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Impact of endophyte inoculation
on the morphological identity of
cultivars of Lolium perenne (L) and
Festuca arundinacea (Schreb.)

J. D. Patterson®™, F. Lafaillette?, S. Woster?, N. Roulund*, S. Charrier® & T. J. Gilliland®

Grass endophytes have been shown to confer enhanced environmental resilience to symbiont
cultivars with reports of modified growth. If inoculating with an endophyte (E+) made an accession
morphologically distinct from its registered endophyte free (E—) accession, there could be protection
and ownership issues for testing authorities and breeders. This study investigated if, in official Plant
Breeders Rights (PBR) field trials, the morphological characteristics of E+and E— accessions of
perennial ryegrass and tall fescue cultivars were sufficiently modified to designate them as mutually
distinct and also distinct from their definitive accessions (Def), held by the testing authorities. Testing
perennial ryegrass on 17 characters at 2 sites generated 48,960 observations and for tall fescue on 9
characters at 1 site, 12,960 observations (each for 3 accessions of 4 cultivars x 60 plants X 2 growing
cycles). Distinctness required a p < 0.01 difference in a single character from the combined over years
analysis (COYD). A few significant differences were recorded between E— and E+accessions. Cultivar
Carn E+ was smaller than Carn E— for Infloresence Length (p < 0.01) in both years but COYD analysis
(p < 0.05) was insufficient to declare distinctiveness. Overall, the number of observed differences
between E—/E+ accessions was less or similar to the number expected purely by chance. In contrast,
comparisons between Def and E— or E+ accessions showed a number of significant differences that
were substantially more numerous than expected by chance. These results showed no conclusive
evidence of endophyte inclusion creating false PBR distinctions but unexpectedly, several E— and E+
accessions were distinguished from their official definitive stock.

Vertically transmitting endophytes (Epichloé spp.) are non-sporulating asexually reproducing fungi of the
Clavicipitaceae family, with no known soil borne resting spores'. They are indigenous in many soils and naturally
occurring in many of the cool-season grass species of the Pooideae subfamily. Endophytes are present in approx-
imately 20% of wild populations of European ryegrass and tall fescue and at higher levels in meadow fescue. The
relatively low levels of endophyte occurrence is probably because the fungus-grass relationship is not a pure sym-
biotic one since the endophyte removes photosynthate resources from the grass and in times of shortage or stress
can even deny the plant its requirements in a parasitic fashion. However, evidence from New Zealand shows that
selective increases in endophyte prevalence occurs in pastures where insect attack is a problem, but largely for
those genotypes that confer an advantage to the host grass through the production of an insect toxin?.

Following the 2014 taxonomic revision of the genus Epichloég, the two species of endophyte that infect ryegrass
are E. festucae var. lolii in perennial ryegrass (Lolium perenne L.) and E. occultans in Italian ryegrass (Lolium
multiflorum Lam.)*. A single species (E. coenophialum), infects tall fescue (Festuca arundinacea Schreb.), each as
an intercellular fungus. There are four major groups of secondary metabolites that these fungi can produce: ergot
alkaloids such as ergovaline and chanoclavine; indole diterpenes including lolitrem B and epoxy-janthitrem;
pyrrolizidines which include lolines; the pyrrolopyrazine metabolite peramine®=®. Most strains of E. festucae var.
lolii produce the alkaloid Lolitrem B!, which is a neurotoxin involved in the neuromuscular disorder ‘Ryegrass
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Staggers™'!. In addition, is the metabolite Peramine, which deters feeding of insect adults and larvae at 10 ppm in
artificial diets'?. Likewise, in tall fescue, strains of the single infecting species, can produce the alkaloid ergovaline
that causes ‘Fescue Toxicosis’ in livestock'®. This toxin production capability is not an obligatory condition and
strains that produce only one compound or none also exist, albeit these non-toxic strains are very rare in ryegrass
and tall fescue.

As it has not been possible to induce a reproductive cycle in vitro it has not been possible to breed new endo-
phyte variants. So all existing strains have been ‘discovered’ by screening existing populations and clonally multi-
plying selected isolates (GM and gene editing variants are now also possible but is beyond the scope of this study).
Grass breeders have been able to find and incorporate endophyte strains that, for example, only carry the insect
toxin and so do not impair the grazing stock and also ‘double zero’ strains that produce no toxins. It is for these
‘animal safe’ strains that plant breeders have more recently claimed agronomic advantages for farmers. This is due
to these double-zero strains conferring greater environmental resilience and productivity to their host grass'.

There is evidence of endophyte presence conferring increased abiotic stress tolerance to the host plant. A
50% higher growth has been reported' for endophyte infected plants at higher N levels, as well as increased till-
ering, plus greater tolerance and regrowth recovery from mild to severe moisture stress. An endophyte induced
amelioration of drought stress has been shown in perennial ryegrass'® and recorded differences in tiller number,
tiller length and shoot mass compared to endophyte free plants. Regarding the effect of endophyte presence on
cultivar competitiveness'” found that endophyte carrying turf grass cultivars differed in measures of composition,
structure and nutrient cycling from endophyte free cultivars. Recent work'® concluded that endophyte infection
in perennial ryegrass could significantly increase days to heading and number of seeds per head, and decrease
leaf length and the number of spikes per plant. This study further indicated that there were genetic differences
between the cultivars. Although, it was unclear whether these differences were confounded with the level of endo-
phyte infection, other work'® has found endophyte effects on grass cultivars to be variable.

