%) 

* Total loline concentration = concentration of NFL+NAL+NANL+NML (flg/g root dry weight) 
** Coeff var = coefficient of variation 

Grubs that were fed Fp53 gained the most weight, consumed the most root material 

and these roots had the lowest loline concentration (Table 6.1). Grubs that lost weight on the 

root diet (except for Fp391 and Fp358) consumed significantly more (p<0.05) carrot at the 

conclusion of the assay than grubs on Fp53. Regression analysis failed to demonstrate a 

significant relationship between larval weight loss and root consumption, faecal weight and 

loline concentration in the roots. 

The total loline concentration in the roots varied markedly ranging from 53 to1047 

flg/g (Table 6.1). The mean NFL concentration of the six meadow fescue lines was 69.6 % of 

the totalloline, NAL 19.9 %, and NANL and NML were minor constituents (8.2 %, 2.2 % 

respectively). Regression analysis failed to demonstrate a relationship between the 

concentration of different loline alkaloids and weight gain. 

The data collected (weight gam, loline concentration, root consumed, and faeces 

produced) on the two lines common to Experiment I and Experiment 2 (Fp53 and Fp408) 

and the No-feed control were similar for both experiments. 
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6.4.1.2 Experiment 2 

Grass grub weight gain/loss demonstrated in Experiment 2 (Table 6.2) followed the 

trends in Experiment 1 (Table 6.1). Grubs on the No-feed control lost weight over the 4 days 

of the assay. There was no difference in the weight loss of grubs on the No-feed control and 

all other treatments except for grubs feeding on Fp53 and Fp246 (Table 6.2). Weight gain by 

grubs feeding on Fp246 and Fp53 (+3.1 % and +5.5% respectively) were not different from 

each other but were significantly higher (p< 0.001) than grubs feeding on the roots of all the 

other treatments. 

There was a significant difference (p<O.OOI) between lines in the weight of roots 

consumed by grubs but there was no difference between Fp53 and Fp246 or between grubs 

feeding on all the other lines. Similarly, there was a difference in the weight of faeces 

produced by grubs feeding on different grass lines but no difference in the weight of faeces 

produced by grubs feeding on Fp53 and Fp246 or between all the other lines including the 

No-feed control. 

The relative and absolute concentrations of loline derivatives were similar to 

Experiment 1. The mean concentration of NFL, NAL, NANL and NML of the seven lines 

were respectively 68.8%, 20.0%, 7.7%, and 3.3% of the total loline concentration. In this 

experiment, there was no difference in the amount of carrot consumed at the end of the assay. 

The carrot that was offered to the larvae from this experiment was slightly dehydrated and 

the can-ot absorbed moisture in the high humidity environment in the cells in which the grass 

grub were held and showed a weight increase in spite of visible evidence of consumption by 

the grubs. Attempts to redress this situation by drying the remaining carrot on the laboratory 

bench overnight masked any differences between treatments. 
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Table 6.2: Weight change and food consumption of 3rd instar grass grub offered roots of 6 
meadow fescue lines for 5 days (Experiment 2). 

Grass grub weight Weight consumed 

Line no Initial Final Diff Faecal Root Carrot weight (mg) (mg) % (mg) (mg) (mg) 

No-feed 163 152 b -6.7 o b 0 26 
Fp53 162 167 a +3.1 75 a 136 a 23 

Fp246 163 172 a +5.5 51 a 120 a 25 
Fp248 164 155 b -5.5 16 b 44 b 24 
Fp430 162 155 b -4.3 13 b 49 b 27 
Fp390 162 152 b -6.2 8 b 43 b 25 
Fp440 161 149 b -7.5 13 b 37 b 25 
Fp408 164 153 b -6.7 12 b 42 b 25 

LSD(5%) 6.6 17.3 23.8 3.7 
P ns <0.001 <0.001 <0.001 ns 

**Coeff 3.6 varn % 
.. Means wIth different letters Wlthm a column are slgmflcantly different (LSD 5%) 

*Totalloline concentration = concentration of NFL+NAL+NANL+NML (~g/g root DM) 
** Coeff var = coefficient of variation 

6.4.2 Main field experiment 

Loline* 

Roots(±SD) 
(Ilg/g) 

50 ± 1 
64 ± 3 

458 ± 33 
510 ± 30 
613 ± 12 

1010 ± 64 
1047 ± 39 

The mean soil moisture tension was -15.1 kPa3 with a mean daily range of 4-25 kPa, 

and sufficient for good plant growth throughout the experiment. Irrigation was used to ensure 

establishment and growth of the plants before the start of the experiment. No irrigation was 

applied during the experiment. Soil temperature (at 10 cm) ranged between 4.2°C and 13.2°C 

throughout the experiment with a mean of 9.1 dc. Snow fell on 24 April and covered the 

experimental area for a day and reduced soil temperatures for the following 24 h to 4.2°C. 

6.4.2.1 Grass grub data 

Of the grubs used in the experiment initially 88.1 % were recovered and 81.6% were 

visibly active, 6.5% were dead at recovery and 11.9% were missing. 

Grass grubs in all treatments increased in weight (Table 6.3). The grubs in the No-

feed control gained the least weight (18.8%) and grubs on the no endophyte and low loline 

3 -10 kPa = Field Capacity, good grass growth >-30 kPa 
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lines (Fp53 , Fp246 and Fp248) gained the most weight (35-36%). There was a significant 

difference (p<O.OOl) in grub weight between treatments with grubs feeding on the high 

loline lines showing a smaller weight gain (16-30%) than grubs feeding on the low loline 

lines (35-36%). There was no difference in the final weight between grubs in the No-feed 

control and the high loline lines. There was a significant difference (p<O;Ol) in the number of 

live grubs recovered between treatments and the lowest recovery (3.4 grubs Iplot) was from 

the No-feed control. 

Table 6.3: Concentration of loline alkaloids in roots, and number of live grass grubs 
recovered and weight change when exposed to 12 lines of meadow fescue in the field over 39 
days in autumn. 

Grass grub 

Initial Final weight Change in Number live 
Line no grubs weight (mg) (mg) weight (%) recovered 

No-feed 138 164 e 18.8 3.4 d 

Fp53 141 192 a 36.2 5.3 ab 

Fp246 141 190 ab 35.8 4.6 abc 

Fp248 145 196 a 35.2 5.3 ab 

Fp408 139 181 be 30.2 5.4 a 

Fp87 142 165 e 16.2 4.1 bed 

Fp358 138 176 cd 27.5 3.6 cd 

Fp391 138 178 cd 29.0 4.6 abc 

Fp345 139 171 de 23.0 4.0 cd 

Fp262 144 172 cde 19.4 5.4 a 

Fp440 138 165 e 19.6 4.3 bed 

Fp390 141 181 be 28.4 4.3 bed 

Fp430 141 171 de 28.4 4.6 abc 

Mean 140 177 4.5 
LSD(5%) 5.4 9.5 1.2 
P ns <0.001 <0.01 

*Coeff 3.9 5.5 26.2 Var% 
... -Means wIth dIfferent letters wIthIn a column are SIgnifIcantly dIfferent (LSD 5%) 

Totalloline concentration = concentration of NFL+NAL+NANL+NML (fJg/g root DM) 
*Coeff var = Coefficient of variation 

Loline 

Roots (±SD) 
(11 gIg) 

89 ± 57 
72 ± 61 
84 ± 49 

1509 ± 34 
1556 ± 4 
1732 ± 135 
1869 ± 317 
1871 ± 93 
1910 ± 133 
1920 ± 19 
1924 ± 85 
1937 ± 366 

The totalloline concentration measured in the pooled samples varied markedly (Table 

6.3) and could be separated into two widely disparate groups; one group of lines (Fp53, 
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Fp246 and Fp248) with totalloline concentration of 89 flg/g or less and the other lines with 

1509 flg/g or greater. 

6.4.2.2 Plant data 

There were differences in root dry weight between grass lines with and without the 

presence of grass grub (LSD 5%; Table 6.4). The amount of root consumed by the grass grub 

is estimated as the difference in dry weight of roots with and without grass grub divided by 

dry weight of roots without grass grub. This data set suggests that more roots were consumed 

(55-65%) by grubs under plants of the lines Fp53, Fp246 and Fp248 than by grubs fed the 

other lines (19-43%), except for Fp87 (54%). 

Table 6.4: Weight change in the roots of 12 lines of meadow fescue in field experiment over 
39 days when exposed to third instar grass grub larvae and the mean total loline 
concentration (± SD) in the roots. 

Line no With grass grub 
(W2) 

Fp53 0.82 
Fp246 0.53 
Fp248 1.11 
Fp408 1.57 
Fp87 0.79 
Fp358 1.23 
Fp391 1.31 
Fp345 1.86 
Fp262 2.04 
Fp440 1.22 
Fp390 1.04 
Fp430 2.55 

.. Treatment mam effect (hnes) p<O.Ol 
Subplot ttreatment grass grub p<O.OOl 
Within columns LSD (5%) 1.05, 
Between columns LSD (5%) 0.78, 

D12 weight of roots (g) 
In absence (WI-2)/WI of grass 
grub (WI) (%) 

2.31 65 
1.84 71 
2.46 55 
2.19 28 
1.74 54 
2.15 43 
1.98 34 
2.65 30 
2.51 19 
1.69 28 
1.65 37 
3.51 27 

*Totalloline concentration = concentration of NFL+NAL+NANL+NML (Jlg/g DM) 

Totalloline* 

Roots (±SD) 
(flg/g) 

89 ± 57 
72 ± 61 
84 ± 49 

1509 ± 34 
1556 ± 4 
1732 ± 135 
1869 ± 317 
1871 ± 93 
1910 ± 133 
1920 ± 19 
1924 ± 85 
1937 ± 366 

This difference was not reflected in the above-ground herbage (Table 6.5) although there 

were differences in the weight of dry matter of plants grown with and without grass grub 

(LSD 5 %). Severe root pruning could be expected to result in an effect on above ground 

I)l~~;jij;l~: 
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herbage. A consistent effect of grass grub damage on different meadow fescue lines was not 

apparent possibly because of the relatively low plant numbers used in this experiment 

(16/line) and the short duration of the experiment (39 days) relative to the feeding period of 

third instar grubs (4-5 months). 

Table 6.5: Changes in dry weight of above-ground herbage of 12 meadow fescue lines in a 
field experiment exposed to attack by third instar grass grub for 39 days. 

Dry weight of above ground herbage (g) 

Line no With grass grub 
(W2) 

Fp53 4.26 
Fp246 2.89 
Fp248 3.99 
Fp408 3.39 
Fp87 3.88 
Fp358 3.34 
Fp391 5.77 
Fp345 6.83 
Fp262 6.02 
Fp440 3.09 
Fp390 4.01 
Fp430 5.64 

Treatment maw effect (lwes) p<O.Ol 
Subplot ttreatment grass glUb p<O.OOI 
Within columns LSD (5%) 2.40, 
Between columns LSD (5%) 1.71, 

In absence of (WI-W2)1W1 grass (%) grub(Wl) 
5.47 22 
3.86 25 
5.04 21 
4.18 19 
5.97 35 
4.10 19 
6.93 17 
8.04 15 
5.23 -16 
5.34 42 
4.23 05 
5.44 -22 

Totalloline concentration = concentration of NFL+NAL+NANL+NML (Ilglg DM) 

Totalloline (/lglg) 

Roots (±SD) 

89 ± 57 
72 ± 1 
84 ± 49 

1509 ± 34 
1556 ± 4 
1732 ± 135 
1869 ± 317 
1871 ± 93 
1910 ± 133 
1920 ± 19 
1924 ± 85 
1937 ± 366 

Mean total loline concentration in the roots of meadow fescue subplots with grass 

grubs was higher (26%) than those subplots without grass grub (p<O.OOI, Table 6.6). 

Conversely, in plant crowns, mean total loline concentration was 10% lower in plants when 

grass grubs were present than in plants in plots without grass grub (p<0.05). There was no 

difference in mean total loline concentration in above ground herbage in the presence or 

absence of grass grub. NFL was the major loline produced with 72 % of the totalloline in the 

roots (Table 6.6). There was a slight difference in the relative concentration of NAL and NFL 

between roots in plots with grass grub compared to roots in plots without grass grub (Table 

6.7). NAL appears to contribute a greater proportion of the totalloline concentration in roots 

attacked by grass grub (Table 6.8). Differences in the relative concentrations of loline 

i 
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alkaloids in crowns and above-ground plant parts due to grass grub attack were not consistent 

between lines. 

Table 6.6: Totalloline concentration C± SD) in the roots, crowns and shoots of 12 meadow 
fescue lines in a field experiment, with or with out grass grubs for 39 days. 

Loline Root* Crown* Shoots* Cllglg) 
Line with grubs grubs with grubs grubs with grubs no. absent absent 
Fp53 89 ±57 102 ± 65 14 ± 8 38 ± 9 48± 9 
Fp246 72 ± 61 86 ± 80 10 ± 1 45 ±15 35 ± 2 
Fp248 84±49 123 ± 75 24 ± 1 51 ±18 30± 4 
Fp408 1509 ± 34 1444 ± 58 1732 ± 21 1944 ± 8 1354 ± 11 
Fp87 1556 ± 4 1334 ± 126 2415 ± 7 2766 ± 0 1751 ± 62 
Fp358 1732 ± 135 1251 ±56 1098 ± 38 1498 ± 1 703 ± 12 
Fp391 1869 ± 317 1368 ± 103 1009 ± 10 1007 ± 4 572±2 
Fp345 1871 ± 93 1474 ± 78 1987 ± 33 1976 ± 84 1316 ± 41 
Fp262 1910 ± 133 1330 ± 3 1448 ± 56 1862 ± 20 1540 ± 91 
Fp440 1920 ± 19 1725 ± 18 2377 ± 271 2281 ± 4 1374 ± 13 
Fp390 1924 ± 85 1362 ± 48 1382 ± 45 1574 ± 13 1156 ± 33 
Fp430 1937 ± 366 1320 ± 20 1081 ± 41 1393 ± 3 751 ± 11 
Mean 1803 1401 1614 1811 1169 

t test 6.14, 8 d.f., p<O.OOI 3.84, 8 d.f., p<0.05 

Totalloline concentration = concentration ofNFL+NAL+NANL+NML (flg/g DM) 
* t test is a two-sided T test (paired) Genstat v.8.2. 

ns 

Fp53, Fp246 and Fp248 were excluded from the t test because of very low loline concentration. 

grubs 
absent 
40± 1 
47 ± 8 
38 ± 1 

1374 ± 69 
1513±31 
907 ±49 
772± 8 

1272 ± 26 
1297 ± 7 
1528 ± 281 
1251 ± 33 
840 ± 55 

1195 

Table 6.7: Mean concentration of loline alkaloids Cllg/g) in the roots of 9 meadow fescue 
lines in a field experiment in the presence or absence of grass grub for 39 days in autumn 
2005. 

Loline in roots With grubs Without grubs 

Loline derivative Concentration % total Concentrati on % total 
Cllg/g) loline (Ilg/g) loline 

N-formylloline 1302 72.2 1023 73.0 
N-acetylloline 331 18.4 239 17.1 
N-acetyl norIoline 148 8.2 117 8.4 
N-methylloline 22 1.2 22 1.5 
Totalloline* 1803 1401 

*Totallolme concentratIOn = concentratIOn of NFL+NAL+NANL+NML (flg/g DM) 
* Fp53, Fp246 and Fp248 were excluded from the t test because of very low loline concentration. 

i· ..•. 



92 

Table 6.8: LoHne alkaloid concentration in the roots of 12 lines of meadow fescue in a field 
experiment in the presence of third instar grass grub larvae for 39 days. 

N-formylloline concentration in roots N-acetylloline concentration in roots 

Line (J.lg/g) (± SD) U!gIg) (± SD) 
In absence In absence no. With of grass Difference With of grass grassgrub(l) (1-2) grassgrub(3) grub(2) grub (4) 

Fp53 54±66 58 ±54 -2 6±9 21 ± 9 
Fp246 46 ±96 45 ±64 1 0 12 ±16 
Fp248 56±49 59 ±65 -3 0 22±6 
Fp408 1062 ± 13 1020 ± 73 42 314 ± 20 290±9 
Fp87 1089 ± 2 933 ± 90 156 235 ±2 191±17 
Fp358 1293 ± 49 964 ± 59 329 314 ± 1 196± 1 
Fp391 1284 ± 193 960 ± 95 324 454 ± 05 303 ± 16 
Fp345 1432 ± 61 1138 ± 71 294 324±4 256 ± 1 
Fp262 1326 ± 83 909 ± 36 417 266±8 186 ± 6 
Fp440 1408 ± 20 1284 ± 18 124 334 ±9 273 ±3 
Fp390 1398 ± 43 999 ± 56 399 374±6 232±2 
Fp430 1424 ± 250 1000 ± 5 424 368 ±O 225 ± 12 
mean 1302 1023 279 331 239 
Diff* 27.3% 
t test 6.02, 8 d.f., p<O.OOI 5.86,8 d.f., p<O.OOI 
Fp53, Fp246 and Fp248 were excluded from the t test because of very low lolme concentration. 
t test is a two-sided T test (paired) Genstat v.8.2. 

"'Diff =difference (1-2) %. 

6.5 Discussion; Grass grub 

6.5.1 Effects of loline alkaloids on grass grub 

Difference 
(3-4) 

-15 
-12 
-22 
24 
44 
118 
151 
68 
80 
61 
142 
143 
92 

38.5% 

Grass grub larvae, when exposed to a range of 10line concentration in the roots failed 

to demonstrate a significant statistical relationship between the 101ine concentration and root 

consumption, in the laboratory and field experiments. This was perhaps a reflection of the 

range of loline concentration found in the roots (i.e. high or very low) and the biological 

variation among grass grub larvae used in the experiments. 

The total 10line concentration measured in roots of meadow fescue lines in these 

experiments was high (up to 1937 Ilg/g) compared to previously published data (Bush et aI., 

1993) and showed a considerable range depending on the specific endophyte-grass 

combinations. Furthermore, root samples were collected in either early or mid-winter and this 

~. , 
I 



93 

may have coincided with the time when alkaloids would have been translocated to the roots 

for protection of the roots and storage for later remobilization to protect spring growth 

(chapter 5). The samples collected in 2005 from the field experiment had a higher 

concentration of lolines (up to 1937 Ilglg) than the same lines collected for the laboratory 

assays in the previous year (up to 1047 Ilg/g). These annual variations may be accounted for 

by such factors as the age of the plants, the site on which the plants were grown, management 

of the site, or the weather immediately preceeding collection. As such, a combination of 

stress conditions such as the snow storm and low temperatures during April 2005 may have 

been responsible for the markedly higher root loline concentrations in 2005. 

The grass endophyte combinations used in these experiments, with the exception of 

Fp246 and Fp248, were all clonal lines. Both the grass line and its companion endophyte 

were genetically unique individually, and in combination. They were originally collected 

from widely disparate sites in Europe and are regarded as physically distinct ecotypes. These 

genotypic differences are reflected in the differences in their dry matter production 

characteristics (Appendix VI). This shows that genetically defined differences in plant 

morphology and chemistry could contribute to a range of feeding and weight gain (loss) 

responses of grass grub larvae measured in the experiments reported here. The grass grub 

response in these experiments to loline alkaloids is in general agreement with published 

information on feeding deterrence and weight gain responses reported by others (Popay et aI., 

2000; Popay & Lane, 2000). The companion endophyte in these grass lines and the alkaloids 

produced are important contributors to poor consumption of roots by grass grubs and the 

resultant weight loss when grass grub larvae are offered a diet consisting of meadow fescue 

plants containing loline producing N. uncinatum endophytes. 

In both the field and laboratory experiments, the high level of root consumption 

(Table 6.1, 6.2, and 6.4) initially by grass grub larvae on some of the low loline-containing 

lines, such as Fp53, Fp246 and Fp248, may have reduced the overall root intake by grubs as 

the available food resource declined as the experiment progressed. This may have limited the 

potential weight gain of grass grub larvae in these treatments. Conversely, in some plots in 

the field experiment outward migration of grubs may have relatively increased the available 

! 
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food resource for the remaining grubs (Table 6.3). The results of both the laboratory and the 

field experiments showed a negative relationship between high total loline concentrations in 

plant roots and grass grub root intake and weight gain. Decreased weight gain in third instar 

grass grubs when fed on roots of grasses containing N. uncinatum has been previously 

demonstrated (Popay & Lane, 2000; Popay et aI., 2003; Fletcher et aI., 2000) but in field 

studies by those investigators the presence of loline alkaloids in the roots of grasses was 

inferred and not measured. To our knowledge the data presented in this chapter is the first to 

demonstrate the feeding deterrence in grass grub when exposed to roots of meadow fescue 

with known concentration of loline alkaloids. 

Research presented in chapter 5 of this thesis shows that loline concentration in roots 

varies considerably between grass lines during spring and summer but rises markedly in all 

endophyte infected lines during autumn. This results in similar loline concentrations in both 

roots and shoots in late autumn (Table 6.6). In the field experiment, higher concentrations of 

totallolines were found in roots than in above ground portions of the plant in some lines (e.g. 

Fp 430, Table 6.6). The concentrations of total lolines in roots reported here are markedly 

different to other meadow fescue and tall fescue studies. Loline alkaloid concentrations in 

roots of tall fescue and meadow fescue reported in the literature are much lower than the 

concentrations measured in the above ground portions of the plant (Bush et aI., 1993; Justus 

et aI., 1997). A reduction in feeding by grass grubs in both field and laboratory experiments, 

occurred when offered roots containing loline alkaloids concentrations greater than 458Jlg/g 

(Table 6.1, Table 6.2). Patterson et aI. (1991) showed that Popillia japonica grubs 

(Coleoptera: Scarabaeidae) were deterred from feeding when offered artificial diets 

containing N-formyl loline and N-acetylloline at 100Jlg/g DW. Feeding deterrency did not 

occur when the grubs were offered washed tall fescue roots with 93 Jlg/g N-formyl loline 

(Potter et aI., 1992). In the study reported in this chapter when totalloline concentration was 

greater than 458 Jlg/g, there was no significant difference between treatments in grub weight 

change, root consumption or frass production over a wide range of alkaloid concentrations 

(Table 6.2 and 6.3). This may imply that there is a minimum (threshold) loline level that 

deters grass grub larvae from feeding on roots containing loline alkaloids. This threshold may 

be between 60 Jlg/g and 440 Jlg/g is in agreement with a threshold concentration of 250 Jlg/g 
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as suggested by Popay & Lane (2000). mcreasing the loline concentration above this 

threshold level may have no effect on grass grub weight gain or loss as larvae cease or reduce 

feeding on loline containing herbage in preference to more palatable options (Sutherland, 

1972). 

Endophyte infections have been shown to improve grass tolerance to leaf, stem and 

phloem feeding insects (Breen, 1994) but the effects of endophytes on root feeding insects 

have been variable (Popay & Bonos, 2005). This has been attributed to lower alkaloid 

concentrations normally reported for roots compared to above ground portions of the plant 

(Siegel et aI., 1987). The high (up to 1937 /-lg/g) concentrations of loline alkaloids found in 

the roots during autumn-winter over the two years of this study suggest a more important role 

for loline alkaloids in the protection from subterranean insects than previously thought. 

There may also be flow-on food chain effects of high loline alkaloids in plants. 

Predators and parasites can also be affected by alkaloids retained in the body tissues of prey 

and hosts respectively (Faeth & Bultman, 2002). Goldson et aI. (2000) found levels of 

Neotyphodium lolii were inversely related to rates of parasitism of ASW by the parasitoid 

Microctonus hyperodae. Similarly, endophyte alkaloids consumed by white grubs may 

reduce predation of white grubs by predators and consequently indirectly affect the white 

grub population (Bultman et aI., 2003; Koppenhofer et aI., 2003). 

A further non-direct effect of loline alkaloids on grass grub maybe mediated through 

grub nutrition. Nutritional stress has been shown to increase the incidence of disease in grass 

grub (Popay, 1992). In favourable conditions grass grub larvae increase weight rapidly 

during the autumn in preparation for the harsher winter conditions. Any factor(s) that reduces 

weight gain predisposes the grubs to increased risk particularly from pathogens (Faeth & 

Bultman, 2002; Kain & Atkinson, 1977). Pathogens are a major determinant of mortality of 

grass grub larvae with four protozoans and Bacillus popilliae in the North Island and Serratia 

sp. in the South Island all implicated in disease of grass grub (Robertson et aI., 1999). The 

reduced weight gain in grass grub larvae feeding on roots containing loline alkaloids exposes 

these grubs to increased risk resulting in reduced growth, population and pasture damage 
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(Fletcher et al., 2000). A reduction in feeding of roots with increasing loline concentrations 

by grass grubs suggests increased nutritional stress and vulnerability of grubs in pastures 

with a high loline concentration (Table 6.2). Grubs in these laboratory experiments are also 

less exposed to soil-borne pathogens and other risk factors. Although mortality of grass grubs 

exposed for six weeks to diets containing up to 2000 jlg/g of NFL + NAL did not increase at 

higher concentrations, the mean weight of grubs at the higher loline concentrations was only 

half of those grubs fed on diets with loline concentrations of 50 jlg/g or less (Popay & Lane, 

2000). 

6.5.2 Wound induced increase in loline concentration 
In this study, the increase in total loline alkaloids in the roots of meadow fescue 

plants under attack by grass grub larvae (Table 6.6) is suggestive of an induced effect. The 

data showed an increase in loline alkaloids in roots of plants under which grass grub have 

been placed and a simultaneous decrease in the crowns of the same plants which suggests 

that the alkaloids are transported to the region of the plant under attack by the grub larvae. 

This finding, if confirmed, does not imply an increase in alkaloid production per se but rather 

transport of lolines in response to an insect attack and internal signalling to the site of attack. 

Simulated insect attack by wounding (Bultman & Ganey, 1995) and cutting (Bush et al., 

1993; Salminen & Grewal, 2002) increases alkaloid concentration which is regarded as an 

induced defence mechanism. However, changes in alkaloid concentration caused by wounds 

inflicted by insect herbivores that are mediated by mutualists such as endophytic fungi have 

not been documented (Bultman & Ganey, 1995). An induced effect was demonstrated when 

fall armyworm pupae weighed substantially less after feeding on previously clipped, 

compared to unclipped, endophyte-containing perennial ryegrass (Bultman & Ganey, 1995). 

However, while inducible defense was demonstrated when tall fescue was attacked by fall 

armyworm, as measured by an increase in lole expression, the same effect was not shown in 

meadow fescue (Sullivan et al., 2007). 

To our knowledge this study is the first demonstration of an induced increase in 

endophyte alkaloid concentration directly attributable to damage by insects. 
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6.5.3 Effects of other plant factors on grass grub 
The plant material used in this study was chosen from ecotypes grown in Canterbury 

province which, after one sampling in late winter, indicated a range of loline alkaloid 

concentrations. Along with visual examination of stained stem material to confirm the 

presence of endophytic hyphae these data were used to select grass lines for the grass grub 

assays. The endophytes in each of the meadow fescue lines have been subsequently shown to 

be unique (N.E.Cameron pers. comm.) and the plant phenotypes are clearly distinct 

(Appendix VI). Under these circumstances, the opportunity for the expression of antibiosis 

properties which may differ from one grass line to another must be considered. Such factors 

could include alkaloids produced by the symbiosis that are not recognised or identified, other 

phytoalexins (Smith, 1996) and chemical constituents such as plant phenolics (Malinowski & 

Belesky, 2006), enzymes, or morphological factors such as root size (Malinowski et aI., 

1999) and cell wall thickness (Gwinn & Bernard, 1993). 

Variability in response to insects is recognised in some "non-toxic" grass- endophyte 

symbioses (Popay & Bonos, 2005) and may be related to unidentified constituents or may be 

due to synergy between different alkaloids or other chemical constituents. It has also been 

suggested that the genetic nature of the host cultivar may differ with endophyte status or 

genotype (Eerens et aI., 1998). 

6.5.4 Enhancement of insect activity 
There is some evidence that endophyte(s) can enhance the feeding and reproductive 

performance of some insects (Breen, 1994; Bultman & Bell, 2003; Popay et aI., 2005; 

Saikkonen et aI., 1999; Tibbets & Faeth, 1999). However, there was no evidence in this study 

that grass grub feeding was enhanced by endophyte infection of meadow fescue. The 

possible exudation of loline alkaloids from roots of infected plants into the rhizosphere or 

leachate from above ground plant material could be a feeding detenent to subtenanean 

herbivores. This requires further investigation. Lohnes in the rhizosphere may have a direct 

effect on pathogens of grass grub such as Serratia sp. and Bacillus popilliae. 
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6.5.5 Effects of constituent alkaloids 
A direct role for individualloline alkaloids to protect plants from attack by grass grub 

larvae has not been established. However, the novel endophyte AR542 which produces 

NANL in tall fescue but not NFL or NAL may have no effect on grass grub larvae (Popay, 

2004). In contrast, a crude mixture of NFL and NAL was an effective feeding deterrent of 

third instar grass grub (Popay & Lane, 2000). This implies that NFL and NAL are grass grub 

feeding deterrents (Popay, 2004). 

Reduced weight gain in European corn borer larvae (Ostrinia nubilalis) in No-choice 

tests with NAL compared to control with no difference in Two-choice tests suggests the toxic 

effects are due to NAL (Riedell et al., 1991). However, when European corn borers were 

offered NML a reduction in feeding was observed in Choice tests but no difference in weight 

gain in No-choice tests. This suggests that although a difference in feeding was observed, the 

NML was non-toxic. 

The non ergot-alkaloid producing endophyte AR542 produces NANL but not NFL or 

NAL and does not confer resistance to lesion (Pratylenchus scribneri) and root knot 

(Meloidogyne marylandii) nematodes (Timper & Bouton, 2004). In contrast, the endophyte 

AR584, which is also a non ergot-alkaloid selection confers resistance to lesion nematode 

(Pratylenchus scribneri) in the tall fescue Georgia but not in Jesup (Timper & Bouton, 2004). 

AR584 is known to produce NFL, NAL and NANL suggesting that NFL andlor NAL may 

impart to cultivar Georgia some resistance to lesion nematode. 

There is no evidence from the results presented in this chapter to suggest that NML is 

a more potent feeding deterrent or toxin than the other naturally occurring loline alkaloids but 

the NML concentrations in the lines tested are low in comparison to NFL and NAL (Table 

6.7). It has been suggested that NML operates with a different mode of action to NFL, NAL 

and NANL. NFL was more effective in reducing weight gain and as a feeding deterrent to 

fall army worm (Spodoptera Jrugiperda) than NAL or NML (Reidell et al., 1991). If a 

difference in NML mode of action was confirmed plants with elevated NML concentrations 

could be selected to enhance the activity of other loline alkaloids. The ability of pests to 
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overcome resistance is retarded in hosts with multiple modes of resistance. Grasses 

containing several loline alkaloids with different modes of action could be expected to 

exhibit enduring resistance to insect pests. Artificial feeding studies may help resolve the 

relative importance of not only NML but also NFL, NAL and NANL as deterrents to grass 

grub feeding on roots of plants infected with N.uncinatum. Determination of the relative 

importance of the different loline metabolites as a feeding deterrent to major insect pests 

could help in understanding their mechanism of action and in establishing plant breeding 

strategies. Further refinement of the loline derivatisation technology used in this study and 

development of artificial diets spiked with derivatised lolines could be useful in achieving 

these outcomes. 

6.5.6 Limitations of the laboratory and field assays in determination of 

grass grub population 

The laboratory and field experiments conducted were short term experiments (6 and 

39 days). As such this gave no firm indication of possible grass grub population trends in the 

field in the medium term or through successive generations and in different years. Reduced 

weight gain in third instar larvae may imply greater susceptibility to disease but disease 

incidence and progression in grass grub populations operate in a density dependent manner 

(Robertson et aI., 1999) and, as reported above, we have no knowledge of the effect of loline 

alkaloids on pathogens in the rhizosphere (6.5.1.4.). Reduced larval weight gain may also 

increase the proportion of larvae that remain as 3rd instars until the following year and 

increase the proportion of two-year life cycle grubs in the population with consequential 

effects on population dynamics (Stewart & Stockdill, 1972). Fletcher et al. (2000) suggested 

that feeding on loline containing meadow fescue will reduce weight gain in grass grub larvae 

resulting in smaller grubs and ultimately a reduction in population size. However, Popay et 

al. (2003), observed no delays in development of grass grub larvae in the field between 

meadow fescues with and without endophyte. 
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Section B. Argentine stem weevil 

6.6 Methods 

6.6.1 Field experiments 
On four occasions 10.12.04, 11.01.05, 3.03.05 and 27.4.05 one or two tillers per 

plant, to make a total of 20 tillers, were taken from each plot of a randomised complete block 

experiment that contained 12 meadow fescue lines. The meadow fescue lines and treatment 

of the experimental area are described in section 3.4 (chapter 3). The blocks were replicated 

three times. Natural infestation of the experimental area by ASW that are ubiquitous in 

Canterbury pastures was allowed to take place. Feeding holes of adult ASW in each tiller 

were counted at each assessment date and were recorded as total number of holes per plot. 

Loline analysis was carried out on samples taken from the stems and leaves remaining in the 

plot (chapter 4). 

The ASW damage (number of holes), and concentration of loline alkaloids were 

analysed by ANOVA (Genstat 8.2). Regression analysis (by groups) of ASW damage versus 

leaf and stem concentration of loline alkaloids was also performed. The concentrations of 

loline alkaloids in the leaf were transformed (square root) to meet the equal variance 

assumptions of the ANOV A. Leaf loline data used in the regression analysis were 

backtransformed from the treatment means from the ANOV A. Stem data did not require 

transformation. 

6.6.2 Laboratory experiment 
In preliminary experiments, several attempts were made to adapt the methodology 

used to assess ASW damage on excised grass leaves and tillers containing peramine (Barker 

et al., 1984 a; Kain et al., 1982) to grasses containing loline alkaloids. As this approach failed 

to distinguish differences in feeding response by ASW between meadow fescue lines with 

high or low loline concentrations, plants were grown in pots and ASW were caged with the 

plant within a ventilated perspex cylinder. 

A Choice experiment was carried out where one tiller from any two of three grass 

lines were planted in pairs in small polythene pots with a commercial potting mix (e.g., pot I 

I ... ·· 
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had one tiller of Fp345 and one tiller of Fp53. Pot 2 had one tiller of Fp53 and one of 

Bronsyn. Pot 3 had one tiller from Fp345 and one from Bronsyn). These plants were allowed 

to establish in the pots outdoors in the autumn of 2004. After 6 weeks, 3 ASW adults 

(collected from near Hororata, Central Canterbury, and kept cool overnight) were placed with 

the paired plants. A ventilated clear Perspex cylinder was placed over the plants and ASW 

and the pots placed in an incubator. Daylength was set at 16 hours light; 8 hours dark and the 

temperature a constant 20°e. Pots were placed on plastic trays with one replication per tray 

for a total of five trays (i.e. five replications). The position of trays in the incubator was 

predetermined by random numbers and changed daily. The position of the plants on the tray 

was unchanged throughout the experiment. Plants were watered each day. 