Although not bred, endophyte strains are considered the property of the discoverer and in some cases patents
have been taken out to protect this ownership. The equivalent protection system for the grass cultivars is the Plant
Breeders Rights (PBR) statutory schemes (conforming to guidelines of the International Union for the Protection
of New Varieties of Plants®®) or as in some countries such as USA, similar ‘Plant Variety Protection’ schemes. This
has introduced a potential for conflicting ownership and principles concerning how to describe and protect a
new candidate grass cultivar that has been inoculated with an endophyte, whether patented or not. Furthermore,
if the presence of endophyte can impact on a plant’s growth and morphology then it is possible that this could
create a difference in the morphological plant characters used to assess the Distinctness, Uniformity and Stability
(DUS) in PBR trials. The concern is that this could create an apparent distinctness between two accessions of
the same cultivar, one with and the other without an endophyte inoculation. This would let an unscrupulous
breeder circumvent the PBR protection on a competitor’s existing registered variety, by inoculating it with an
endophyte. There is no consensus among testing authorities on how to manage this. Within the EU, submitting
endophyte-carrying seed for testing is not permitted. However, New Zealand accepts such seed but requires full
details of the endophyte strain and level of infection®..

The registration authorities could avoid any risk of plagiarism by requiring all seed submissions for PBR test-
ing to be endophyte free. However, such a requirement would incur costly cleaning and seed stock management
procedures, which the grass breeders’ representatives regard as unacceptable. Similarly, the breeders have con-
cerns that they may incur seed certification problems when later seed lots containing endophyte were compared
to definitive PBR stocks that would be endophyte free.

The current study compared example endophyte free, endophyte infected and official (endophyte free) ‘defini-
tive’ seed stocks of cultivars of perennial ryegrass and tall fescue using official DUS spaced plant trials. The objec-
tive was to determine if the expression of the DUS characteristics of plants grown from endophyte infected seed
lots was sufficiently modified to designate them as distinct from endophyte-free plants taken from the same seed
lot of that cultivar or from its definitive stock.

Materials and Methods

The plant material comprised of four cultivars of diploid amenity perennial ryegrass and four cultivars of hexa-
ploid tall fescue. These were from different breeding programmes in the EU, NZ and USA and from known
European/Australasia germplasm origins, to give a wide genetic and geographic base. All were EU registered
cultivars and so previously tested and proven to be distinct, uniform and stable. For commercial in confidence
reasons the registered names were replaced by codenames derived from Irish mountain names. The codenames
were selected to have the same first letter as the original cultivar names as follows: Perennial ryegrass: Binnian,
Carn, Croob and Gullion; Tall Fescue: Benbaun, Beann, Cove and Eagle.

The endophytes are defined as ‘wild type’ as they were not selectively screened to identify and isolate indi-
vidual strain toxicity profiles. Hence all the ryegrasses were infected with the same E. festucae var. lolii inoculant
producing Lolitrem-B and Peramine and the tall fescue with E. coenophialum producing Ergovaline and Loline.

Each cultivar was represented by two accessions, one containing endophyte (E+) and the other not containing
endophyte (E—). These were produced by germinating out a large number of individual grass plants from each
endophyte infected cultivar. As none of the seed lots had close to 100% of plants infected it was possible to screen
for the presence or absence of endophyte and compile two sub-populations of plants from within each cultivar
that were 100% endophyte infected and 100% endophyte free. This was done by agrinostic immunoblot SKU
Number: Endo797-3 http://www.agrinostics.com/shop/. As per this previously published detection method?, the
presence of Epichloé endophytes was assessed in two tiller sections from each plant, 6 weeks after transplanting,
using the immunoblot assay according to the manufacturer’s description. The presence of endophyte was tested
with an in planta assay using microsatellite markers B10 and B11?* on up to 200 tillers per accession. Tillers
where no amplifications were detected were considered endophyte-free. From these resources, sixty plants were
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CPVO Code Character Name (UK) Shortened Character Name
2 Plant: vegetative growth habit (without vernalization) Veg Habit — Vern.

4 Plant: width (after vernalization) Width + Vern.

5 Growth of habit after vernalization Habit + Vern.

6 Height of plant after vernalization Height + Vern.

10 Plant: time of inflorescence emergence (after vernalization) Time of Emerge

11 Plant: natural height at inflorescence emergence Height @ Emerge

12 Plant: growth habit at inflorescence emergence Habit @ Emerge

13 Flag leaf: length Flag Length

14 Flag leaf: width Flag Width

15 Flag leaf: length/width ratio Flag L/W Ratio

16 Plant: length of longest stem, + inflorescence Stem + Inflor. Length
17 Plant: length of upper internode Internode Length

18 Inflorescence: length Inflor. Length

19 Inflorescence: number of spikelets Spiklet Number

20 Inflorescence: dens Inflorescence: density Spiklet Density

21 Inflorescence: length of outer glume on basal spikelet Glume Length

22 Inflorescence: length of basal spikelet excluding awn Spiklet Length

Table 1. Morphological characters examined in Perennial Ryegrass. CPVO -EU Community Plant Variety
Office, Angers France - controller of PBR test schemes in EU.

randomly selected to represent each E+ (100% endophyte) and E— (0% endophyte) accession. Accessions were
tested and confirmed with the “Phytoscreen Field Tiller Endophyte Detection Kit”. In addition, sixty plants grown
from the definitive seed sample of each cultivar, provided the third comparator accession (Def) in the experiment.
These were the reference samples used annually in official DUS tests and were endophyte free as this is an existing
condition for seed submitted to test authorities in the EU. Each centre provided plants from its own reference col-
lection for these definitive (Def) accessions. In total 1440 plants (8 cultivars x 60 plants x 2 accessions E—/E+)
were then established at the Examination Office (EO) test sites as part of the official the DUS trials.

The tall fescue accessions were planted at the official GEVES Examination Office (EO) site at CAnjouére,
France. For the perennial ryegrasses, each E— and E+ plant was split into two and grown on in multi-pots to
provide two identical matching sets of plants. One set was planted into the official DUS trials at the Agri-Food
and Biosciences Institute (AFBI), Crossnacreevy, Northern Ireland, UK and the other at the Federal Plant Variety
Office (Bundessortenamt), Priifstelle, Scharnhorst, Germany. This planting was repeated in the following year
using new plants from the E—/E+ breeders’ resource and a new set of 60 seeds of each definitive accession, to give
a full two-year DUS examination as routinely conducted by the EOs.