The number of holes in the leaf of each plant and the number of ASW per plot was 

counted every second day. After six days, the ASW were removed and ASW feeding holes in 

the plants were counted. Plants were cut at soil level, tillers and leaves counted, weighed and 

freeze dried for loline, ergovaline and peramine alkaloid analysis. All the plants of one line in 

each block were bulked to give sufficient material (approx. 100 mg) for the alkaloid analyses. 

The Choice experiment was analysed using ANOV A to compare the lines in pairs. 

6.6.3 Loline analyses 
Loline alkaloids were analysed by GC using a modification of the method of Yates et 

al. (1990). Grass samples (O.lg) were extracted for 22-24 hours with 5 mL dichloromethane: 

methanol: ammonia (75:25:0.5), centrifuged and filtered. Phenylmorpholine was used as an 

internal standard. The grass extracts were analysed by GC with 1 or 2 ilL injections within 24 

h of extraction. Duplicates were run on all samples. Standards were derived from loline 

dihydrogen chloride crystallized from extracts of meadow fescue seed using a modified 

method of Petroski et al. (1989) and J.D. Blankenship (pers.comm., 2004) (section 3.2, 

chapter3 ). Precision and limit of detection are described in chapter 3. 

I· . 
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6.7 Results 

6.7.1 Field experiment 
There were differences in the ASW feeding injury (number of holes) in each meadow 

fescue line between assessment dates, and the number of holes at assessment 3 was greater 

than at assessment 1 and assessment 2 (Table 6.9). 

There were differences in the ASW feeding injury (number of holes) between the 12 

meadow fescue grass lines at all four assessment times (p<O.OOI). At all assessment times, 

more holes due to ASW attack were counted in Fp53 (nil endophyte) samples than in all 

other treatments except for Fp246 and Fp248 (LSD 5%, Table 6.8). Lines Fp345 and Fp390 

were in the group with the lowest number of holes (LSD 5%) at all four assessment times. At 

assessment 4, there was no difference between all grass lines except for Fp53 and Fp246. 

Table 6.9: Argentine stem weevil damage (holes / 20 tillers) to 12 meadow fescue lines in 
field experiment at 4 assessment times. 

Grass Number of holes 
line no. Assessment 1 Assessment 2. Assessment 3 Assessment 4 

(10.12.04) (11.1.05) (3.03.05) (27.4.05) 
Fp53 137 a 163 a 255 a 130 a 
Fp246 89 be 85 be 133 be 115 ab 
Fp248 129 a 113 b 124 be de 92 abc 

Fp408 65 bed 51 e 97 def 83 e 

Fp87 37 e 55 ede 91 ef 75 e 
Fp358 71 bed 73 cd 104 edef 93 abc 
Fp39 1 41 de 40 de 81 f 87 be 

Fp345 36 e 29 e 74 f 76 e 
Fp262 77 be 78 e 129 bed 70 e 
Fp440 93 b 67 cd 152 b 97 abc 
Fp390 56 cde 51 de 106 edef 90 be 

Fp430 43 de 73 cd 118 ede 97 abc 

Mean 73 73 122 92 
LSD(5%) 

when comparing between lines 37.6 
when comparing between assessment times 36.5 

Line number x ASW damage (no.ho1e) interaction p<0.05. 
Coefficient variation 24.9 % 

. - ... Means wIth dIfferent letters wIthIn a column are slgmfIcantly dIfferent (LSD 5%) 
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The relationship between ASW damage and total loline concentration in the plant 

leaves when analysed by groups (assessment time) was highly significant (R2 
adj = 48.9, 

p<O.OOI) and is presented in Figure 6.1. Similarly, the relationship between ASW damage 

and totalloline content in the grass stems was highly significant (R2 
adj = 45.3, p<O.OOI). The 

relationship between ASW damage and concentration of the total (Table 6.10) and different 

(Table 6.11) loline alkaloids when analysed by groups is shown on the next page. 

Table 6.10: Mean number of holes in the leaf caused by feeding of ASW in 12 lines of 
meadow fescue grown in Templeton, Canterbury assessed four times in 2004/05 versus Leaf 
totalloline concentration (J.lglg). 

Assessment 1 Assessment 2 Assessment 3 Assessment 4 
Grass (10.12.04) (11.1.05) (3.03.05) (27.4.05) 

line no. No. Total No. Total No. Total No. Total 
holes loline holes loline holes loline holes loline 

Fp53 137 37 163 53 255 38 130 84 
Fp246 89 184 85 201 133 399 115 308 
Fp248 129 112 113 280 124 355 92 192 
Fp408 65 773 51 1334 97 990 83 534 
Fp87 37 662 55 904 91 866 75 728 
Fp358 71 500 73 769 104 676 93 346 
Fp391 41 806 40 1178 81 237 87 327 
Fp345 36 459 29 1440 74 691 76 315 
Fp262 77 562 78 1086 129 619 70 573 
Fp440 93 590 67 1193 152 1109 97 421 
Fp390 56 603 51 1476 106 893 90 587 
Fp430 43 413 73 984 118 713 97 572 

Totalloline concentration in leaf is back-transformed. 
Totalloline concentration = the concentration of NFL+NAL+NANL+NML (~glg dry weight) 

I 
I 

! ~ ~ ~ 
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Table 6.11: R2 adj and p values for ASW damage versus loline alkaloid concentration in leaf 
and stem of 12 meadow fescue lines when analysed by groups (each assessment time was 
treated as a separate but related group). 

Alkaloid RZ 
adj P value 

stem leaf stem leaf 
N-formylloline- 43.9 46.6 <0.001 <0.001 
N-acetylloline 52.2 54.3 <0.001 <0.001 
N-acetyl norloline 36.9 38.9 <0.001 <0.001 
N-methylloline 43.1 43.3 <0.001 <0.001 
Totalloline 45.3 48.9 <0.001 <0.001 

Totallolme concentratIOn = concentratIOn of NFL+NAL+NANL+NML (lJglg root dry weIght) 
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Figure 6.1: Fitted parallel regression curves for the number of ASW feeding holes versus 
totalloline concentration (/1g/g) in the leaf of meadow fescue lines assessed four times in 
2004105 (R2 

adj = 48.9, p<O.OOI). Fp53 was excluded from the regression analysis as it was a 
nil endophyte line. Totalloline concentration = concentration of NFL+NAL+NANL +NML (lJglg DM). 

I 
i 
I 
I 

!-
I 

i, 
i 

I 
I" 
1"/'-
I" .. " 

i' -'>-.~" 



105 

6.7.2 ASW laboratory experiment 
In the No-choice test, no difference was observed in damage to plants by ASW, 

between any of the three grass treatments when data were transformed to either the Log 

(holes/gm +1) or SQRT total holes (Table 6.12). There was no difference between treatments 

in the number of leaves, number of tillers, or plant weight. 

In the Choice test, however, there was a significant difference when transformed to 

Log (holes/gm+ 1) between Bronsyn and Fp53, and Bronsyn and Fp345, but no difference 

between Fp345 and Fp53 (Table 6.13). There was also a significant difference in SQRT total 

holes between Bronsyn and Fp345, and Bronsyn and Fp53, but no difference between Fp53 

and Fp345. No difference in the number of leaves, number of tillers, or plant weight was 

observed between pairs of plants for any of the comparisons (Table 6.14). 

Table 6.12: Argentine stem weevil damage to two meadow fescue lines and one perennial 
rye grass line in a No-choice test (paired comparisons) assessed as the SQRT total number of 
holes/plant, and log(holes/g + I) of plant fresh weight. 

Grass line Log No. leaves No. tillers Plant wt SQRT 
(holes/g + 1) (gm) (Total holes) 

Bronsyn 2.04 9.4 3.0 1.4 3.4 
Fp345 3.36 10.5 3.0 1.3 6.0 
Fp53 3.56 11.2 3.2 1.3 6.3 

LSD (5%) 1.45 3.5 0.7 0.6 2.9 
P value 0.08 0.52 0.78 0.91 0.09 

Perenmal ryegrass (Bronsyn), meadow fescue (Fp53 and Fp345). 

'l'f;% 
: 
I 
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Table 6.13: Argentine stem weevil damage to 2 meadow fescue lines and 1 perennial 
rye grass in a Choice test (paired comparisons) assessed as the SQRT total number of 
holes/plant, and log (holes/g + 1) of plant fresh weight. 

Grass line Log(Holes/g +1) choice (pairs) 
Av.B A B LSD (5%) p value 

Bron v. Fp345 1.12 3.62 1.60 <0.05 
Bron v.Fp53 1.51 3.84 1.41 <0.05 
Fp345 v. Fp53 2.33 4.08 2.24 0.090 

SQRT (Total holes) 
Bron v. Fp345 1.6 7.6 3.2 <0.01 
Bron v. Fp53 2.3 7.7 3.4 <0.05 
Fp345 v. Fp53 3.3 8.2 5.0 0.052 

Perenmal rye grass (Bronsyn), meadow fescue (Fp53 and Fp345) 

Table 6.14: Number of leaves/plant and tillers/plant in two meadow fescue lines and one 
perennial ryegrass and total plant fresh weight/pot in a Choice test (paired comparisons) with 
Argentine stem weevil. 

Grass line choice Number of leaves LSD (5%) p value AvB A B 

Bron v.Fp345 9.6 14.6 6.6 0.10 
Bron v.Fp53 9.2 10.6 5.3 0.51 
Fp345 v. Fp53 8.3 11.8 5.3 0.13 

Number of tillers 
Bron v. Fp345 3.0 4.0 1.8 0.19 
Bron v.Fp53 3.0 3.2 1.6 0.75 
Fp345 v. Fp53 2.7 3.4 1.4 0.18 

Plant weight 
Bron v.Fp345 1.3 1.6 0.4 0.11 
Bron v.Fp53 1.3 1.4 1.1 0.86 
Fp345 v. Fp53 0.9 1.2 1.2 0.5 

Perenmal rye grass (Bronsyn), meadow fescue (Fp53 and Fp345) 
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Table 6.15: Ergovaline, peramine and loline concentration (flg/g OM) in tillers of two 
meadow fes(;ue lines and une perennial ryegrass in Choice and No-choice assays with 
Argentine stem weevil. 

Alkaloid El'govaHne Peramine Total LoHnes 
Line x SO x SO x SO 

- -----

Bronsyn 0.38 0.27 14.5 3.01 124 32 
Fp345 0 0 3.8 4.1 7615 591 
Fp53 0 0 0.6 0.7 222 I 1 1 

. -Samples ot each hne were pooled on a block by block baSIS to give suffiCient malenal tor the chemical analYSIS. 
Perennial rycgrass (Bronsyn), meadow fescue (Fp53 and Fp34S) 
Totalloline concentration = concentration of NFL+NAL+NANL +NML ()Jg/g root OM). 

The ergovaline and peramine concentrations of Bronsyn were higher than in Fp53 and 

Fp345 but the total loline concentration of Fp345 was much higher than in Fp53 or Bronsyn. 

The total loline concentration of all three lines was higher than anticipated and the peramine 

concentrations in Fp345 and Fp53 were also unexpected. Peramine has not been detected 

previously in these lines collected from field. Unexpected results have been reported in 

grasses growing in incubators previously, including the presence of unexpected alkaloids and 

unusually high alkaloid concentrations (Huizing et aI., 1991; Lane et aI., 1997). 

6.8 Discussion; Argentine stem weevil 

6.8.1 Field expedment 
The field experiment indicated that meadow fescue containing N. uncinatum 

endophyte was a stronger deterrent to feeding hy adult ASW than endophyte-free meadow 

rescue (Fp53). Although differences in damage between lines containing endophyte (Iolines) 

were observed, these differences were variable but consistently much lower than recorded for 

the nil endophyte line (Fp53) suggesting an endophyte effect in reducing leaf damage. This 

effect may be mediated by loline alkaloids produced by the symbiosis (Miles et aI., 1998; 

Popay & Bonos, 2005). It appears unlikely that the effect observed here is due to the 

presence of other alkaloids such as peramine, lolitrcm B, or ergovaline, which arc normally 

thought to deter insect fceding in temperate grasses, because these were not detected in 

clonal leaf samples of all the 12 meadow fescue lines collected from the field (I\. 10.04). 

Popay.& Latch (1993) reported that N-formyl loline and N-acetyl loline at 110 flg1g 
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concentration failed to deter ASW from feeding and had no toxic effect. The total loline 

concentration in leaf samples of the meadow fescue lines reported in this study, however, 

were up to 1476 Ilg/g. Feeding deterrence was observed when total leaf loline concentration 

was as low as 280 Ilg/g and consistent feeding deterrence at concentrations greater than 400 

Ilg/g (Table 6.10). The threshold level for feeding deterrence may be greater than the no 

effect NAL or NFL concentrations of 100 Ilg/g reported by Popay & Latch (1993) which 

could explain the difference between their results and the findings reported here. The novel 

tall fescue endophyte, AR542, produces NANL but not NFL or NAL and has been implicated 

in deterring ASW from feeding (Popay, 2005). The threshold concentration of NANL at 

which feeding deterrence occurs, however, has not been reported. The similarity in chemical 

structure of NFL, NAL and NANL may imply a similar mode of action in deterring ASW 

feeding but it has been suggested that NML may have an alternative mode of action on other 

insects (Reidell et aI., 1991). 

The damage to foliage by adult ASW is not particularly important to dry matter 

production of grasses but is an important indicator of oviposition activity. Reduced leaf 

damage may imply reduced egg laying (Popay et aI., 2005) and it is the damage caused by 

the larvae of ASW that is responsible for economic losses in pastures (Pottinger, 1961). 

Larvae that hatch from eggs laid in the stem, feed and burrow down to the base of the plant 

tillers. On reaching the meristem, they continue feeding on tiller bases and each larva can 

cause the death of several tillers. The loss of tillers in grass swards with high ASW 

population can lead to massive tiller death and consequently, significant losses in production 

(Prestidge et aI., 1985). In this environment loline alkaloids could influence ASW 

populations in several ways, namely; 

• Deter ASW adults from using plant sites high in loline alkaloids for oviposition 

similar to the effect of peramine in perennial ryegrass (Rowan & Latch, 1994; 

Popay,2005). 

• LoHne alkaloids m senescmg grass material on the soil surface could deter 

ASW larvae and adul ts from feeding (Rowan et al., 1990) . 

• Loline alkaloids may have an effect on parasitoids. Goldson et aI. (2002) 

showed that parasitism of ASW by Microctonus hyperodae was reduced by 

r.-· • 
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endophyte (N. lolii). Similarly the presence of endophyte in the diet of fall 

armyworm had a negative effect on the pupal mass of parasitoids (Euplectris 

comstockii ) (Faeth & Bultman, 2002). When fall armyworm were fed N-acetyl 

loline and N-formylloline in artificial diets parasitoid survival declined. 

Loline alkaloid concentrations in the stems of the meadow fescue lines studied 

in this thesis are considerably greater than in the leaves (Fig 4.5). This may 

have important implications for the survival of ASW larvae feeding in the stems 

of endophyte infected meadow fescue lines. 

As described in section 6.5.1.3, the plant lines used in these experiments are ecotypes 

and the possibility of other plant factors influencing insect feeding behaviour and oviposition 

cannot be dismissed. Factors such as fibre and silica have been shown to deter ASW feeding 

on ryegrass (Barker, 1989) but other undescribed alkaloids or factors stimulated by the 

presence of endophyte such as plant phenolics may also be involved (Malinowski & Belesky, 

2005). The same plant genotypes with and without endophyte were unavailable for this 

study, but could be employed to examine this question more closely. 

The age of individual leaves and tillers is known to have an effect on alkaloid and 

endophyte concentration (Hardy et aI., 1986). The senescing leaves contain lower 

concentrations of loline alkaloids and sustain more aphids than younger leaves (Eichen seer et 

aI., 1991). Tiller age was not considered as part of this study but all the tillers counted for 

ASW damage were less than 6 weeks old. 
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6.8.2 ASW Laboratory experiment 
A clear difference in the damage to the perennial rye grass Bronsyn and the meadow 

fescues Fp53 and Fp345 was demonstrated in the Choice test (Table 6.10). Bronsyn is a high 

endophyte perennial ryegrass containing N. lolii and high concentrations of peramine are 

known to deter ASW feeding (Rowan et aI., 1990). The endophyte-free line Fp53 had very 

low, or no, loline at all, (Table 4.1 & 4.2) and therefore greater damage to Fp53 than to either 

Fp345 or Bronsyn, by adult ASW feeding on the meadow fescues was anticipated. The line 

Fp345 contains N. uncinatum which produces high concentrations of loline alkaloids in stems 

and leaves (Table 6.15, Chapter 4) but the data presented in Table 6.12 shows that under the 

conditions of this experiment Bronsyn was less attractive to ASW for feeding than Fp345. 

This may extend to the relative attractiveness of the oviposition sites on the grasses (Kain et 

aI., 1982, Barker, 1989) but this experiment did not test that hypothesis. There may be other 

chemical and morphological characteristics between the lines that are responsible for the 

differences in ASW feeding behaviour demonstrated here (see section 6.5.1.3). It has been 

clearly demonstrated that high leaf fibre reduces feeding of certain L. perenne grass 

genotypes by ASW adults (Barker, 1989). Other factors such as leaf surface characteristics 

and internal deposits of silica may also reduce ASW feeding. A combination of such 

differences may explain some of the damage inflicted by ASW on the perennial rye grass and 

meadow fescue lines used in this investigation. Ergovaline and peramine concentrations 

reported here (Table 6.15) in the perennial ryegrass Bronsyn are also ASW feeding deterrents 

(Rowan et al., 1990). 