All test accessions were integrated into the regular DUS trials at each EO and examined using the Community
Plant Varieties Office Technical Protocols?*. This involved planting the 60 plants of each accession as individ-
ual spaced plants in the early summer and then recording on each plant the morphological characters listed in
Tables 1 and 2. These recordings were conducted at the specified timings given in the CPVO protocol during the
autumn of the year of sowing through to the summer of the following year. For the purpose of this paper short-
ened character names have been created for use in the data tables and text, as shown in Tables 1 and 2.

The complete experimentation on perennial ryegrasses generated 48,960 observations, comprising 2 locations
x 2 growing cycles X 4 varieties X 3 accessions x 60 plants/accession x maximum of 17 characters. Similarly, for
tall fescue, a total of 12,960 observations were taken, comprising 1 location x 2 growing cycles X 4 varieties x 3
accessions X 60 plants/accession X maximum of 9 characters.

Statistical analyses were conducted according to the DUS testing guidelines of UPOV? using the specifica-
tions for allogamous grasses. This involved the UPOV-approved statistical methods for determining the distinct-
ness, uniformity and stability of candidate varieties, as used by all UPOV member state EOs. This is a Combined
Over-Years Distinctness (COYD) analysis based on reported methods?. This incorporated a modified joint
regression analysis (MJRA) model, which took account of systematic annual increases or decreases in character
expression across all varieties by fitting extra terms, one for each year, in the analysis of variance. Each term rep-
resented the linear regression of the observations for the year against the cultivar means over both years®. This
is an internationally recognised method which is incorporated into the protocols of UPOV?’ and CPVO?*, the
full statistical methods for which are available in peer reviewed publication®?. This is standard practice among
workers in official plant registration schemes, for example across Europe, New Zealand and Canada.

As the objective of the study was to determine if the presence and absence of endophyte can create a PBR
‘distinction’ between accessions of the same cultivar, it is important to define the magnitude of difference required
to designate them as ‘distinct, independent varieties in these three official testing schemes. This is defined as the
product of the COYD analysis tool and requires a combined over-two years difference at the 1% (P < 0.01) level in
at least one character (assuming that the expression of that character is within a uniform range of expression and
was not greater in one year and lesser in the other year, relative to the comparison accession).
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CPVO Code Character Name (FR) Shortened Character Name
6 Plant: natural height in autumn without vernalization Height — Vern.

7 Plant: tendency to form inflorescences (without vernalization) Inflor. — Vern

8 Plant: natural height after vernalization (4 weeks after beginning of vegetative growth) Height + Vern.

9 Plant: time of inflorescence emergence (after vernalization) Time of Emerge

10 Plant: growth habit at inflorescence emergence Habit @ Emerge

11 Plant: natural height at inflorescence emergence Height @ Emerge

12 Flag leaf: length Flag Length

13 Flag leaf: width (same flag leaf as that used for 12) Flag Width

14 Stem: length of longest stem including inflorescence (fully expanded) Stem + Inflor. Length
15 Plant: length of upper internode (as for 14) Internode Length

16 Inflorescence: length (as for 14) Inflor. Length

Table 2. Morphological characters examined in Tall Fescue. CPVO -EU Community Plant Variety Office,
Angers France - controller of PBR test schemes in EU.

Results

The mean values for each character is presented for perennial ryegrass in Table 3 (Crossnacreevy) and Table 4
(Scharnhorst) and for tall fescue at LAnjouére in Table 5. Each EO fully complied with the CPVO examination
protocols for each species however for some characters alternative recording methods are permitted. Therefore,
the Crossnacreevy data (Table 3) and the Scharnhorst data (Table 4) do not always report the observations in the
same units. For example in Crossnacreevy, ‘Veg Habit —Vern’ is recorded as a scored estimate of the degree angle
from the vertical and ‘Habit @ Emerge’ as the plant height:width ratio at ear emergence, while in Scharnhorst
these two characters are recorded as notes on a 0-9 scale. As it was important to the objective of the study to com-
ply with the DUS test procedures at each EO, the different recording values were retained so as to accurately emu-
late the normal tests employed at each EO. However, while Crossnacreevy records date of ear emergence as the
number of days after the 1 March and Scharnhorst records from the 1% April, these data were standardised to 1*
March, to make direct comparisons of the data possible. Tall fescue ear emergence is recorded at CAnjouére from
1** January and was also standardized to 1** March. Similarly, length units were standardised across all three EOs.

As the expression of most of the measured characters are responsive to growing conditions there are notable
differences in the magnitude of the results for the same cultivar at Crossnacreevy and Scharnhorst. So when
the definitive stocks of the four perennial ryegrass varieties are compared between EOs, ear emergence was
approximately 4.6 days later at Crossnacreevy than at Scharnhorst (approximately day 85 and 80.4 respectively).
In making greatest to least comparisons across all twelve accessions, the differences in ear emergence was 20.6
days at Crossnacreevy and 20.8 days at Scharnhorst. On average these accessions had shorter vegetative plants
(9.58 cm) and were wider (1.07 mm) and longer (0.9 cm) leaved than at Scharnhorst. The range in plant size was
17.7 cm for Width + Vern, 14.46 cm for Height + Vern and 10.20 cm for Height@Emerge at Crossnacreevy. At
Scharnhorst the ranges were 13.37 cm and 4.54 cm for Width + Vern and Height@Emerge respectively. Likewise
for leaf geometry Flag Length and Flag Width ranges were 2.54 cm and 0.81 mm at Crossnacreevy and 3.68 cm
and 0.82 mm at Scharnhorst. Overall, however the definitive stocks of the four cultivars largely ranked in a sim-
ilar order at each EO. As the tall fescue varieties were only examined at CAnjouere a site to site comparison was
not possible. However, as several characters are recorded at ear emergence then these records were being made
between 1 March and 24" May in Crossnacreevy, 1% March and 19 May in Sharnhorst and 25" April to 1% May
at CAnjouére. The mean date of ear emergence (MDEE) or heading date of all cultivars and accessions (mean of
Def, E—, and E+) at each EO is expressed as a mean date and as the range from the earliest to the latest heading
cultivar. At Crossnacreevy the MDEE (day 85) had a range of 20.6 days; Scharnhorst MDEE (day 80.4) had a
range of 21.2 days; and CAnjouere MDEE (day 59) had a range of only 6 days. The ryegrass results reflect differing
climatic conditions on the rate of physiological development, with Scharnhorst being earlier than Crossnacreevy
but with a very similar range of heading dates for these identical plant accessions. The much narrower range
across the tall fescue varieties indicates that MDEE was less discriminating than between the perennial ryegrasses.