6.9 Overall discussion (Section A and B) 
To be useful to plant breeders and ultimately to livestock farmers, the alkaloids in 

grasses containing N. uncinatum endophytes need to offer protection from the ravages of the 

major pasture insect pests. Grass grub and ASW are pests of economic significance that can 

cause losses in dry matter production, reduced plant popUlations and increased requirement 

for pasture renewal. Peramine produced by N. loW in perennial rye grass provides protection 

from the detrimental effects of ASW (Rowan & Gaynor, 1986) but offers no protection 

against grass grub. There is some suggestion that EITF is protected from grass grub by the 

presence of alkaloids (Popay et aI., 1993) but these grasses also contain ergot alkaloids that 

: ... -
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are implicated in tall fescue toxicosis and related syndromes. In the current study, the 

demonstration of the presence of loline alkaloids in the roots and leaves of endophyte 

containing meadow fescue at sufficient concentration to deter the feeding of both grass grub 

and ASW in the absence of ergopeptides, is a significant finding. While the short term 

experiments reported here are not indicative of long term population control of these pests, 

they suggest that loline alkaloids may be useful in the control of grass grub and ASW 

damage. This is in general agreement with the suggestion of Fletcher et aI., (2001) that 

control of grass grub popUlations in the longer term may be possible in pastures with loline 

containing grasses. Further work is required to confirm that ASW populations are controlled 

by loline containing grasses as has been shown by the presence of peramine in endophyte-

infected perennial ryegrass. The present state of knowledge on interactions between plant and 

endophytes and the production of protective alkaloids, especially after insertion of novel 

endophytes into new grass endophyte combinations, suggest that unpredicted responses can 

occur (Easton et aI., 2002; Hunt & Newman, 2004). Study of elite grass endophyte 

combinations with important insects will be required to understand the full impact of such 

combinations. 

6.9.1 Conclusions 

Roots of meadow fescue containing N. uncinatum produced loline alkaloid concentrations in 

excess of 450 Ilg/g and deterred grass grubs from feeding in both laboratory and field 

experiments. 

The meadow fescue endophyte combinations investigated in this study were capable of 

accumulating totalloline concentrations up to 2000 Ilg/g in roots during autumn-winter. 

There were strong indications that the damage caused by grass grub feeding on roots induced 

an increase in loline concentrations in roots of the damaged plants at the expense of loline 

concentration in the crowns of the plants. This suggests mobilisation and transport of 

secondary metabolites to tissues requiring maximal protection in response to internal 

signalling. 
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In the field experiment increased meadow fescue loline alkaloid concentrations reduced 

ASW feeding. The laboratory study supported this conclusion (p=O.052). 

Further studies with purified loline derivatives are required to determine the toxicity and 

feeding deterrence of each loline derivative to grass grub and ASW. This would be an 

important step in establishing plant breeding goals. 



7. Urinary and faecalloline profiles and blood parameters in 
sheep exposed to acute and chronic oralloline 

7.1 Abstract 
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Although loline alkaloids show insecticidal properties they are thought to be non-

toxic to ruminants. Most studies on the effects of loline alkaloids on livestock used EITF 

which often contained ergot alkaloids which are known to have toxic properties. Endophyte 

infected meadow fescue often contains loline alkaloids in the absence of other alkaloids. 

Studies on the uptake and excretion of loline alkaloids in sheep dosed with ground EIMF 

seed were undertaken. 

Experiments with an acute (single 52 mg/kg BW dose) and chronic (68 mglkg BW 

doses for 6 consecutive days) oral dosing of lambs with loline containing meadow fescue 

seed showed rapid metabolism and appearance of loline metabolites in urine within 30 

minutes. The recovery of loline alkaloids from urine and faeces was low with 10 % in acute 

and 4 % in chronic studies. Blood parameters (red blood cell count, white blood cell count, 

haematocrit, and haemoglobin), four selected plasma enzymes (alkaline phosphatase, 

aspartate transaminase, creatine phosphokinase and gamma glutamyl transferase) and 

histopathological examination showed that lolines at such doses (selected to represent 

maximal exposure during grazing) were non-toxic to sheep. 

7.2 Introduction 
Many meadow fescue-No uncinatum endophyte combinations produce loline 

alkaloids but not ergot alkaloids or other mammalian toxins. These grasses are potentially 

useful for feeding livestock if the insecticidal and feeding deterrence of loline alkaloids 

(Seigel &Bush, 1994; chapter 6) do not cause animal toxicity. Knowledge on the effects of 

loline alkaloids per se on animal performance and metabolism is not clear because most 

experiments involving farm animals have been performed with tall fescue containing the 

endophyte N. coenophialum, which also produces ergot alkaloids and peramine in addition to 

the loline alkaloids (Bush et aI., 1993). The ergot alkaloids are now thought to be the 

principal alkaloids involved in fescue toxicosis (Hill & Agee, 1994) but the possibility of 

synergy between different alkaloid groups in the development of the symptoms of the disease 

, . 
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cannot be dismissed (Thompson & Stuedemann, 1993). Fescue toxicosis is a disease of 

livestock characterized by heat stress, poor livestock performance, fescue foot and many 

circulatory related diseases (Oliver, 1997). Poor performance and heat stress can also occur 

in livestock grazing perennial ryegrass infected by feral endophytes (Fletcher, 1993) but the 

presence of toxins associated with endophytic fungi is considered imperative for the survival 

of high performing pastures in many areas of New Zealand (Easton, 1999) by protecting 

temperate grasses from the ravages of some pasture feeding insects. 

Loline alkaloids are regarded as non-toxic to livestock (Bush et aI.,1993). The 

effects of widespread use of grasses with endophytes containing loline alkaloids on livestock 

in New Zealand is not known. Administration of pure loline dihydrochloride intraperitoneally 

at 200 mg/kg BW and loline orally at 1000 mg/kg BW did not have any effect on mice 

(Dannhardt & Steindl, 1985; Yates & Tookey, 1965). In contrast, loline was lethal to mice 

when injected intravenously at 400 mg/kg BW (Yates & Tookey, 1965). Loline base, and 

NFL and NAL when applied to the dorsal pedal vein of cattle failed to induce a contractile 

response (Solomons et aI., 1989). However, NAL can cause vasoconstriction of the lateral 

saphenous vein in cattle and may augment the effect of ergot alkaloids (Oliver, 1997) but 

neither loline base, NFL nor NAL had any effect on uterine or umbilical arteries (Dyer, 

2000). 

When fed EITF, loline alkaloids are excreted at low concentrations in the urine of 

sheep (Westendorf et aI., 1993), cattle (TePaske et aI., 1993), and horses (Takeda et aI., 

1991). Pyrrolizidine alkaloids from plants such as erotolaria spp., Echium plantagineum and 

Heliotropium europaeum, that can be highly toxic to ruminants and are not found in grasses, 

are rapidly transformed by rumen bacteria (Lanigan, 1971; Wachenheim et aI., 1992). NFL is 

converted by rumen liquor in vitro and gastrointestinal juices to other loline alkaloids 

(Westendorf et aI., 1993; TePaske et aI.,1993). Loline alkaloids may be absorbed from the 

rumen, abomasum, or small intestine. In cannulated sheep fed EITF seed, about 5% of NFL 

and NAL was recovered from the abomasum, but no lolines were found in the faeces 

(Westendorf et aI.,1993). A total loline concentration of 83 llg/mL, including 70 llg/mL 

loline base, 9 llg/mL of NFL, and 4 llg/mL of NAL was recovered in the urine of a cow 

exhibiting symptoms of fescue toxicosis (TePaske et aI., 1993) supporting the evidence that 
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the primary form of loline alkaloid absorbed from the gastrointestinal tract is the loline base 

(Piper & Moubarak, 1992; Westendorf et aI., 1993). 

Indicators ofliver and or kidney damage such as AST (aspartate amino transferase), 

GDH (glutamate dehydrogenase), glutamyl transpeptidase (GGT), or creatinine and urea, 

may be useful to identify the toxic effects of lolines on the liver. AST was elevated in the 

serum of ewes grazing perennial ryegrass showing staggers symptoms (Piper, 1989) but 

GGT, or alkaline phosphatase (AP) levels were within the normal range. In contrast, serum 

levels of AP, AST and lactate dehydrogenase (LDH) were increased in cattle grazing tall 

fescue pasture containing low loline (53-360 flg/g DW) and low ergovaline levels (novel 

endophyte AR542) compared to serum levels in cattle grazing conventional EITF (Nihsen et 

aI.,2004). 

This study reports observations from three experiments that investigated the health 

effects, blood, urine and faeces profiles of loline alkaloids in ewe lambs orally administered 

with ground meadow fescue seed as an acute and a chronic dose. These experiments were 

part of a broader study investigating the agricultural value of loline alkaloids in New Zealand 

in an attempt to capitalise on the strong insecticidal and pasture insect feed deterrent activity 

ofloline alkaloids in some grasses (Breen, 1994; Popay et aI., 2000; Popay & Bonos, 2005 ) 

Ideally, future grass varieties containing loline producing endophytes must protect pasture 

plants from important pests and be nontoxic to livestock. 

The objective of this chapter was to: 

• Investigate the toxicity of loline containing feed on sheep and to determine the 

uptake, metabolism and excretion of biologically important forms of loline 

following acute and chronic loline administration. 

7.3 Materials and methods 

All these animal experiments were conducted according to the protocols in Lincoln 

University Animal Ethics Application AEC#57. 
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7.3.1 Experiment 1: Preliminary study 
A preliminary experiment was carried out at the Johnstone Memorial Laboratory 

(JML) , Lincoln University, with one Coopworth ewe lamb in a metabolism crate to 

determine an appropriate dose to simulate the highest loline intake from grasses based on the 

loline analyses of the grasses reported in chapter 4 and 5. This study was also used to 

determine the sampling times for the subsequent experiments and to provide samples for the 

development of a method for urinary and faecal loline analyses. A ewe lamb (30 kg) was 

fasted for 24 hours before dosing with ground meadow fescue seed at a dose of 

approximately 60 mg totalloline alkaloids/kg BW. Blood, urine and faeces were collected at 

regular intervals for seven days to determine loline uptake and excretion. Foley urinary 

bladder catheters and jugular venal cannulae were used to collect urine and blood samples 

respectively. This experiment was repeated using another lamb with minor modifications to 

the collection times, frequency of sampling and duration of the experiment. The volume of 

urine at each collection was noted and 2 mL samples from each lamb were frozen and stored 

at -20°C for loline analysis. Blood samples were collected into 10 mL Becton Dickinson 

lithium heparin (143 IU) vacutainers for plasma loline analysis and 5 mL Becton Dickinson 

EDTA vacutainers for full blood profiles which were carried out by the Gribble Veterinary 

Pathology laboratory, Christchurch. The plasma from the heparinised blood was stored at 

-20°C for loline analysis. 

7.3.2 Experiment 2: Effect of an acute oral dose of loline containing seed 
Six Coopworth ewe lambs were placed in metabolism crates at the JML 2 days before 

the administration of the loline treatment. Foley urinary bladder catheters 10 gauge (5 mL) 

and jugular vein cannulae were inserted into the animals for collection of urine and blood 

sampling respectively. A saline solution containing heparin (5 IU/mL) was flushed through 

the jugular catheter to prevent clotting after sampling. The lambs were fasted for 24 hours 

prior to orally administering ground meadow fescue seed (0.2 mm) from a builders caulking 

gun at 52 mg total loline/kg BW after the baseline samples of blood, urine and faeces were 

collected. Urine and blood samples were taken at 15, 30, 45, 60 minutes after loline 

treatment, then hourly to 9 hours, 3 hourly to 24 hours, a single sample at 30 hours, and then 

I 

I 
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12 hourly to 72 hours (Table 1). Lucerne chaff and water was freely available to the animals 

throughout the experiment. 

Blood samples were taken (as shown in Table 7.1) for a full blood profile, plasma 

enzyme, urine and faecal samples for loline analysis. Blood and urine samples were treated 

as described in section 7.3.1. Sampling and dosing procedure is summarized in Table 7.1. 

Table 7.1: Experiment 2: Blood, urine and faecal sampling protocol. 

Day Blood sample Urine sample Faecal Loline dose sample 
0 1 1 1 
1 9 18 3 # 
2 1 3 2 
3 1 2 2 
4 1 1 2 
5 1 1 2 
6 1 1 2 

The numbers III each column shows tha number of blood unne and faeces samples taken on each day of the 
experiment 
# Loline containing seed was administered on day 1 at 52 mg/kg BW. 

Two animals were sacrificed at the conclusion of the experiment for collection of 

brain, kidney, liver, heart, lung, spleen, pancreas, lymph nodes, and muscle (semi-

tendinosis), samples for histopathology. The samples were stained with haemotoxylin and 

eosin stain, and examined by the veterinary pathologist at Gribble Veterinary Pathology 

laboratory. 

7.3.3 Experiment 3: Effect of a chronic oral dose ofloline containing seed 
A total of eight Coopworth ewe lambs were transfened to the metabolism crates at 

JML 2 days before the experiment commenced. The dates of loline dosing, blood urine and 

faeces sampling and the number of samples taken are given in Table 7.2. Six lambs were 

starved overnight and orally administered equal doses of ground meadow fescue seed 

containing loline alkaloids 3 times per day for 5 days with a total daily dose of 68 mg 

lohne/kg lamb BW, and once on the morning of the 6th day at 23 mg/kg BW/day. Two 

animals acted as the control. Throughout the study, except during the starvation period just 

prior to the experiment, all animals were fed lucerne chaff and water ad-libitum. One sample 
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each of blood, urine, and faeces were collected daily from day 0 to day 5. Foley urinary 

catheters (10 gauge, 5 mL) were inserted into the bladder on day 4 ofthe experiment. On day 

5, for subsequent blood sampling, cannulae were inserted into the external jugular vein. On 

day 6, five urine and blood samples were collected one before the loline dose and then at 1, 

4, 6, 8 hours after dosing. On day 7, 8 and 9 urine and blood samples were collected daily. 

Blood and urine samples were treated as described in 7.3.1. Sampling procedure is 

summarized in Table 7.2. 

Table 7.2: Experiment 3: Chronic dose study sampling protocol. 

Day Blood sample Urine sample Faecal Loline feed sample 
0 2 2 1 
1 1 I 1 # 
2 1 1 1 # 
3 1 1 1 # 
4 1 1 1 # 
5 1 1 1 # 
6 5 5 1 # 
7 1 1 1 
8 1 1 1 
9 1 1 1 

The numbers III each column shows the number of blood unne and faeces samples taken on each day of the 
experiment. 
# Loline containing seed administered 3 times per day for a total dose of 68 mg/kg BW from day I to day 5 and 
1 dose at 23 mglkg BW on day 6. 

Ambient and rectal temperatures were taken 3 times per day throughout the 

experiment; at 8:00am, midday and 6:00pm. Rectal temperatures were taken by a digital 

medical thermometer (Geratherm Plus. Geratherm Medical AG, Germany) and checked 

against a conventional mercury rectal thermometer. 

Two test animals dosed with loline were sacrificed at the conclusion of the 

experiment. A complete postmortem analysis can·ied out and samples for histopathology 

were collected and stained as described in section 7.3.2. 
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7.3.4 Sample analysis 
Haematocrit, blood cell counts, and haemoglobin concentration were measured by 

Gribble Veterinary Pathology with an automated analyzer (Cell-Dyn 3500, Abbott). The 

differential WBC counts were carried out using a traditional blood smear stained with 

Leishmans stain and examined microscopically. The plasma enzyme activity (lUll) of 

asparatate aminotransferase (AST), GGT, AP, creatinine phosphokinase (CPK), and 

creatinine concentration (llmolll) were measured by Gribble Veterinary Pathology with 

kitsets from Roche Diagnostics GmbH, Mannheim, using an automated random access 

analyzer (Hitachi 911, Tokyo) incubated at 30°C. 

Loline alkaloids in urine were measured by GC-MS by Canesis Network, Lincoln 

(see chapter 3). Standards were derived from loline dihydrogen chloride crystallized from 

extracts from meadow fescue seed using the method of Petroski et al. (1989) and 

J.D.Blankenship (pers.com. 2004) as described in chapter 3. 

Loline alkaloids in faeces were analysed by GC using the same method as for herbage 

samples (see section 3.3). 

7.4 Results 

7.4.1 Experiment 1: Preliminary studies 
At the dose of 60 mg/kg BW given to the 2 animals, all of the parameters measured 

were within normal ranges. This confirmed that this dose was safe for ewe lambs. It also 

confirmed that the duration and sampling intervals were adequate to achieve the desired 

objectives. NFL was detected in urine samples as early as 30 min to 72 h after dosing but 

loline alkaloids could not be detected in plasma or faecal samples. Detailed results from the 2 

lambs are not shown here because the same experiment was repeated in experiment 2 with 

more lambs and are qualitative only as loline alkaloid standards had not been prepared at this 

time. 
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7.4.2 Experiment 2: Acute study 
Mean lamb weights (±SD) at the start and conclusion of the experiment were 31.9 

(±2.0) kg and 32.2 (±1.8) kg respectively. The calculated oral dose of total loline alkaloids 

administered was 52 mg/kg BW. There were no clinical signs or any visible signs of stress to 

the animals, at this dosage. 

7.4.2.1 Loline alkaloids in urine 

Of the 1670 mg totalloline alkaloids administered to each lamb, 101.8 mg (i.e. 6.1 %) 

was recovered (Table 7.3) in urine. The highest proportion of the loline alkaloids recovered 

was NFL at 36.9 mg or 36.2% of the total followed by loline base 28.5 mg (28.0%) and 

NANL 22.6 mg (22.2%). A high proportion of the NFL (25%), NAL (47%) and NANL 

(42%) were recovered from the urine in the first 6 h after treatment (Figure 7.1). 

The amount of loline base excreted in urine increased with time and at 24 h it was the 

predominant alkaloid excreted. Only 6% of the loline base was recovered in the first 6 h 

There was a subsidiary peak of NFL and NANL at 12 h that decreased thereafter. A small 

subsidiary peak of NAL occurred at 12 h but this quickly declined. 

Table 7.3: Experiment 2: Loline alkaloids orally administered (as a single acute dose) and 
excreted in the urine of lambs. 

Loline alkaloids 
Lolines in Loline NFL NAL NANL NML seed. 
Total dose 

(mg) Trace 1040 402 196 32 

Lolines % of 62.3 24.1 11.7 1.9 
total 

Urine 28.5 36.9 8.6 22.6 5.3 excretion 
mg(±SD) 

(13.3) (17.6) (4.7) (11.4) (2.7) 

% Recovery 3.5 2.1 11.5 16.6 

% Totalloline 28.0 36.2 8.4 22.2 5.2 
recovered 

NFL-N-formyllolme, NAL N-acetyllolme, NANL-N-acetyl norlohne, NML-N-methyllolme. 
*Totalloline = NFL+NAL+NANL+NML in mg. 

Total 
lolines 

*1670 

*101.8 
(44.4) 
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Figure 7.1: Experiment 2: Profile ofloline metabolites in urine (mean flg/h) of 6 lambs 
following oral administration of an acute dose of loline containing meadow fescue seed_ 

7.4.2.2 Loline alkaloids in faeces 

The faecalloline alkaloid concentration was very low_ At times, unknown interfering 

substances eluted at the expected elution times for loline, NANL and NML. Consequently 

the totalloline recovery is under-reported as NFL + NAL (Table 7.4) at 3.8% of the original 

loline dose. NAL was the major metabolite recovered in the faeces and showed peaks at 36 h 

and 60 h after dosing (Fig ure 7.2). NFL peaks were less pronounced at 15 h, and 36 h_ 

The combined recovery of allloline metabolites in urine and faeces was 9.9 % (3.8 % 

faeces + 6.1 % urine). 
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Figure 7.2: Experiment 2: Profile N-formylloline (NFL) and N-acetylloline (NAL) 
(l1g/h ±SE) in faeces of 6 lambs after 1 acute dose of loline containing seed. 

Table 7.4: Experiment 2: Loline alkaloids orally administered (as an acute dose) and 
excreted in the faeces of lambs 

Loline alkaloids 

Loline NFL NAL NANL NML 

Lolines in 
seed.Total trace 1040 402 196 32 
dose(mg) 

Lolines % of 
total loline in 62.3 24.1 11.7 1.9 

seed 
Faecalloline 

alkaloids NQ 23.7(14.5) 39.5(16.1) NQ NQ 
mg(±SD) 

% Recovery 2.3 9.8 ... NQ- not quantifiable 
NFL-N-fonnylloline, NAL N-acetylloline, NANL-N-acelyl norloline, NML-N-methylloline. 
*Totalloline = NFL+NAL+NANL+NML in mg. 

7.4.2.3 Ambient and rectal temperature 

Total 
lolines 

*1670 

*63.2 

3.8 

The minor variations indicated in mean rectal temperature (Figure 7.3) revealed no difference 

over time due to the 10line dose. Ambient temperature ranged from 18-24°C over the three 

days of the experiment with the highest temperature of 24°C recorded 2h after administration 

of the loline dose. 
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Figure 7.3: Mean ambient temperature and rectaltemperature expressed as DC (± SD), of 6 
lambs after a single dose of loline containing seed. 

7.4.2.4 Plasma enzymes and blood parameters 

Red blood cell (RBC) and white blood cell (WBC) counts, haemaotcrit (HCT), 

haemoglobin (Hb) concentration (Table 7.5), and creatinine concentration and activity of 

selected plasma enzymes were within the normal range and did not change during the 

experiment (Table 7.6). 
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Table 7.5: Mean (± SD) red blood cell count (RBC), haemoglobin, haematocrit (HCT), and 
white blood cell (WBC) count in 6 ewe lambs dosed with meadow fescue seed containing 
loline alkaloids. 

Time after RBC WBC Hb HCT 
dosing (h) x10121l x 109/1 gil III 

0 9 (0.9) 8 (2.2) 90 (4.4) 0.3 (0.01) 
24 8 (1.0) 10 (2.6) 84 (7.7) 0.3 (0.02) 
48 8 (0.9) 10 (2.0) 85 (7.0) 0.3 (0.03) 
72 8 (0.7) 9 (2.3) 85 (5.5) 0.3 (0.02) 

Normal range 9-15 4-10 80-140 0.22-0.4 

Table 7.6: Mean concentration (± SD) offour plasma enzymes (IU/l) and plasma creatinine 
(/lmol/l) in 6 ewe lambs dosed with meadow fescue seed containing 60mg/kg of loline 
alkaloids recorded during the experiment. 

Time 
after AP AST CPK GGT Creatinine 

dosing (h) 
0 76 (30) 86 (24) 155 (31) 53 (7) 62 (8) 

24 71 (24) 78 (16) 134 (23) 48 (2) 53 (8) 
48 70 (22) 72 (10) 110 (15) 49 (3) 51 (5) 
72 67 (20) 71 (11) 167 (134) 46 (7) 53 (6) 

Normal 30-115 30-85 77-915 0-45 105-170 Range 
AP-alkalme phosphatase, AST - aspartate transammase, CPK - creatme phospokmase, OOT -y glutamyl 
transferase. 

7.4.2.5 Histopathology 

Histopathological examination of liver, spleen, heart, muscle, pancreas and lymph 

node samples revealed no abnormalities that could be attributed to the treatment. There was 

a small amount of blood around the meninges and a few parenchyma cells in the brain 

sample that was attributed to the method of euthanasia. In both lambs, some highly 

basophilic material in the lumen of a few medullary tubules were observed in the kidneys. In 

one lamb, there was a small amount of blood in the airways of the lung samples probably due 

to trickling or aspiration of the blood along the trachea after death. One of the lymph samples 

in one lamb contained a small number of eosinophils that was attributed to parasitic 

infection. 
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7.4.3 Experiment 3: Chronic dose experiment 
The mean initial and final weights (± SD) of the lambs were 30.7 (± 3.2) kg and 31.3 

(± 2.1) kg respectively. All the animals were clinically normal with no visible stress due to 

the loline treatment. However, oral administration of the ground meadow fescue seed 

resulted in loose stools in six lambs for the first two days, and in two lambs for three days, 

from the commencement of dosing. 

7.4.3.1 Loline alkaloids in urine 

The total recovery of lolines from urine over the whole experiment was low, 

approximately 4 % of the total loline alkaloids administered. More than 50 % of the lolines 

recovered was the loline base> NFL (20 %) > NANL (12 %) > NML (8%) (Table 7.7). 

Table 7.7: Experiment 3: Loline alkaloids orally administered as a chronic dose and excreted 
in the urine of lambs (n=6). 

Loline NFL NAL NANL NML Total 
lolines 

Lolines in seed. NQ 7056 2548 1235 216 *11,047 Total dose(mg) 
% of Loline in seed 63.8 23.1 11.2 2.0 
Urine excretion mg 227 88 24 53 34 *429 

(±SD) (193) (126) (32) (49) (26) (416) 
Loline alkaloids (as l.2 0.9 4.3 15.7 3.9 % intake) 
Loline alkaloids (as 

% Totalloline 52.9 20.5 5.6 12.4 7.9 
alkaloids in urine) 

... NQ- not quantIfIable. 
NFL-N-fonnylloIine, NAL N-acetylloIine, NANL-N-acetyl norloline, NML-N-methylloIine. 
*Totalloline = NFL+NAL+NANL+NML in mg. 

Figure 7.4 shows the loline base as the predominant loline alkaloid recovered from urine 

throughout the experiment. The variability in recovery between animals was high. In general, 

more NFL and NANL were recovered than NML or NAL, but more NANL was recovered 

during later stages of the experiment at day 5 and 6. 
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Figure 7.4: Experiment 3: Loline alkaloid profile in urine (mg/day /lamb ± SE) on day 1-6 
and day 7-9 following daily administration of meadow fescue seed containing lolines. 
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Figure 7.5: Experiment 3: Loline alkaloid profiles in urine (mglh ±SE) on day 6 and 7 
following 6 days of a daily dosing of 6 lambs with meadow fescue seed containing lolines. 

Intensive sampling after the last seed dose was administered on day 6 indicated a 

similar pattern of recovery of most metabolites (Figure 7.4) with a peak of loline base I h 

after the last dose was administered and a small subsidiary peak at 24 h. The excretion of 

loline alkaloids declined to nearly zero at 48 h indicative of rapid metabolism and excretion 

oflolines. 
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7.4.3.2 Faecal excretion of lolines following chronic dosing with meadow fescue seed 

The total recovery of loline alkaloids from faecal samples in the chronic experiment 

was very low (0,5% of the totalloline dose administered), NAL and NFL were recovered in 

measurable quantities but quantification of loline, NANL and NML was compromised by 

interfering substances at low concentrations (Table 7,8). Earlier attempts to quantify loline 

alkaloids in faecal samples using a solid phase extraction clean up procedure failed to detect 

loline alkaloids in faecal samples, 

Table 7.8: Experiment 3: Loline alkaloids excreted in faeces (mean ± SD) of 6 lambs dosed 
with meadow fescue seed containing 10lines,* 

Loline NFL NAL NANL NML Totallolines 
Lolines in 
seed. Total NQ 7056 2548 1235 216 11,055 
dose (mg) 
% of Total 63,8 23,0 1.2 2,0 10line in seed 

Faecalloline 
alkaloids mg NQ 13(11) 41(7,5) NQl NQl 54 

(±SD) 
Lolines (as % 
Total loline 0,2 1.6 0,5 
in faeces) 

* Data is semi-quantitative as full recovery of faecal weights was not achieved and difficulties were 
experienced in reading chromatographs of faecal samples due to interfering substances at the low concentrations 
recorded, 
NFL-N-formylloline, NAL N-acetylloline, NANL-N-acetyl norloline, NML-N-methylloline, 
Total loli nes is the sum of Loline +NFL+NAL+NANL+NML. 
NQ- not quantifiable, 
NQI- not quantifiable due to interfering substances, 

The combined recovery of 5 loline alkaloids from urine plus faeces in the chronic 

experiment was 4.4 %, 

7.4.3.3 Ambient and rectal temperature 

Ambient temperature was recorded three times daily (8:00 am, midday and 6:00 pm) 

during the experiment and ranged between 14-20°C with a low of 14°C on day 4 (Figure 

7,6), 
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Figure 7.6: Experiment 3: Mean rectal temperatures (DC ± SD) recorded at 8:00 am each day 
of 6 lambs before orally dosing with loline containing meadow fescue seed on each day from 
dayl-6 and on day 7-9 following the last dosing on day 6. 

The midday and 6:00 pm rectal temperatures showed no significant difference 

between the treated lambs and the untreated lambs. The rectal temperatures varied widely 

between individuals and although non-significant (p>0.05) there were signs of a difference in 

mean temperature of the treated animals and untreated animals between days 2 to 6. 

7.4.3.4 Plasma enzymes and blood parameters 

The enzymes AP, AST, GGT and CK recorded during the experiment fell within the 

normal ranges and did not change during the experiment (Table 7.9). The CK recorded 

before treatment was slightly higher and this may be related to an increase in muscle 

permeability due to handling stress. Creatinine levels were low compared to the normal range 

reported and did not change over the course of the experiment. 

RBC and WBC, HCT, and Hb concentration were all within the normal range during 

the experiment (Table 7.10). 
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7.4.3.5 Histopathology 

As was shown by the examination of the histology samples in the acute experiment, 

liver, spleen, heart, muscle, pancreas, lymph nodes and brain (only cerebrum examined) 

tissue samples appeared normal. However, there was a small amount of mineral deposition in 

a few medullary tubules of the kidney but this was regarded as of no significance. 

Table 7.9: Experiment 3: Plasma enzyme activity (ill/l ± SD) and plasma creatinine 
concentration (llmolll) in 6 ewe lambs during and after dosing with meadow fescue seed for 
6 consecutive days. 

Day AP AST CK GGT Creatinine 
o Before treatment 82(19) 69(32) 531 (266) 33(8) 59(11 ) 
1 Before treatment 89(28) 69(30) 132(32) 38(7) 64(7) 
2 After treatment 7015) 67(31) 117(49) 37(9) 58(7) 
3 " 71 (15) 65(30) 101(10) 40(9) 55(7) 
4 " 71 (16) 64(30) 128(70) 37(8) 53(8) 
5 " 78(26) 61 (29) 108(16) 38(8) 53(7) 
6 " 74(22) 59(26) 171 (50) 35(9) 47(12) 
7 " 73(24) 58(25) 168(65) 36(8) 47(9) 
8 " 75(22) 59(23) 164(79) 37(8) 49(7) 
Normal Range 30-115 30-85 77-915 0-45 105-170 

AP -alkaline phosphatase, AST- aspartate transaminase, CK- creatine phospokinase, GGT-y glutamyl 
transferase. 

Table 7.10: Red blood cell count (RBC), white blood cell count (WEC), haemoglobin (Hb), 
and haematocrit (HeT), (expressed as mean ± SD) in 6 ewe lambs before and after treatment 
with meadow fescue seed containing loline alkaloids. 

Day RBC WBC Hb HCT 
x10 12/1 x 109/1 gil III 

o Before treatment 11.0(1.10) 8.00 (1.97) 118 (8.10) 0.35 (0.03) 
1 Before treatment 11.6 (1.01) 8.51 (1.61) 125 (6.72) 0.37 (0.02) 
2 After treatment 10.5 (0.95) 8.85 (2.26) 113(6.46) 0.33 (0.02) 
3 " 11.4 (0.75) 8.67 (2.83) 122 (4.07) 0.35 (0.01) 
4 " 10.4 (0.78) 8.06 (2.12) 112 (4.45) 0.33 (0.01) 
5 " 10.1 (0.66) 8.37 (2.38) 109 (3.21) 0.31 (0.01) 
6 " 9.8 (0.56) 7.91 (1.60) 104 (2.93) 0.32 (0.01) 
7 " 9.4 (0.56) 8.06 (1.57) 101 (2.99) 0.30 (0.01) 
8 " 9.5 (0.75) 7.92 (1.42) 102 (4.31) 0.30 (0.01) 
Normal range 9-15 4-10 80-140 0.22-0.4 
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7.5 Discussion 
To our knowledge this is the most intensive investigation into the excretion of loline 

alkaloids in sheep urine and faeces that has been reported. Previous investigations have 

reported the concentration of loline alkaloids in different parts of the gastrointestinal tract 

(Westendorf et aI., 1993) and the presence of lolines in the urine of cows (TePaske et aI., 

1993), horses (Takeda et aI., 1991), and sheep (Westendorf et at, 1993). This study, 

however, is the first to monitor urine and faecal loline excretion in sheep following oral 

administration of meadow fescue seed containing loline alkaloids but without ergovaline. 

The major finding of this study is that excretion of loline alkaloids was rapid but in 

very low amounts in both urine and faeces, when administered as an acute or chronic dose. 

The combined loline recovery in urine plus faeces was 10 % for the acute dose and 4 % for 

the chronic dose. Westendorf et aI., (1993) were unable to detect loline alkaloids in the faeces 

of sheep fed EITF but NAL and NFL recovery from the abomasum averaged 5 %. 

The presence of loline base as the major metabolite in the urine of chronically dosed 

animals (52% of the total loline recovered) and the marked contribution of loline base to the 

total loline concentration in urine in the acute dose experiment supports the view that 

ingested loline alkaloids are converted predominantly to loline base in the rumen or 

biotransformed in the liver (Westerndorf et aI., 1993; Oliver, 1997). The concentration of 

loline base continued to increase in urine following both chronic and acute dosing regimes 

(Fig 7.1, Fig 7.4.) and decreased only after all other loline metabolites had declined or were 

no longer detectable. This may suggest that loline, rapidly biotransformed to the base, is 

excreted more slowly due to continued greater uptake or retention than the other loline 

metabolites. Conversion of NFL to loline base has been previously demonstrated in 

incubation studies with bovine rumen fluid (Westendorf et al.,1993) but recovery was low 

(18%) and NAL was not converted to loline base. In the same study, NFL conversion to 

loline base increased with incubation time up to 48 h with no conversion to either NANL or 

NML. The extensive conversion of NFL to loline probably by rumen microorganisms (as 

deduced from Westendorf et aI.,1993) which continued for up to 48 h (the duration of their 

experiment) may imply that the rumen is more likely the predominant site for loline 
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metabolism, or at least conversion to loline base, However, in their in vivo sheep studies, 

loline alkaloid disappearance was greater and more rapid than in the in vitro bovine assay 

(Westendorf et aL, 1993) suggesting that different rumen microflora populations may have a 

significant effect on the metabolism of lolines. Such differences may also account for the 

variability in urinary alkaloids in individual animals. 

The peak excretion rate of all five loline alkaloids in urine 2 h after administration in 

the acute experiment implies rapid absorption of these alkaloids, most likely from the rumen. 

The initial peak excretion of NFL, NAL, NANL and loline that was followed by minor peaks 

of mostly NFL, NANL and NAL after 12 h signities most likely hepatic metabolism of loline 

alkaloids but a change in rumen microflora, in response to the toxic challenge cannot be ruled 

out. Our studies have clearly shown that loline base is the predominant alkaloid excreted 24 h 

after dosing and this continued to be the major loline alkaloid excreted throughout the 9 days 

of the chronic expenment. 