The experimental design of four varieties by three accessions in each species, produced a total of 132 pair-wise
comparisons (4 varieties x 3 accessions x 11 pair comparisons) at each EO, giving an overall total across all
three test sites and both species of 396 pair comparisons. If these comparisons were presented for each examined
character this would produce a total of 5,412 pair comparisons (132 pairs x 17 characters + 132 x 15 + 132 X
9). However, it is not necessary to provide tables of every comparison to understand the morphological responses
to the E— and E+ treatments. Therefore, only a few examples are presented to represent how the pair-wise com-
parisons were made at each EO.

As defined in the Materials and Methods the minimum requirement for two accessions to be declared distinct
isa p <0.01 difference in at least one single character from the two-year COYD analysis. This level of distinction
was met or exceeded in at least one character in all comparisons between the definitive stocks, confirming that
these were four distinct ryegrass varieties and four distinct fescue varieties.

Significant differences were also recorded between E— and E+ accessions of the same cultivar. For example, in
perennial ryegrass Carn E— and Carn E+ were found to be distinct at Crossnacreevy (Table 6) in two characters.
Carn E+ was significantly smaller than Carn E— for Inflor. Length and Spikelet Length. For Inflor. Length this
involved a p < 0.01 difference in each of the two test years but when analysed by COYD was found to only differ
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Shortened Character Binnian | Binnian | Binnian | Carn Carn Carn Croob Croob Croob Gullion | Gullion | Gullion
Name Units (def) (E-) (E+) (def) (E—) (E+) (def) (E—) (E+) (def) (E—) (E+)
Veg Habit -Vern. degree 45.18 44.88 44.88 43.38 44.53 44.92 40.04 41.44 41.28 44.00 46.00 46.14
Width +Vern. cm 32.98 34.19 31.86 32.68 33.15 32.77 49.57 40.22 41.98 33.86 35.62 34.14
Habit +Vern. degree 49.05 48.89 48.86 47.61 48.69 49.72 50.35 48.21 48.27 51.47 53.00 57.59
Height +Vern. cm 25.98 25.55 25.17 23.39 24.77 25.44 37.85 31.08 31.49 29.52 30.83 32.60
Time of Emerge *Dayno |90.2 91.6 91.2 89.4 88.0 88.0 71.0 75.6 74.1 87.3 86.9 86.5
Height @ Emerge cm 34.88 34.96 33.70 31.29 34.66 33.93 37.38 34.73 33.33 40.50 40.21 41.49
Habit @ Emerge ratio 1.63 1.65 1.69 1.81 1.61 1.70 1.72 1.67 1.70 1.29 1.35 1.27
Flag Length cm 13.80 14.64 14.30 14.15 14.53 14.84 15.02 14.10 14.04 15.29 16.34 15.66
Flag Width mm 4.93 5.06 5.04 4.61 5.02 4.88 5.42 5.19 5.09 4.81 4.93 4.92
Flag L/W Ratio ratio 2.93 3.20 2.89 3.16 3.02 3.23 2.85 2.86 2.82 3.30 3.40 3.40
Stem-+Inflor. Length cm 73.94 74.53 71.83 63.62 66.28 69.62 73.66 69.07 72.58 70.48 69.91 70.63
Internode Length mm 27.32 28.04 26.40 23.85 24.54 24.95 20.20 20.88 20.77 23.56 22.36 21.94
Inflor. Length cm 20.03 19.95 19.58 19.85 20.00 21.36 20.41 19.98 20.51 20.45 20.82 21.10
Spiklet Number number | 22.79 23.09 23.09 21.57 22.16 23.45 23.48 23.48 24.26 23.24 24.33 24.48
Spiklet Density ratio 0.88 0.87 0.85 0.94 0.91 0.92 0.87 0.85 0.86 0.89 0.87 0.87
Glume Length mm 8.36 8.34 8.30 8.91 8.62 9.22 9.18 8.98 8.87 8.95 9.00 8.83
Spiklet Length mm 15.69 15.54 15.46 17.20 16.47 17.52 14.50 14.77 14.18 16.78 16.80 17.37
Table 3. Two year mean recordings of morphological characteristics of accessions of perennial ryegrass
cultivars recorded at AFBI Crossnacreevy. Def, definitive accessions; E—, endophyte free accessions; E+,
endophyte inoculated accessions; * number of days after 1st March.
Shortened Character Binnian | Binnian | Binnian Carn Carn Carn Croob Croob Croob Gullion | Gullion | Gullion
Name Units (def) (E—) (E+) (def) (E-) (E+) (def) (E—) (E+) (def) (E-) (E+)
Veg Habit -Vern. note 6.51 6.49 6.73 6.45 6.44 6.58 6.37 6.51 6.66 6.16 6.14 6.33
Width +Vern. ratio 35.97 36.19 36.78 37.13 35.25 36.19 48.62 40.31 40.31 36.15 36.09 37.54
Time of Emerge *Dayno | 87.6 86.9 86.9 85.6 83.9 84.8 66.8 68.2 69.3 81.3 81.7 82.0
Height @ Emerge cm 45.28 45.95 46.17 45.69 44.92 45.53 46.70 42.72 4231 46.94 46.48 47.26
Habit @ Emerge note 5.37 5.26 5.27 5.12 5.14 5.22 4.99 4.9 4.88 5.12 5.02 5.02
Flag Length cm 14.66 15.06 15.21 15.23 14.28 14.11 14.84 13.41 14.40 16.96 14.75 17.09
Flag Width mm 3.86 3.93 3.77 3.60 3.72 3.66 4.48 4.13 4.37 3.71 3.8 4.01
Flag L/W Ratio ratio 38.43 38.79 40.76 43.08 38.67 39.22 34.31 33.93 34.45 45.88 39.6 43.08
Stem+Inflor. Length cm 64.14 63.03 61.77 60.58 59.7 60.01 65.26 63.42 62.08 58.01 60.35 59.64
Internode Length mm 16.83 16.26 16.25 17.93 17.53 17.12 19.01 17.35 17.23 17.06 16.48 16.73
Inflor. Length cm 22.07 20.86 21.31 19.01 20.28 20.33 17.43 19.8 19.39 16.22 18.99 17.55
Spiklet Number number 19.50 19.18 19.24 19.64 19.59 19.07 18.22 18.6 18.44 18.99 19.17 18.82
Spiklet Density ratio 86.52 84.96 84.64 91.38 89.85 89.93 95.96 94.44 94.18 89.81 86.17 88.9
Glume Length mm 7.01 7.01 7.05 7.23 7.42 7.7 8.63 8.21 8.57 7.46 7.35 7.66
Spiklet Length mm 11.06 10.6 10.66 10.81 11.81 11.54 12.48 12.22 12.7 11.46 11.91 11.33

Table 4. Two year mean recordings of morphological characteristics of accessions of perennial ryegrass
cultivars recorded at Bundessortentamt, Scharnhorst. Def, definitive accessions; E—, endophyte free accessions;
E+, endophyte inoculated accessions; * number of days after 1st March.

at p <0.05, which is insufficient to designate these accessions as ‘distinct cultivars’ Similarly for Spikelet Length
there was no significant difference in either test year but when these differences were combined over two years a
p < 0.05 was achieved. It is notable that there were also significant differences in the first test year in Stem+-Inflor.
at p < 0.01 and Spikelet Length at p < 0.02 and in the second test year for Habit@Emerge at p < 0.05 and Spikelet
Number at p < 0.01. However, none of these resulted in an over-years’ significance. Similarly, at Scharnhorst,
Carn E— and Carn E+ were also found to differ over the two years at p < 0.05, but in this case in Width +Vern.
(Table 7). In contrast the comparison between the E— and E+ accessions of the tall fescue cultivar Cove pro-
vided no significant differences either within individual years or in the combined over-years analysis, and so both
versions of the cultivar were found to have remained indistinguishable and thus ‘not distinct’ in the DUS test
requirement (Table 8).

Tables 9 and 10 provide the overall summaries of significances for each ryegrass pair-wise comparison (Def/
E—; Def/E+; E—/E+). This shows that only one E—/E+ comparison was DUS distinct (p < 0.01, Gullion at
Scharnhorst). The other, below threshold (p < 0.05), significant differences were three of the four E—/E+
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Shortened Character Benb Benb Benb Beann | Beann |Beann | Cove Cove Cove Eagle Eagle Eagle
Name Units (def) (E—) (E+) (def) (E—) (E+) (def) (E—) (E+) (def) (E-) (E+)
Height -Vern. cm 19.08 20.30 21.13 14.50 13.10 15.75 13.50 14.93 16.29 14.32 17.08 17.12
Inflor. -Vern 1-9 2.47 2.60 2.60 6.57 4.54 5.18 6.78 491 5.19 5.46 4.25 3.97
Height +Vern. cm 22.42 29.20 29.54 15.17 19.03 19.06 15.75 18.67 19.92 18.64 23.67 23.26
Time of Emerge *dayno |62.2 59.6 59.7 56.6 56.1 56.4 61.1 60.0 59.0 57.4 56.3 57.7
Habit @ Emerge 1-9 4.40 4.02 3.77 513 4.78 4.92 4.60 4.17 4.08 4.22 4.03 4.32
Height @ Emerge cm 77.83 79.38 79.63 43.58 50.69 46.21 39.50 41.42 43.57 45.34 48.29 49.11
Flag Lf. Length mm 175.78 201.01 200.12 123.33 116.56 126.71 97.22 103.13 105.69 120.14 125.08 123.36
Flag Lf. Width mm 5.58 6.07 6.38 4.85 4.78 5.26 3.70 4.15 4.00 4.73 493 5.03
Stem-+Inflor. Length cm 161.42 161.89 161.67 116.92 119.23 119.04 94.08 96.90 97.15 112.29 112.83 114.07
Internode Length mm 634.35 619.77 601.79 503.45 512.83 520.30 391.92 420.08 424.46 505.05 507.16 493.37
Inflor. Length mm 257.05 260.59 266.21 185.42 184.48 188.64 139.17 144.74 151.49 177.82 181.89 173.27

Table 5. Two year mean recordings of morphological characteristics of accessions of tall fescue varieties
recorded at GEVES, LAnjouere. Def, definitive accessions; E—, endophyte free accessions; E+, endophyte
inoculated accessions; *number of days after 1st March.