Low recovery of loline alkaloids in urine and faeces and some changes in the 

proportions of the metabolites compared to the original dose (Table 7.6 and 7.7) signifies 

extensive metabolism in the rumen (Westendorf et aL, 1993) and/or in the liver. The formyl 

and acetyl groupings on the loline ring structure (i.e. NFL and NAL) are possibly less stable 

than the loline base or NML in the environment of the rumen and abomasum. Recovery of 

NML in urine in the chronic dose experiment (15.7%) was much greater than all the other 

loline metabolites suggesting that NML is probably a much more stable derivative. In the 

rumen and the upper gastrointestinal tract, it seems that the more reactive acyl groups from 

the loline alkaloids are rapidly removed from the ring structure. Cleavage of the loline ring 

structure may subsequently result in products unrecognisable as loline breakdown products in 

urine and faeces. This may explain the low recovery of loline alkaloids. Further in vitro and 

ill vivo studies, of pure loline derivatives (perhaps C 14 labeled) especially in vivo with gastro· 

intestinal tract cannulated animals may be necessary to resolve these issues. 

The absence of visible toxicity symptoms In lambs dosed with either an acute or 

chronic dose of lolinc containing meadow fescue seed is in general agreement with other 
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studies that have shown no detrimental effect on live weight gain or other parameters in 

lambs grazing meadow fescue with or without endophyte (Fletcher, 1993). The development 

of toxicity symptoms, however, is dose-related (Eaton & Klaassen, 2001) and is dependent 

on pasture loline concentration and consumption. A pasture total loline concentration of 

2000 Ilg/g DM (chapter 4) equates to total loline consumption of 50-90 mglkg BW /day4. 

This is similar to the dose administered in the current study; 52 mg/kg BW in the acute dose 

experiment and 68 mg/kg BW in the chronic dose experiment. Higher concentrations of 

loline alkaloids could be anticipated in some circumstances especially in drought conditions 

but the typical New Zealand pasture is a mixed sward which may contain several components 

including clover. These mixtures would effectively dilute the loline alkaloid concentration 

and reduce the daily dose of alkaloid. Low feed consumption of pasture by lambs under feed-

limiting conditions such as drought could also mitigate the effects of higher loline alkaloid 

concentration. Administration of higher doses of loline alkaloids experimentally would 

require pure preparations of loline alkaloids, or seed containing much higher loline 

concentrations than were available for this study to overcome the physical constraints of 

orally administering more than 400 g of seed /day/lamb. Although this would be desirable to 

identify the toxic effects of loline alkaloids it will not simulate on-farm conditions as the 

maximum loline concentration encountered is unlikely to exceed 5610-6260 Ilg/g as tested in 

this study. 

The metabolism of different forms of loline by the animals is an impOltant 

detoxification process. Although there are no pharmacological studies of lolines on large 

animals, loline base was lethal to mice when given intravenously at 400 g/kg BW (Yates & 

Tookey, 1965). It is possible that the rapid breakdown that occurs in the rumen and/or liver 

combined with rapid urinary excretion via the kidneys prevents accumulation of loline 

alkaloids in the animal and circumvents loline toxicity. It was unfortunate that we were 

unable to develop analytical methods to measure plasma loline concentrations as this would 

have enhanced our knowledge about the metabolism of lolines in ruminants. However, 

4 Based on a 30 kg BW lamb consuming approximately 0.8- 1.34 kg DM/day (2.7- 4.5 % of BW) (Geenty & 
Rattray, 1987) 
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plasma samples have been stored at -20°C for analysis in the future when a method becomes 

available. 

The rumen is a highly complex environment and the variability in the results 

presented here and differences between the current results and those of Westendorf et al. 

(1993) may be due to the differences in bacterial populations in the rumen. The animals used 

in the Westendorf et a1. (1993) study were conditioned on high loline containing diets for 10 

days prior to the experiment. Differences in recovery between the acute and chronic dose 

studies presented here suggest more complete breakdown (lower recovery) of loline alkaloids 

as the animals became more conditioned and rumen microbe populations and liver enzymes 

adapted to loline in the diet as the experiments proceeded. The diet of the sheep in the 

Westendorf et a1. (1993) study also contained up to 1.6 Ilg/g ergot alkaloids which may have 

affected the rumen metabolism. Further research involving pure loline metabolite 

preparations and in vitro and in vivo studies with intestinal tract fistulae may be required to 

resolve these issues. 

The four plasma enzymes monitored (AP, AST, CK, GGT) were within the normal 

range prior to and after the toxin challenge in the acute and chronic dose experiments. 

Relatively high CK activity on day 0 of the chronic dose experiment (Table 7.8) was 

probably due to an increase in muscle membrane permeability. This may have occurred due 

to muscular activity during collection and weighing of the lambs just prior to taking a blood 

sample prior to the commencement of loline dosing. Previously published reports on changes 

in plasma enzyme activity due to loline alkaloid concentration are equivocal (Piper, 1989; 

Nihsen et a1., 2004). Fiorito et a1. (1991) showed no difference in AP activity in lambs 

feeding on high endophyte and low endophyte tall fescue hay (114 mil and 128 mil 

respectively) but showed decreases in plasma prolactin concentration, heart rate and 

respiration rate. Westendorf et aI., (1993) however, showed an increase in AP activity when 

sheep were fed EITF compared to EF tall fescue. Decreases in plasma prolactin concentration 

have been shown in sheep fed endophyte infected perennial ryegrass (Fletcher, 1999). 
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In cases of pyrrolizidine alkaloid toxicosis in cattle, horses, and sheep, the indicator 

enzymes AP, AST, and GGT were elevated (Seawright et aI., 1991). Although the 

pyrrolizidine alkaloids are chemically distinct from the loline group in key elements such as 

unsaturation between carbon 1 and carbon 2 (pyrrolizidines) and the oxygen bridge between 

carbon 2 and carbon 7 (lolines), similar general structure suggests parallels in metabolism 

could be expected. Normal liver specific enzyme and creatinine concentrations along with 

the absence of damage to organs as shown by the histopathological examination, suggests 

that loline alkaloids are relatively non-toxic to sheep. The dose of loline alkaloids 

administered and the duration of the experiments in the current study were probably 

insufficient to damage liver or other organs. 

Red blood cell and WBC counts, Hb, and HCT were within the normal range during 

both the acute and chronic dose experiments and are in agreement with studies in sheep by 

Fiorito et aI., (1991). They reported an HCT value of 29% in both control and treated animals 

similar to the 33% reported here (Table 7.S and Table 7.9). Failure to detect loline alkaloids 

in plasma (TePaske et al.,1993; section 7.4.1) in the current study suggests lolines may have 

been destroyedlbroken down during sample preparation. Seawright et aI. (1991) have 

suggested that metabolites of pyrrolizidine alkaloids are bound by thiol groups to Hb. It is 

possible that the loline alkaloids are also bound to Hb which may explain the failure to find 

loline metabolites in plasma (TePaske et aI., 1993). In the current study loline analyses in the 

RBC were not carried out. 

Changes in body temperature in farm animals may act as an indicator of stress or 

disease (Parrot & Lloyd, 1995). Rectal temperature is used commonly in veterinary medicine 

and it is representative of core body temperature (S maill , 2005). High rectal temperature is 

recognized as one of the symptoms of fescue toxicosis and is believed to be associated with 

dietary ergovaline intake (Oliver, 1997). The increase in rectal temperature of the lambs in 

the acute dose experiment immediately following the loline dose suggested that loline 

alkaloids may have had a similar effect to ergovaline. However, the rectal temperature of 

treated and control lambs in the chronic experiment at noon and at 6:00 pm were similar, 

with a small non-significant difference at 8:00 am (Figure 7.6) indicating that there was no 

i 
I-

I 

i -
! 



135 

significant difference in rectal temperature between the loline treated and control lambs. The 

rise in rectal temperature in the first 2 h after treatment with the meadow fescue seed in the 

acute dose experiment paralleled the rise in ambient temperature (Figure 7.3). This suggests 

that the lambs were unable to compensate for the increase in ambient temperature and the 

increase in rectal temperature was probably unrelated to the loline alkaloid toxicity. 

7.6 Conclusions 

The low recovery of loline metabolites in urine and faecal samples taken from both the acute 

and chronically dosed lambs in the absence of any toxicity symptoms strongly suggests that 

lolines are extensively metabolised in the gastrointestinal tract or in the liver. 

The rapid appearance of loline metabolites in urine suggests rapid uptake, perhaps from the 

rumen, and subsequent excretion in urine with minimal accumulation of loline alkaloids in 

the body. 

Toxicity symptoms were not observed in any of the lambs when dosed with loline alkaloids 

at concentrations that are likely to be encountered in the field. Higher doses could be 

anticipated in extreme circumstances but in the mixed grass-clover swards typical of New 

Zealand pastures, it seems unlikely. 
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8. General discussion 

8.1 General discussion 
This research has provided clear evidence that meadow fescue-No uncinatum 

combinations produce loline alkaloids in concentrations similar to those demonstrated in tall 

fescue in USA (Burhan,1984; Bush et a1.1993), with wide variability from plant to plant. The 

concentrations reported here are higher than those reported for meadow fescue in Europe by 

Justus et ai. (1997) but similar to those reported from Europe by Leutchmann et ai. (2000) 

and the only previous report from New Zealand (Fletcher et aI., 2000). Loline concentrations 

in root samples varied markedly from low (50-100 ~g/g) to high (800 ~g/g) in the plant 

experiments (chapters 4 and 5). In a field insect experiment, root loline concentration reached 

nearly 2000 ~g/g with the same genotypes (chapter 6), higher than in shoots of the same line 

(1750 ~g/g; Table 6.6) in the same experiment. The dramatic increase in concentration of 

loline alkaloids in roots of meadow fescue in the autumn (harvest 3 & 4, chapter 5) has not 

been previously demonstrated. The high concentration reached in roots in the absence of 

fungal hyphae in that part of the plant (Azevedo & Welty, 1995; Schardl et aI., 2004) 

suggests that roots are a storage site for later deployment and lends further support to the 

findings of Bush et ai. (1993) that lolines are transported to leaves and roots by the plant 

vascular system (Koulman et aI., 2007) from the site of production. The severe winter 

weather experienced in the region of origin of the lines used in this study suggests that 

storage in the roots may be an evolutionary response to the severity of the climate. Plants that 

store useful resources in relative safety in the underground environment of the roots could be 

at an advantage at very low temperatures and under snow cover when senescence of above 

ground plant tissue is likely to lead to loss of secondary metabolites. The extraction and 

detection methods used could be a source of variation as shown by previous authors (Burhan, 

1984: Kennedy & Bush,1983; Eichenseer et aI.,199l). In this study also, the variation in 

loline concentration between cloned plants grown in the field was high (chapter 3). 

With few exceptions, in all grass lines at all of the harvests studied, the concentration 

of NFL was the highest of loline derivatives followed by NAL > NANL > NML. Minor 

differences in the relative concentration of different loline alkaloids between lines containing 
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endophytes were observed which may have been due to differences in the expression of 

alkaloid production of the endophyte, the host, or the interaction between the endophyte and 

host. Host control over the intensity of endophyte infection and secondary metabolite 

production has been demonstrated (Cheplick & Cho, 2003; Easton et aI., 2002) but the 

mechanism of control is not known. Differences between lines in loline alkaloid 

accumulation may arise from regional differences in endophyte genotype. Such responses 

may have evolved because of differences in endophyte-host combinations or endophyte 

genotypes to take advantage of different environmental conditions. Such responses may be 

physiological or morphological to improve survival during stress, such as drought 

(Malinowski & Belesky, 2000) or may be chemical, to provide superior pest or disease 

protection (Popay & Bonos, 2005). 

The production of loline alkaloids has recently been shown to be a fungal activity 

(Blankenship et aI., 2001) but the density of endophyte hyphae has been shown to differ 

between plant parts. Highest densities occur in stem and pseudostem, with lower 

concentrations in leaves (Christensen et aI., 1997) and extremely low or nil concentration in 

roots (Azevedo &Welty, 1995; Schardl et aI, 2004). A loose relationship between fungal 

density and alkaloid concentration has been demonstrated (Burhan, 1984; Bush et aI., 1993) 

but there is also evidence of increased alkaloid concentrations in the absence of increases in 

fungal hyphae density or growth (Christensen et aI., 1997) suggesting that alkaloid 

production may not be completely dependent on hyphal growth (Spiering, 2000). The high 

loline concentrations in the leaves and meadow fescue roots in this study in the absence of 

fungal hyphae is indicative of loline accumulation either for storage or in anticipation of 

defence requirements. However, the density of fungal hyphae may at times be responsible for 

differences in both the concentration and relative proportions in leaf, stem and root fractions 

of different loline alkaloids (Christensen et aI., 1997). Alternatively, production and 

accumulation of different loline alkaloids could be controlled by particular plant tissues. For 

example, accumulation of NAL may be favoured because it is more stable, energetically less 

demanding, or because it is more active in a defensive role. It is also possible that 

accumulation of different alkaloids is a function of the plant transport system. If an active 

transport system is involved it is entirely possible that different loline alkaloids are moved 
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more readily especially across plant membranes into the cytosol or vacuole. This may explain 

the higher proportion of NFL in root tissues. The distribution of other alkaloids such as 

ergovaline, peramine and lolitrem B throughout the plant have been shown to vary widely 

and independently of each other and endophyte distribution (Spiering, 2000). Peramine was 

evenly distributed through out the plant, ergovaline was localised in basal tissue and lolitrem 

B in the lower leaf section, emphasising complex control of synthesis, export and 

degradation of secondary metabolites. Loline alkaloids may similarly be transported and 

concentrated in different plant parts independent of fungal density. The mechanisms and 

control of accumulation or transport of secondary metabolites in different plant parts in host-

endophyte combinations have not been delineated but may favour plant control (Cheplick & 

Cho, 2003). The influence of plant damage, particularly by insects, on triggering the cascade 

of events that leads to changes in alkaloid accumulation in different plant parts also requires 

further elucidation. All these factors raise questions surrounding the evolution and co-

evolution of endophyte and host (Bacon, 1995) and how they contribute to the defence of the 

plant. 

The concentrations of loline alkaloids in the roots of meadow fescue lines in these 

studies were sufficient to deter grass grub from feeding, and were above the threshold level 

of 200 Ilg/g (Popay & Lane, 2000) required to deter grass grub feeding. The coincidence of 

an increase in root loline concentration during the autumn (March and April, chapter 5) when 

the voracious third instar grass grubs are feeding suggests that grasses that contain N. 

uncinatum or loline alkaloids are potentially a useful addition to the options for control of 

grass grub damage to pastures in New Zealand. As noted previously, loline producing 

pastures have the potential to control grass grub but the long term impact can be confirmed 

only after conducting studies covering all seasons and for several years to account for the 

variations in endophyte loline production and natural cycles in grass grub popUlations (East 

& Wigley, 1985). Popay & Lane (2000) have shown in longer term studies (6 weeks) that 

grass grub larvae continued to lose weight when offered diets with increasing doses of loline 

alkaloids up to 2000 Ilg/g further supporting the possibility of improved grass grub control 

by N.uncinatum endophytes. Future investigations may confirm the suggestion arising from 

this thesis that loline alkaloids in roots increase in concentration following grass grub attack 
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and the magnitude of the response may differ between lines. Differential responses in 

alkaloid mobilisation to sites of grass grub attack could be exploited to prevent grass grub 

damage to grasses. Inducible expression of resistance is thought to be a cost savings measure 

that allows plants to amass defence as required and forgo defence costs when not needed 

(Baldwin, 2001). Endophyte-host combinations may express such resource conservation 

efficiencies and these efficiency gains could be used to increase the productive capacity of 

selected grasses. 

In this study loline alkaloids in leaves (320-1440 Ilg/g) were effective in reducing 

feeding by ASW adults. This is contrary to the findings of Popay & Latch (1993), but the 

concentration of NFL and NAL (100 Ilg/g) in their study was much lower. Despite 

considerable variation between assessments in the concentration of loline alkaloids in the 

lines tested, consistent reduction of ASW feeding with increasing loline alkaloid 

concentration was observed from early summer to late autumn (i.e. December to May). The 

effect this feeding reduction has on ASW oviposition and subsequent population control is 

unknown. Parallels with previous work on reduced oviposition in perennial ryegrass 

containing the pyrrolopyrazine peramine (Barker et aI., 1984 a) suggests similar reductions in 

oviposition by ASW adults in loline-containing grasses. There is no information, however, 

on the response of ASW larvae to high loline concentrations in grass stems but other studies 

(Barker et aI., 1984 b) have shown poor survival from egg to fourth ins tar on peramine 

containing grasses. Interestingly, oviposition sites were very difficult to find in this study 

when ASW feeding was being assessed which may indicate an even greater effect of N. 

uncinatum and loline alkaloids on ASW oviposition than the assessment of feeding holes 

alone suggest. In contrast to the observation arising from the grass grub field experiment, no 

evidence of an induced increase in loline alkaloid concentration was observed in the leaf 

fraction due to ASW activity. High loline concentrations have been reported in clipped tall 

fescue plants (Bultman & Bell, 2003) and feeding by folivore insects on previously 

artificially damaged endophyte-infected tall fescue (Boning & Bultman, 1996) and perennial 

ryegrass (Bultman & Ganey, 1995) was reduced compared to feeding on undamaged 

controls. The presence of NANL but not NFL or NAL in plants containing the novel 

endophyte AR542 that deters feeding by ASW has raised the possibility that NANL is the 
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effective loline alkaloid against ASW (Popay & Bonos, 2005). Further studies with artificial 

diets are required to confirm the effects of loline alkaloids on feeding of adult and larval 

ASW, and to establish threshold concentrations. 

The persistence of pastures in New Zealand is imperative both for reasons of 

profitability and sustainability. Pasture plants are continually under threat of survival due to 

many factors including natural phenomena such as drought and insect attack, and 

management factors such as overgrazing. Perennial rye grass has been protected from some 

insects by the endophyte N. lolii but the discovery of detrimental effects on sheep and cattle 

productivity due to the production of animal toxic alkaloids in these plant/endophyte 

combinations was of major significance. Efforts to mitigate the detrimental effects of 

alkaloids toxic to livestock while retaining the beneficial characteristics of endophytes have 

been a major preoccupation of agricultural research in the past 25 years (Bacon, 1995). 