CPVO | Shortened Character 2yr Mean Difference
Code Name Difference T Value | Probability Yearl Year2
2 Veg Habit -Vern. 0.39 —0.46 64.277 ns - —
4 Width +Vern. —0.38 0.24 81.385 ns + -
5 Habit +Vern. 1.03 —1.01 31.196 ns - +
6 Height +Vern. 0.67 —0.61 54.291 ns - +
10 Time of Emerge 0.08 —0.07 94.201 ns + -
11 Height @ Emerge —0.73 —0.21 83.236 ns | — +
12 Habit @ Emerge 0.09 —0.54 58.686 ns + =5
13 Flag Length 0.31 —0.56 57.587 ns | — —
14 Flag Width —0.14 0.89 37.254 ns + +
15 Flag L/W Ratio 0.21 —1.24 21.615 ns — -
16 Stem-Inflor. Length 3.34 -1.71 8.931 ns -1 —
17 Internode Length 0.41 —0.49 62.178 ns |+ -
18 Inflor. Length 1.36 —2.38 1.814 *— -1 -1
19 Spiklet Number 1.29 —1.66 9.801 ns — -1
20 Spiklet Density 0.01 —0.12 90.524 ns — +
21 Glume Length 0.60 -1.91 5.75 ns -2 -
22 Spiklet Length 1.05 —2.00 4.652 * - —

Table 6. Example comparison of E— and E+ accessions of Carn perennial ryegrass by COYD analysis of two
growing cycles at Crossnacreevy, N. Ireland. Values positive if Carn E+ larger than Carn E—,+/—/ = if larger/
smaller in each year-1=p <0.01, —2=p <0.02, —5=p < 0.05, * = a distinction at p < 0.01 or greater.

comparisons (Binnian, Croob and Gullion) at Crossnacreevy (Table 9) and one at Scharnhorst (Table 10, Carn).
Among the four fescue varieties at CAnjouére the only significant E—/E+ difference was for Beann E—/E+ at
p <0.05 (Table 11). In stark contrast, the vast majority of comparisons between the definitive stocks and either
their E+ or E— version produced significant differences. At Crossnacreevy, Carn, Croob and Gullion were all
significantly (p < 0.01 and p < 0.001) different and so above the DUS pass threshold, with only the Binnian
E+ and E— accessions remaining indistinguishable from their definitive stocks. This was partially replicated
at Scharnhorst as Carn E— and Gullion E— were distinct from their respective definitive stocks. At CAnjouére, a
high frequency of significant differences between the fescue definitive stocks and their E— or E+ equivalents was
similarly observed, with Benbaun E— and E+, Beann E— and Cove E— all distinct from their definitive stocks at
p <0.01, with Cove E+ and Eagle E+ at p < 0.05. This meant that half of the fescue definitive versus E— or E+
comparisons were distinguished above the DUS threshold.

A further understanding of the nature of these differences can be derived from the number of characters
that provided these differences at each probability level (Tables 9-11). For the E—/E+ comparisons, only Carn
involved more than one character and only at p < 0.05 at Crossnacreevy, with the other five occurrences involving
a single character. In stark contrast, there were up to six ryegrass characters showing significant differences in pair
comparisons of definitive versus E— or E4 (Carn defto E—, 3 at P < 0.01 and 3 at P < 0.05). Equally notable were
the definitive stock comparisons with Croob E— and with Croob E+, both of which recorded three character dif-
ferences at p < 0.001. Among the fescue comparisons, differences from the definitive stocks were similarly strong,
with occurrences in 4-6 of the nine characters measured in four of the eight Def/E— or Def/E+4 comparisons.
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CPVO | Shortened Character 2yr Mean Difference
Code Name Difference T Value | Probability Yearl Year2
4 Width +Vern. 0.94 2.42 4.591 * +5

5 Habit +Vern. 0.14 1.01 34.763 ns |+ +
10 Time of Emerge 0.88 0.96 36.981 ns + +
11 Height @ Emerge 0.61 0.34 74.321 ns |+ +
12 Habit @ Emerge 0.08 0.7 50.855 ns = +
13 Flag Length —1.64 —0.15 88.424 ns - +
14 Flag Width —0.06 -0.29 78.179 ns - +
15 Flag L/W Ratio 0.55 0.37 72.634 ns - +
16 Stem+Inflor. Length 0.31 0.19 85.588 ns | — +
18 Internode Length —0.41 —0.62 55.976 ns | — +
17 Inflor. Length 0.05 0.04 96.933 ns — -
19 Spiklet Number —0.52 —2.42 5.192 ns | —

20 Spiklet Density 0.09 0.05 96.000 |ns |+ -
21 Glume Length 0.27 0.44 67.502 ns - +
22 Spiklet Length —0.27 —0.22 83.294 ns - +

Table 7. Example comparison of E— and E+ accessions of Carn perennial ryegrass by COYD analysis of two
growing cycles at Scharnhorst, Germany. Values positive if Carn E+ larger than Carn E— +/—/= if larger/
smaller/equal in each year, +5=p < 0.05.

CPVO | Shortened Character 2yr Mean e
Code Name Difference T Value | Probability Yearl Year2
6 Height -Vern. —1.35 —1.19 23.52 ns | — -
7 Inflor. -Vern 0.862 0.7 0.388 ns + -
8 Height +Vern. —1.25 -0.75 45.38 ns - +
9 Time of Emerge 0.96 —-0.79 43.336 ns + -
10 Habit @ Emerge —0.038 —0.04 59.14 ns - —
11 Height @ Emerge —2.15 —0.82 41.128 ns — —
12 Flag Lf. Length —2.59 —0.05 95.728 ns - +
13 Flag Lf. Width 0.15 0.78 43.743 ns - +
14 Stem+Inflor. Length —0.27 —0.09 92.817 ns + —
15 Internode Length —4.51 —0.22 82.962 ns |+ -
16 Inflor. Length —6.7 —0.87 38.582 ns - —

Table 8. Example comparison of E— and E+ accessions of Cove tall fescue as COYD analysis of two growing
cycles at CAnjouere, France. Values positive if Cove E+ larger than Cove E—,+/— if larger/smaller in each year.