One of the avenues pursued to mitigate these effects has been a major search for 

grass/endophyte combinations that retain beneficial alkaloid combinations but eliminate or 

minimise detrimental effects on livestock. The approaches to this objective have included 

searches in nature for endophytes within N. lolii and N. coenophialum that produce the 

appropriate combinations of alkaloids. Axenic cultures of selected endophytes can be 

artificially inserted into superior/elite grass lines to produce new endophyte-host 

combinations. These endophytes have been called "non-toxic" and studies have shown that 

typical symptoms of tall fescue toxicosis such as decreased plasma prolactin concentration 

and increased rectal temperature are not expressed when lambs graze on tall fescue 

artificially inoculated with these endophytes (Bouton et al., 2002; Matthews et al., 2005; 

Nihsen et al., 2004; Parish et al., 2003). Some N. uncinatum lines such as those used in the 

current study could also be described as non-toxic and could be a useful addition to the 

options for plant protection in appropriate environments. 

Other approaches that could be used to mitigate animal toxicity while retaining the 

beneficial effects of endophytes include breeding of endophytes, genetic manipUlation of the 

endophyte genome (Fletcher, 1999) and manipulation of endophyte expression by the host 
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plant. Most asexual endophytes are interspecific hybrids with combined genomes of two or 

more ancestors (Schardl et aI., 2004) which suggests that combination or recombination of 

the endophyte genome is an avenue for possible variation and improvement. The 

development of the Neotyphodium knock out mutant dmaW, that is unable to synthesize 

ergot, suggests that genetic manipulation is a possible avenue for investigation (Bacon et aI., 

1997). The plant genotype, however, plays an integral role in the outcome of host-endophyte-

insect interactions and selection of appropriate endophyte and host could optimise plant 

performance (Easton et aI., 2002; Popay et aI., 2004). 

Demonstration of the effect of 10Hne-containing grasses on feeding deterrence of 

grass grub and the original demonstration of an effect on reducing feeding by ASW adults 

are important contributions of this study that would be significantly compromised if lolines 

were shown to be toxic to livestock. The animal experiments, however, produced no 

evidence of toxic effects to administration of either an acute or chronic dose (up to 68 mg/kg 

BW/day) of meadow fescue seed containing loline alkaloids (chapter 7). 

The breakdown products of lolines in urine and faeces can provide information on the 

metabolism of loline by ruminants. In the experiments reported in this thesis, there was low 

recovery (maximum of 9.9 %) of loline alkaloids in both the acute and chronic studies from 

urine and faeces which suggested reduced absorption, accumulation in body tissues, or 

breakdown into unidentifiable products. Previous studies suggested extensive metabolism of 

loline alkaloids in the rumen (Westendorf et aI.,1993) but did not provide any information 

on accumulation of loline alkaloids in body tissues. Such an effect cannot be discounted 

because in this study the tissue loline concentrations were not measured. The absence of any 

effect of lolines on selected plasma enzymes and blood characteristics, and histopathology is 

further evidence that loline alkaloids even at maximal doses anticipated in New Zealand 

pastures will have minimal effect on the health of livestock. 

Finally, a word of caution. The enthusiasm with which novel endophytes have been 

embraced by farmers particularly in New Zealand with 40 % of new ryegrass seed sales in 

200112002 being novel endophyte (Easton & Tapper, 2005) needs to be tempered by the 

i 
I 



142 

knowledge that some novel combinations do not always offer the same protection as the wild 

(common) endophyte strain (Hunt & Newman, 2004; Jensen & Popay, 2004). Investigation is 

also required on the effects of new endophyte combinations on third trophic levels such as 

the parasitoid (Microctonus hyperodae) of ASW (Bultman et at, 2003) and into wider 

environmental concerns such as the effects on native weevils and Lepidoptera, leaching of 

alkaloids into waterways, escapes of novel endophytes into wild populations, and the 

ultimate effect of all these on grazing animals. These concerns remain generally unexplored 

(Hovel and, 2000). 



143 

8.2 Conclusions 
The plant, insect and animal experiments undertaken in this study show that 

endophyte infected meadow fescue lines that produce loline alkaloids reduce insect feeding 

at herbage concentrations that are non-toxic to sheep. There was evidence that loline 

alkaloids reduced feeding by ASW and grass grub larvae. This suggests that grass-endophyte 

combinations that produce loline alkaloids are potentially useful to sustain pastures and for 

plant breeding, the major objective of this study. 

In respect of the specific objectives and hypotheses: 

• Loline dihydrogen chloride was prepared from extracts of meadow fescue seed and 

derivatised to loline, NFL, NAL, NANL, and NML (chapter 3). 

• Loline alkaloids were present in some ecotypes (lines) of meadow fescue that contain 

N. uncinatum endophyte when grown under New Zealand conditions. The 

concentration in stems, leaves and roots varied independently throughout seasons of the 

year (chapter 4 and 5). 

• Grass grub larvae were deterred from feeding on roots of meadow fescue containing 

loline alkaloids and showed reduced weight gain in field tests and weight loss in 

laboratory experiments (chapter 6). 

• Field experiments and laboratory experiments showed that ASW adults were deterred 

from feeding on leaves that contained loline alkaloids and that higher concentrations of 

lolines were a more effective deterrent than lower concentrations and may be dose 

dependent (chapter 6). 

• Loline alkaloids at doses expected in mixed grass-clover pastures normally grown in 

New Zealand were non-toxic to lambs in both acute and chronic oral dosing 

experiments based on the parameters measured in this study (chapter 7). 
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8.3 Future work 

• Redeployment of loline alkaloids into developing shoots in the spring, or at other 

times, is a possible corollary arising from the present work that was untested in this 

study. Meadow fescues originating from regions with a more temperate climate than 

those used in this study may have less active transport of loline alkaloids into the 

roots. 

• From casual observation, there was no oviposition in loline containing stems even in 

tillers with high numbers of ASW feeding holes in the leaf. Loline concentration can 

vary significantly between stem and leaf and possibly between proximal and distal 

parts of the leaf while peramine is distributed evenly throughout stem and leaf. This 

difference in distribution may be of importance to oviposition by ASW adults and 

subsequent population growth. 

• There was evidence of induced increases in loline concentration due to grass grub 

damage in the field experiment. Confirmation of the induced effect and identification 

of lines more predisposed to loline induction may suggest avenues for genetic 

transformation for further gains. 

• Identification of the control mechanisms of loline alkaloid synthesis and transport 

could be unravelled if the increase in root loline concentration in the autumn and the 

induced increase in loline concentration due to insect damage is systematically 

understood. 

• The threshold concentrations of individual loline alkaloids for feeding deterrence of 

grass grub and ASW and any synergy between alkaloids needs to be understood for 

plant breeders to make the best pasture cultivar selections. 

• Knowledge on the effects of loline alkaloids in roots and shoots on a wider range of 

insects such as black beetle (Heteronychus arator) are necessary for these alkaloids to 

be more widely used in the defence armoury of grasses of the future. 
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Appendix I: Leaf loline concentration 

Appendix I a: Totalloline concentration Cflg/g) in the leaf of 12 meadow fescue lines at 6 harvests in 2004/05. 

Season Spring Late spring Early summer Mid-summer 
Harvest no 1 2 3 4 
Date 11.10.04 9.11.04 17.12.04 19.1.05 
Line no. Totalloline concentration (Ilg/g) 
Fp53 50 60 40 60 
Fp246 320 240 210 250 
Fp248 390 240 140 460 
Fp262 1090 a 1670 ab 560 ab 1090 bede 
Fp345 910 a 1580 ab 480 ab 1460 ab 
Fp358 290 b 590 e 520 ab 770 e 
Fp390 900 a 1390 abe 610 ab 1500 a 
Fp391 1130 a 1770 a 810 a 1190 abed 
Fp408 510 b 1170 ed 780 a 1350 abe 
Fp430 410 b 1300 be 430 b 990 ede 
Fp440 370 b 800 de 600 ab 1190 abed 
Fp87 400 b 910 de 670 ab 910 de 
LSD 5% 

- when comparing harvests within lines = 400 
- when comparing between lines = 390 

Line number x Harvest time interaction p<O.OO 1. Coefficient of variation = 30 % 

Means with different letters within a column are significantly different (LSD 5%) 
Totalloline concentration = the concentration of NFL +NAL+ NANL +NML for each plot 
Fp53, Fp246, Fp248 excluded from ANOV A (see Section 4.3.2.) 
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900 ab 
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Late autumn 
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Appendix I b: N-formylloline (NFL) concentration (/lg/g) in the leaf of 12 meadow fescue lines harvested 6 times in 2004/05. 

Season Spring Late spring Early summer Mid-summer 

Harvest no. 1 2 3 4 
Date 11.10.04 9.11.04 11.12.04 19.1.05 
Line no. N-formvlloline concentration (J.1g!g) 
Fp53 0 0 0 20 
Fp246 90 100 80 110 
Fp248 100 80 40 240 
Fp262 320 abed 760 ab 200 a 500 bed 
Fp345 420 a 880 a 270 a 870 a 
Fp358 100 d 290 e 240 a 400 ed 
Fp390 360 abe 730 ab 290 a 910 a 
Fp391 390 ab 900 a 370 a 590 bed 
Fp408 180 bed 600 b 360 a 690 ab 
Fp430 140 ed 680 ab 200 a 560 bed 
Fp440 120 d 370 e 260 a 620 be 
Fp87 100 d 360 e 240 a 390 d 
LSD 5% 

-when comparing harvest within lines = 240 
-when comparing between lines = 230 

Line number x Harvest time interaction p<O.OO1. Coefficient of variation = 38% 
Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from ANOVA (see Section 4.3.2.). 
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Appendix I c: N-acetylloline CNAL) concentration Cflg/g) in the leaf of 12 meadow fescue lines harvested 6 times in 2004/05. 

Season Spring Late spring Early Mid-summer Early autumn 
summer 

Harvest no. 1 2 3 4 5 
Date 11.10.04 9.11.04 11.12.04 19.1.05 11.3.05 
Line no. N-acetylloline concentration (/lglg) 

Fp53 0 0 0 0 0 
Fp246 110 70 60 60 130 
Fp248 130 70 30 110 110 
Fp262 350 b 410 b 150 be 270 cd 190 abc 
Fp345 340 b 490 b 110 e 390 abc 220 ab 
Fp358 120 e 200 e 170 be 230 d 240 ab 
Fp390 360 b 450 b 170 be 340 abed 240 ab 
Fp391 530 a 660 a 290 a 410 ab 90 e 
Fp408 210 e 390 b 260 ab 430 a 310 a 
Fp430 170 e 470 b 130 e 260 d 180 be 
Fp440 100 e 220 e 160 be 310 bed 280 ab 
Fp87 100 e 220 e 190 abc 280 cd 230 ab 
LSD5% 

- when comparing harvest within lines = 120 
- when comparing between lines = 120 

Line number x Harvest time interaction p<O.OOl. Coefficient of variation = 29 %. 
Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from ANOVA (see Section 4.3.2) 

Late autumn 

6 
4.5.05 

30 
120 
70 

200 a 
120 a 
100 a 
200 a 
150 a 
190 a 
190 a 
130 a 
230 a 

..... 
0\ ..... 

t~[j':;f:r: 



,',,' 

'': 

Appendix I d: N-acetyl norloline (NANL) concentration (SQRT) in the leaf of 12 meadow fescue lines harvested 6 times in 2004/05. 

Season Spring Late Early Mid- Early autumn 
spring summer summer 

Harvest no. 1 2 3 4 5 
Date 11.10.04 9.11.04 11.12.04 19.1.05 11.3.05 
Line no. Square root of N-acetyl norloline concentration 
Fp53 0 0 0 0 0 
Fp246 6.8 6.5 5.0 3.1 7.1 
Fp248 9.6 6.8 2.8 4.3 7.4 
Fp262 18.0 a 20.6 a 12.1 ab 14.9 a 10.5 
Fp345 9.0 d 11.6 e 6.3 e 10.3 cd 8.3 
Fp358 5.9 e 7.4 d 7.4 de 9.0 d 7.1 
Fp390 10.1 e 11.0 e 8.4 ede 12.1 be 9.9 
Fp391 12.0 be 12.5 e 9.4 cd 10.7 cd 4.3 
Fp408 7.7 de 11.2 e 9.5 cd 11.6 be 10.1 
Fp430 7.0 de 10.4 e 7.1 e 9.6 d 8.1 
Fp440 10.2 e 12.4 e 10.3 be 13.4 ab 12.5 
F})87 12.5 b 16.8 b 13.0 a 13.1 ab 13.5 
LSD5% 

-when comparing harvests within lines = 2.36 
-when comparing between lines = 2.28 

Line number x Harvest time interaction p<O.OOI. Coefficient of variation = 14% 
Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from ANOVA (see Section 4.3.2) 

be 
ede 
e 
cd 
f 
cd 
de 
ab 
a 

Late autumn 

6 
4.5.05 

2.6 
6.7 
5.6 

11.6 a 
5.8 e 
7.3 be 
7.9 be 
6.0 e 
7.5 be 
8.4 b 
8.4 b 

13.3 a 

...... 
0\ 
t-.J 

_t~j~:i,jC 



Appendix I e: N-acetyl norloline (NANL) concentration (Ilg/g) in the leaf of 12 meadow fescue lines harvested 6 times in 2004105. 

Season Spring Late spring Early Mid-summer Early autumn 
summer 

Harvest no. 1 2 3 4 5 
Date 11.10.04 9.11.04 11.12.04 19.1.05 11.3.05 
Line no. N -acetyl norloline concentration (/-lg!g) 
Fp53 0 0 0 0 
Fp246 70 40 40 30 
Fp248 110 50 20 60 
Fp262 360 a 430 a 150 ab 220 a 
Fp345 80 cd 140 c 40 d 110 cd 
Fp358 40 d 60 d 60 cd 80 d 
Fp390 110 be 120 c 70 cd 150 be 
Fp391 140 b 160 c 90 cd 120 cd 
Fp408 60 cd 130 c 90 bed 140 bed 
Fp430 50 cd 110 cd 50 cd 90 cd 
Fp440 110 be 160 c 110 be 180 ab 
Fp87 160 b 280 b 170 a 170 ab 
LSD 5% 

- comparing harvests within lines = 60 
- when comparing between lines = 60 

Line number x Harvest time interaction p<O.OO1. Coefficient of variation = 30% 
Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from ANOV A (see Section 4.3.2) 
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Appendix I f: N-methylloline (NML) concentration (Ilg/g) in the leaf of 12 meadow fescue lines harvested 6 times in 2004/05. 

Season Spring Late spring Early Mid-
summer summer 

Harvest no. 1 2 3 4 
Date 11.10.04 9.11.04 11.12.04 19.1.05 
Line no. N-methylloline concentration (/lglg) 
Fp53 40 50 40 40 
Fp246 40 30 40 40 
Fp248 50 40 40 50 
Fp262 60 be 70 be 70 ab 100 a 
Fp345 70 abe 70 b 60 b 100 ab 
Fp358 40 e 40 e 50 b 60 d 
Fp390 80 a 90 a 80 a 100 a 
Fp391 70 ab 60 cd 60 ab 80 bc 
Fp408 60 cd 60 cd 80 a 90 ab 
Fp430 50 de 40 de 50 b 70 cd 
Fp440 50 de 50 de 70 ab 90 b 
Fp87 40 de 40 de 60 b 70 ed 
LSD 5% 

-when comparing harvests within lines = 20 
-when comparing between lines = 10 

Line number x Harvest time interaction p<O.OO 1. Coefficient of variation = 16 % 

----:-:-:.,~----... :-r..,----~ 

Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from ANOV A (see Section 4.3.2) 
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Appendix II: Stem loline concentration 

Appendix II a: Stem totalloline concentration (flg/g) in 12 meadow fescue lines at 6 harvest times in 2004/05. 

Season Spring Late spring Early Mid-summer Early 
summer autumn 

Harvest no. 1 2 3 4 5 
Date (11.10.04) (9.11.04) (11.12.04) (19.1.05) (11.3.05) 
Line Totalloline concentration (J.12/J:~) 
Fp53 40 40 40 170 40 
Fp246 1220 1630 920 1080 1560 
Fp248 1540 780 500 570 1140 
Fp262 3960 a 4380 ab 2560 be 2280 ed 2550 b 
Fp345 3730 a 3870 be 1740 e 1900 d 2610 b 
Fp358 1830 b 3030 ed 2410 be 2890 be 2220 b 
Fp390 4150 a 4970 a 2870 b 3300 ab 2870 ab 
Fp391 3940 a 4880 a 2460 be 2540 bed 960 e 
Fp408 3860 a 4990 a 3850 a 4150 a 3660 a 
Fp430 2440 b 4110 ab 2750 b 2590 bed 2220 b 
Fp440 2450 b 2840 d 2360 be 1950 d 3280 a 
Fp87 2220 b 3620 bed 2410 be 2580 bed 3020 ab 
LSD 5% 

- when comparing harvests within lines = 920 
- when comparing between lines = 900 

Line number x harvest time interaction p<O.OO1. Coefficient of variation = 20 %. 
Means with different letters within a column are significantly different (LSD 5%) 
Totalloline concentration = the concentration of NFL +NAL+ NANL +NML for each plot 
Fp53, Fp246, Fp248 excluded from ANOVA (see Section 4.3.2.) 
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Appendix II b: Stem N-formylloline (NFL) concentration (/lg/g) in 12 meadow fescue lines at 6 harvest times in 2004/05 

Season Spring Late spring Early summer Mid- Early 
summer autumn 

Harvest 1 2 3 4 5 
Date 11.10.04 9.11.04 11.12.04 19.1.05 11.3.05 
Line N-formylloline concentration (J.1g/g) 
Fp53 20 10 10 100 10 

Fp246 680 960 510 670 940 
Fp248 820 420 290 360 660 
Fp262 2190 a 2800 be 1580 be 1460 ed 1600 e 
Fp345 2480 a 2570 ed 1110 e 1280 d 1730 be 
Fp358 1120 b 2000 de 1590 be 1980 be 1420 e 
Fp390 2710 a 3430 a 1880 b 2340 ab 1940 abe 
Fp391 2370 a 3110 abe 1490 be 1570 ed 510 d 
Fp408 2430 a 3210 ab 2500 a 2740 a 2420 a 
Fp430 1500 b 2750 be 1840 b 1770 bed 1510 e 
Fp440 1330 b 1690 e 1460 be 1260 d 2220 ab 
Fp87 1060 b 2080 de 1360 be 1570 ed 1900 abe 

LSD 5% 
- when comparing harvests within lines = 630 
- when comparing between lines = 610 

Line number x harvest time interaction p<O.OO1. Coefficient of variation = 22 %. 

Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from AN OVA (see Section 4.3.2.) 

Late autumn 

6 
(4.5.05) 

170 
680 
330 

1220 ab 
680 be 
980 abe 

1020 ab 
400 e 

1410 a 
780 be 
960 abe 

1520 a 

·);~;·];:~i 

...... 
0\ 
0\ 

.·H~~\W; 



Appendix II c: Stem N-acetylloline (NAL) concentration (flg/g) in 12 meadow fescue lines at 6 harvest times in 2004/05 

Season Spring Late spring Early Mid-summer 
summer 

Harvest no. 1 2 3 4 
Date 11.10.04 9.11.04 11.12.04 19.1.05 
Line N-acetylloline concentration (JIg/g) 
Fp53 0 0 0 40 
Fp246 270 380 210 220 
Fp248 340 190 80 100 
Fp262 750 bed 730 ede 530 bed 380 ede 
Fp345 820 be 870 bed 400 d 350 de 
Fp358 480 e 730 ede 560 bed 610 b 
Fp390 910 ab 970 b 610 be 570 be 
Fp391 11 IO a 1340 a 710 ab 700 b 
Fp408 980 b 1190 a 880 a 920 a 
Fp430 640 ede 910 be 610 be 520 bede 
Fp440 580 de 610 e 490 ed 320 e 
Fp87 520 e 690 de 540 bed 540 bed 
LSD5% 

-when comparing harvests within lines = 200 
-when comparing between lines = 200 

Line number x harvest time interaction p<O.OOI. Coefficient of variation = 20%. 
Means with different letters are significantly different (LSD 5%) within columns 
Fp53, Fp246, Fp248 excluded from ANOV A (see Section 4.3.2.) 
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Appendix II d: Stem N-acetyl norloline (NANL) concentration (/-lg/g) in 12 meadow fescue lines at 6 harvest times in 2004/05. 

Season Spring Late spring Early summer Mid-summer Early autumn 
Harvest no. 1 2 3 4 5 

date 11.10.04 9.11.04 11.12.04 19.1.05 11.3.05 
Line no N-acetyl norloline concentration (Ilg!g) 
Fp53 0 0 0 10 
Fp246 220 230 140 130 
Fp248 320 120 70 70 
Fp262 910 a 720 a 370 a 360 ab 
Fp345 270 de 270 de 130 e 170 d 
Fp358 170 e 210 e 170 e 220 d 
Fp390 340 d 340 bed 220 be 240 cd 
Fp391 340 d 310 ede 180 e 190 d 
Fp408 370 cd 410 be 310 b 350 abc 
Fp430 200 e 290 de 200 e 200 d 
Fp440 450 e 430 b 310 b 270 bed 
Fp87 580 b 750 a 420 a 400 a 
LSD 5% 

-when comparing harvests within lines = 110 
-when comparing between lines = 110 

Line number x harvest time interaction p<O.OOl. Coefficient of variation = 23 %. 
Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from ANOV A (see Sectiori 4.3.2. 
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Appendix II e: Stem N-methylloline (NML) concentration (~g/g) in 12 meadow fescue lines at 6 harvest times in 2004/05 

Season Spring Late spring Early summer Mid-summer Early autumn 
Harvest no. 1 2 3 4 5 
Date 11.10.04 9.11.04 11.12.04 19.1.05 11.3.05 
Line no N-methylloline concentration (/lglg) 
Fp53 20 30 40 30 
Fp246 50 60 60 50 
Fp248 60 40 60 40 
Fp262 110 ed 130 de 80 be 90 b 
Fp345 160 b 160 ed 100 be 110 b 
Fp358 70 e 100 f 90 be 80 b 
Fp390 190 a 240 a 10 a 150 a 
Fp391 120 e 130 e 80 be 80 b 
Fp408 170 ab 190 b 10 a 140 a 
Fp430 110 ed 170 be 110 b 100 b 
Fp440 90 de 110 ef 100 be 100 b 
FJ)87 70 e 100 f 80 e 80 b 
LSD5% 

-when comparing harvests within lines = 30 
-when comparing between lines = 30 

Line number x harvest time interaction p<O.OO 1. Coefficient of variation = 16 %. 
Means with different letters within a column are significantly different (LSD 5%) 
Fp53, Fp246, Fp248 excluded from ANOVA (see Section 4.3.2. 
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Appendix III: Root loline concentration 

Appendix III a: Root totalloline concentration (Ilg/g DM) in 12 meadow fescue lines over 4 
harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number Totalloline alkaloid concentration (J.lg/g DM) 
Fp53 0 10 0 30 
Fp246 10 10 10 220 
Fp248 20 40 90 490 
Fp262 60 160 240 790 
Fp345 60 160 140 560 
Fp358 150 100 110 490 
Fp390 40 130 170 680 
Fp391 50 200 200 550 
Fp408 110 240 180 790 
Fp430 100 210 250 680 
Fp440 110 190 240 660 
Fp87 100 200 350 510 

Totallohne concentratIOn = the concentratIOn of NFL +NAL+ NANL +NML for each plot 
Standard error of the difference (Average REML analysis) = 100 

Appendix III b: Root N-formylloline concentration (Ilg/g DM) in 12 meadow fescue lines 
over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number N-formylloline alkaloid concentration (J.lg/g DM) 
Fp53 0 0 10 20 
Fp246 0 10 10 150 
Fp248 10 20 50 360 
Fp262 30 110 170 560 
Fp345 40 110 110 440 
Fp358 100 70 70 370 
Fp390 30 100 120 510 
Fp391 40 150 130 350 
Fp408 80 180 130 570 
Fp430 80 150 170 510 
Fp440 60 140 190 500 
Fp87 60 130 240 360 .. Standard error of the difference (Average REML analysis) = 70 
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Appendix III c: Root N-acetylloline concentration in 12 meadow fescue lines over 4 
harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number N-acetylloline alkaloid concentration (,..g!g DM) 
Fp53 0 0 0 10 
Fp246 0 0 0 60 
Fp248 10 10 20 80 
Fp262 10 30 40 130 
Fp345 10 30 30 100 
Fp358 40 20 20 100 
Fp390 10 20 30 110 
Fp391 10 40 60 160 
Fp408 20 40 30 150 
Fp430 10 40 60 130 
Fp440 20 30 40 100 
Fp87 20 40 60 80 

Standard error of the difference (Average REML analysIs) = 20 

171 

Appendix III d: Root N-acetyl norloline concentration (Ilg/g DM) in 12 meadow fescue 
lines over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number N-acetyl norloline alkaloid concentration (,..g/g DM) 
Fp53 0 0 0 0 
Fp246 10 0 0 20 
Fp248 0 0 10 40 
Fp262 10 20 20 80 
Fp345 10 10 0 20 
Fp358 0 10 10 20 
Fp390 0 10 10 40 
Fp391 0 10 10 40 
Fp408 0 20 10 50 
Fp430 10 10 20 40 
Fp440 20 20 10 50 
Fp87 10 22 40 60 

Standard error of the difference (Average REML analYSIS) = 10 



Appendix III e: Root N-methylloline concentration (Ilg/g DM) in 12 meadow fescue 
lines over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04) 8.3.05 28.4.05 
Line number N-methylloline alkaloid concentration (J.!glg DM) 
Fp53 0 0 0 0 
Fp246 0 0 0 10 
Fp248 0 0 0 20 
Fp262 0 0 10 20 
Fp345 0 10 0 20 
Fp358 0 0 0 0 
Fp390 0 0 10 20 
Fp391 0 0 0 10 
Fp408 0 0 0 20 
Fp430 0 0 10 10 
Fp440 0 0 0 10 
Fp87 0 0 10 10 

Standard error of the dIfference (Average REML analysIs) == 0 
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Appendix IV: Crown loline concentration 

Appendix IVa: Crown totalloline concentration (f-lglg DM) in 12 meadow fescue lines over 
4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number Totalloline alkaloid concentration (fJg/g DM) 
Fp53 10 10 30 20 
Fp246 90 20 10 240 
Fp248 370 140 510 900 
Fp262 480 760 1700 1060 
Fp345 760 1090 1490 890 
Fp358 410 700 760 1020 
Fp390 690 1510 1080 850 
Fp391 1040 990 530 810 
Fp408 1440 1290 1180 1090 
Fp430 900 1000 1070 1150 
Fp440 510 870 1630 1170 
Fp87 780 1290 1350 1410 

Standard error of the mean (AN OVA) - when comparing between lines =190 
- when comparing harvests within lines =180 

Appendix IV b: Crown N-formylloline concentration (f-lglg DM) in 12 meadow fescue lines 
over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number N-formylloline alkaloid concentration (,..g/g DM) 
Fp53 10 10 20 10 
Fp246 50 10 10 130 
Fp248 220 70 290 550 
Fp262 280 480 1060 620 
Fp345 510 750 930 570 
Fp358 270 520 470 650 
Fp390 460 1050 670 540 
Fp391 670 650 280 480 
Fp408 940 870 730 660 
Fp430 590 680 650 750 
Fp440 340 560 1030 750 
Fp87 470 770 770 800 

Standard error of the mean (ANOV A) - when companng between hnes = 120 
- when comparing harvests within lines = 120 
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Appendix IV c: Crown N-acetylloline concentration (Ilg/g DM) in 12 meadow fescue lines 
over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number N-acetylloline alkaloid concentration (~JVg DM) 
Fp53 0 0 0 10 
Fp246 20 0 0 70 
Fp248 70 40 120 220 
Fp262 70 100 300 230 
Fp345 140 180 350 230 
Fp358 100 90 200 270 
Fp390 100 230 230 210 
Fp391 260 230 180 260 
Fp408 280 240 280 300 
Fp430 180 170 240 290 
Fp440 70 140 290 250 
Fp87 130 250 320 350 

Standard error of the mean (ANOV A) - when companng between lmes = 40 
- when comparing harvests within lines = 40 

Appendix IV d: Crown N-acetyl norloline (Ilg/g DM) concentration in 12 meadow fescue 
lines over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number N-acetyl norloline alkaloid concentration (lJg/g DM) 
Fp53 0 0 0 0 
Fp246 20 0 0 30 
Fp248 70 30 70 100 
Fp262 110 140 250 170 
Fp345 70 90 130 60 
Fp358 30 60 80 90 
Fp390 60 120 100 80 
Fp391 80 90 50 60 
Fp408 140 120 120 100 
Fp430 70 90 120 90 
Fp440 70 130 230 140 
Fp87 200 220 210 230 

Standard error of the mean (ANOV A) - when compating between lines = 20 
- when compating harvests within lines = 20 
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Appendix IV e: Crown N-methylloline concentration (/lglg DM) in 12 meadow fescue lines 
over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number N-methylloline alkaloid concentration (JJ2Ig DM) 
Fp53 0 0 0 0 
Fp246 10 0 0 10 
Fp248 20 10 20 30 
Fp262 20 40 90 30 
Fp345 50 60 90 30 
Fp358 10 20 10 10 
Fp390 60 110 80 30 
Fp391 40 40 20 10 
Fp408 90 70 60 40 
Fp430 50 50 50 30 
Fp440 20 40 80 30 
Fp87 50 60 60 40 

Standard error of the mean (ANOV A) - when comparing between lines = 10 
- when comparing harvests within lines = 10 
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Appendix V: Shoot loline concentration 

Appendix Va: Shoots totalloline concentration (flg/g DM) in 12 meadow fescue lines over 
4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number Loline alkaloid concentration (Ilg/g DM) 
Fp53 24 16 
Fp246 14 14 
Fp248 316 766 
Fp262 1335 1947 
Fp345 2127 1527 
Fp358 2093 1003 
Fp390 2818 1825 
Fp391 1918 683 
Fp408 2858 1873 
Fp430 1755 1186 
Fp440 2021 2867 
Fp87 1921 1523 

Standard error of the mean (ANOV A)- when comparing between hnes =235 
- when comparing within lines = 224 
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Appendix V b: Shoot N-formyl loline concentration (flg/g DM) in 12 meadow fescue lines 
over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number Loline alkaloid concentration (Ilg/g DM) 
Fp53 13 12 
Fp246 7 7 
Fp248 193 422 
Fp262 829 1189 
Fp345 1466 939 
Fp358 1451 599 
Fp390 2016 1162 
Fp391 1230 372 
Fp408 1936 1148 
Fp430 1247 739 
Fp440 1324 1828 
Fp87 1179 848 

Standard error of the mean (AN OVA) - when companng between hnes = 156 
- when comparing within lines = 152 
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77 

416 
831 
458 
410 
628 
417 
654 
777 
618 
741 
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Appendix V c: Shoot N-acetylloline concentration (flglg DM) in 12 meadow fescue lines 
over 4 harvests in 2004/05. 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number Loline alkaloid concentration (/lg/g DM) 
Fp53 5 2 
Fp246 4 1 
Fp248 70 195 
Fp262 232 365 
Fp345 434 368 
Fp358 455 263 
Fp390 510 397 
Fp391 495 221 
Fp408 621 464 
Fp430 315 256 
Fp440 400 539 
Fp87 425 329 

Standard error of the mean CANOY A) - when comparing between hnes = 52 
- when comparing within lines = 47 

3 
42 
207 
349 
236 
217 
275 
288 
312 
307 
260 
313 

Appendix (v) d: Shoot N-acetyl norloline concentration in 12 meadow fescue lines over 4 
harvests in 2004/05 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number Loline alkaloid concentration (/lg/g DM) 
Fp53 6 1 
Fp246 3 0 
Fp248 39 125 
Fp262 222 316 
Fp345 140 149 
Fp358 134 121 
Fp390 159 189 
Fp391 133 75 
Fp408 194 198 
Fp430 131 137 
Fp440 233 413 
Fp87 264 290 

Standard error of the mean (ANOV A) - when compallng between hnes = 27 
- when comparing within lines = 26 

6 
27 
120 
300 
71 
73 
113 
75 
106 
105 
161 
253 
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Appendix V e: Shoot N-methylloline concentration (Ilg/g DM) in 12 meadow fescue lines 
over 4 harvests in 2004/05 

Season Late spring Mid-summer Autumn Late autumn 
Harvest no. 1 2 3 4 
Date 19.11.04 28.12.04 8.3.05 28.4.05 
Line number Loline alkaloid concentration (IlWg DM) 
Fp53 1 1 
Fp246 0 5 
Fp248 15 23 
Fp262 52 78 
Fp345 87 70 
Fp358 52 20 
Fp390 133 76 
Fp391 60 16 
Fp408 106 62 
Fp430 62 54 
Fp440 64 88 
Fp87 52 55 

Standard error of the mean (ANOV A) - when comparing between lines = 9 
- when comparing within lines = 10 

11 
11 
16 
25 
16 
15 
17 
14 
16 
16 
21 
21 
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Appendix VI: Dry matter production 

Appendix VI; Dry matter production (lOglO glrow) of 12 meadow fescues grown in the field 
at Templeton and harvested 5 times in 2004/05. 

Season Late Early Mid- Early 
spring summer summer autumn 

Harvest no. 2 3 4 5 
Date 9.11.04 11.12.04 19.1.05 11.3.05 

Dry matter log 10 (g / row) 
Fp53 2.4492 d 2.6601 be 2.7025 ab 2.2951 e 
Fp246 2.5644 be 2.5093 de 2.6007 e 2.4579 d 
Fp248 2.5281 ed 2.6727 be 2.6101 be 2.4319 d 
Fp262 2.5568 be 2.3546 f 2.3351 e 2.5162 d 
Fp345 2.4530 d 2.6384 be 2.6268 be 2.6663 be 
Fp358 2.5272 ed 2.5899 ed 2.5837 e 2.2827 e 
Fp390 2.6317 ab 2.7281 ab 2.6695 abe 2.4316 d 
Fp391 2.6236 ab 2.4554 e 2.6236 be 2.4473 d 
Fp408 2.4475 d 2.5303 de 2.6023 e 2.4567 d 
Fp430 2.6616 a 2.5360 de 2.4446 d 2.7142 ab 
Fp440 2.4417 d 2.7864 a 2.7560 a 2.7774 a 
Fp87 2.4630 d 2.4567 e 2.4866 d 2.6113 e 
LSD5% 

-when comparing harvest time within lines 0.0969 
-when comparing lines within harvest time 0.0925 

Line number p<O.OOl. Harvest time p<O.OO1. 
Line number x Harvest time interaction p<O.OOI 

... .. . .. Means WIth dIfferent letters WIthIn a column are slgmfIcantly dIfferent (LSD 5%) 
Harvest number is the same as the harvest numbers in the loline analyses 

Late 
autumn 

6 
4.5.05 

2.2985 ef 
2.3681 de 
2.4579 ed 
2.3972 d 
2.3958 d 
2.3847 de 
2.5792 ab 
2.2642 g 
2.1996 g 
2.4929 c 
2.6586 a 
2.5517 b 
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