Definitive Accession (Def) Endophyte Free Accession (E—)
Accession P <0.001 |P<0.01 P<0.05 |ns |P<0.001 | P<0.01 |P<0.05 |ns
Binnian (E—) |0 0 0 17 | — - - -
Binnian (E4) |0 0 0 17 |0 0 1 16
Carn (E—) 0 3 3 1 | — - - -
Carn (E+) 0 2 0 15 |0 0 2 15
Croob (E—) 3 0 2 12 | — — — —
Croob (E+) 3 0 1 13 |0 0 0 17
Gullion (E—) |0 1 1 15 | — — - —
Gullion (E+) |0 1 0 16 |0 0 1 16

Table 9. Number of characters showing a significant difference in each accession in pair-wise comparisons

for perennial ryegrass varieties at two sites after two growing cycles at Crossnacreevy, N. Ireland. Significances
based on COYD analysis of two growing cycles, values show the number of characters expressing a difference at
the denoted probability level. ns = number of characters showing no significant difference.

In order to interpret these observations appropriately requires a consideration of the likelihood of these dis-
tinctions occurring purely by chance or whether they represent a cause and effect. For ryegrass, the total number
of comparisons (character x accession pairs (Def/E— and Def/E+) X varieties) was 136 at Crossnacreevy and
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Definitive Accession (Def) Endophyte Free Accession (E—)
Accession P <0.001 |P<0.01 P<0.05 |ns | P<0.001 |P<0.01 P<0.05 |ns
Binnian (E—) |0 0 0 15 | — — — —
Binnian (E+) |0 0 0 15 |0 0 0 15
Carn (E—) 0 0 1 14 | — — — —
Carn (E+) 0 0 0 15 |0 0 1 14
Croob (E—) 0 0 0 15 | — — - -
Croob (E+) 0 0 0 15 |0 0 0 15
Gullion (E—-) |0 1 2 12 | — - - -
Gullion (E+) |0 0 0 15 |0 1 0 14

Table 10. Number of characters showing a significant difference in each accession in pair-wise comparisons for
perennial ryegrass varieties at two sites after two growing cycles at Scharnhorst, Germany. Significances based
on COYD analysis of two growing cycles, values show the number of characters expressing a difference at the
denoted probability level. ns = number of characters showing no significant difference.

Definitive Accession (Def) Endophyte Free Accession (E—)
Accession P<0.001 (P<0.01 |P<0.05 |ns [P<0.001 |P<0.01 |P<0.05 |ns
Benbaun (E—) 1 1 3 5 — — — —
Benbaun (E+) |1 3 1 4 0 0 0 9
Beann (E—) 1 2 3 3 — — — —
Beann (E+) 0 0 0 9 |0 0 1 8
Cove (E—) 1 0 3 5 — — — —
Cove (E+) 0 0 1 8 |0 0 0 9
Eagle (E—) 0 0 0 9 — — — —
Eagle (E+) 0 0 2 7 0 0 0 9

Table 11. Summary of significant difference occurrences in pair-wise comparisons between different accessions
of the same tall fescue cultivar at CAnjouere, France. Significances based on COYD analysis of two growing
cycles, values show the number of characters expressing a difference at the denoted probability level. ns =
number of characters showing no significant difference.

120 at Sharnhorst and for the E—/E+comparisons were 68 and 60 respectively (Table 12). For fescue, the total
number of comparisons were 72 (Def/E— and Def/E+) and 36 (E—/E+). It can be seen from Table 12, that the
number of observed differences between E—/E+ in ryegrass was less or similar to the number expected purely by
chance. The same outcome was found for the comparisons between the fescue E—/E+ accessions. For the com-
parisons between the definitive samples and the E— or E+ accessions, the number of observed differences was
substantially greater than that expected by chance, in both ryegrass and fescue. Therefore, overall the results show
no conclusive evidence of endophyte inclusion creating DUS distinctions, but that these test accessions (E—/E+)
differed in a number of comparisons with their official definitive stock.

Discussion

The absence of distinguishing differences between E—/E+ accessions raises two initial questions. Firstly whether
the E—/E+ accessions were correctly formulated. Given that the repeatability of the immunoblot assay used has
been reported at around 97%?’, incorrect assignment of tillers to E—/E+ accessions is a highly unlikely cause.
Furthermore, by using the immunoblot approach it was possible to avoid any side effects of treating seed lots to
remove endophyte, such as by heat treatment, that might impair germination or vigour or might incur a fitness
sub-selection that could create apparent phenotypic divergences. Secondly it could be questioned whether it was
reasonable to expect endophyte inoculation to cause any such effects. There is however, a considerable body of
previously published studies that report notable differences between E— and E+ grasses. The symbiotic relation-
ship between endophyte and grass is not strictly mutualistic as there can be negative implications for the host
plant. For example, it has been found*® that some novel cultivar-endophyte associations could incur a yield dis-
advantage compared with endophyte free plants in the absence of insect herbivores. Similarly, infected tall fescue
seed required more moisture to germinate and their seedlings more nutrients®, presumably due to the photosyn-
thetic cost of supporting the fungus. In contrast there are also some reports of direct benefits of endophyte infec-
tion for the host plant. For example, an increased efficiency under low soil nitrogen for infected tall fescue has also
been reported?, possibly through raised glutamine synthetase activity, while others have recorded enhancement
of perennial ryegrass growth®. Furthermore, under mild to severe drought there is evidence of increased tillering
and regrowth rates', and changes in tiller number, tiller length and shoot mass'®. Most dramatically of all, it has
been discovered that endophyte infection triggered reprogramming of host metabolism?!, favouring secondary
metabolism at a cost to primary metabolism. It also induced changes in host development, particularly trichome
formation and cell wall biogenesis. Therefore, it was reasonable to question whether inoculation with an endo-
phyte might change a cultivars DUS identity.
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Comparison of E—,E+ and Def Accession | Comparison of E— and E+ Accession
P <0.001 P <0.01 P <0.05 P <0.001 P <0.01 P <0.05

For perennial ryegrass at Crossnacreevy

17 Characters X 2 comparisons X 4 17 Characters X 1 comparison X 4

varieties = 136 pair contrasts varieties = 68 pair contrasts
Expected 0.14 1.36 6.80 0.068 0.68 34
Observed 6 13 20 0 0 4
For perennial ryegrass at Scharnhorst

15 Characters X 2 comparisons X 4 15 Characters X 1 comparison X 4

varieties = 120 pair contrasts varieties = 60 pair contrasts
Expected 0.12 1.20 6.00 0.06 0.60 3.00
Observed 0 1 2 0 1 4
For tall fescue at CAnjouére

9 Characters X 2 comparisons X 4 9 Characters X 1 comparison X 4

varieties = 72 pair contrasts varieties = 36 pair contrasts
Expected 0.07 0.70 3.50 0.04 0.36 1.80
Observed 4 10 23 0 0 1

Table 12. Comparison of expected and observed significant differences between different accessions of the
same cultivar.

The three EO sites represented a relatively wide geographic and climatic spread. Crossnacreevy (north of
Ireland) is exposed to cool moist air from the maritime polar air mass. CAnjouere (west coast of France) has
a temperate maritime climate with a narrow annual temperature range. Scharnhorst (northern Germany) has
very cold winters and rain spread evenly throughout the year. Despite these contrasting conditions there was no
detectable evidence of climatic stress, such as drought, in either test year (nor of any insect attack). Therefore, any
protective properties of the endophytes could not have benefited the grasses during the study. Furthermore, this
null response is not in conflict with other published work. No significant differences were found in DM vyield,
DMD, WSC or CP between E— and E+ accessions of the perennial ryegrass cultivars AberDart and AberMagic®,
while others also reported similar absence of responses in ryegrass and tall fescue®*34.

A further factor in fully understanding the implications of the current study is that infection responses appear
to be more than endophyte strain specific, as detailed earlier, but can also depend on the genotype of the host
plant. For example, host plant genotype specific differences in phenotypic responses have been reported®*.
While breeding for effective host-endophyte associations, changes in endophyte metabolite expression associ-
ated with host genotype and evidence of co-adaptation between plant and fungus have been reported*®. This
has been carried through to the commercial scale in fescues by selecting host genotypes that reduced the ani-
mal toxic ergovaline production of the endophyte?. Likewise, as the host genotype determines host growth and
reproduction, this interacts with the endophyte biology*. Consequently, the findings of the current study cannot
be deemed as a fundamental rule applicable to all grass-endophyte associations. Rather, it must be regarded to
some extent as specific to these cultivar/strain symbionts. Nonetheless, the evidence does show that inoculating
a registered cultivar with an endophyte that is novel to the host does not guarantee that the new association will
be distinct from the original cultivar. This is more likely to be the case in DUS tests conducted under conditions
where there are no detectable biotic or abiotic stress responses. In these circumstances, the endophyte cannot pro-
vide a resilience benefit to the host and so is less likely to induce any change in plant growth or productivity. This
should allay, to some extent, the concern that an apparent PBR distinctness could occur between two accessions
of the same cultivar, one with and the other without endophyte. However, to fully ensure that PBR protection can
be retained for existing registered cultivars, further investigation of whether these findings can be repeated with a
wider range of cultivar/strain symbionts, would be additionally informative. As would using test sites where biotic
and abiotic stresses ranged from absent to prevalent.

The surprising result of the current study was the high frequency of significant differences and DUS distinc-
tions between individual E— or E+ accessions and their equivalent definitive stocks. It is difficult to discount this
as an aberration, given that all three EOs largely observed the same outcome. Each EO provided its own definitive
stocks and so those from Crossnacreevy and Sharnhorst were not directly compared to confirm identicalness.
However, they had been stored in ideal conditions from the time they were submitted for registration by the
breeder. It is also a basic premise of the EU PBR scheme that definitive stocks at each EO are identical. This is to
ensure the same protection exists across the entire EU, with validation tests and audit inspections conducted to
impose this standardization. Therefore, this eliminates any concerns regarding the authenticity of the definitive
stocks, particularly as any fault would have had to reoccur in several cultivars and two species at three sites,
independently. The search for a cause therefore, switches to the E—/E+ samples provided by the breeders. The
generation of the seed lots used in the trials was considered as a possible factor but as all lots were from certified
seed stocks they were validated as complying with their definitive stocks. So this also seems an unlikely cause,
particularly as any drift would have also had to occur in several cultivars and two species independently. The indi-
vidual E—/E+ plants were produced by the breeders and posted to the EOs. This means that they had been treated
differently to the definitive stocks, which were grown directly from seed. However, all plants were grown on in
multi-pots before planting out. All centres reported successful establishment of all the measured plants, however,
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the German EO subsequently reported that the E—/E+- plants were much smaller when planted than those in the
rest of the DUS trial, including their definitive stocks. While this might have affected development, particularly
for the autumn recorded characters, it would be less expected to significantly affect growth the following year,
when most characters were measured. Furthermore, as this difference did not occur at the other test centres, this
does not provide a full or adequate explanation. The only other obvious step in the experimentation where acces-
sion differences could have been artificially created was during the compilation of the E— and E+ accessions.
There is evidence that this was a risk to the study as the vertical transmission of endophytes has been shown to
vary with host genotype®**. Co adaptation of host and endophyte has also been reported*! and in breeding for
successful grass/endophyte combinations®. This could mean that in subdividing each accession into E— and E+
plants, this had also divided the cultivar into two different types, one more conducive and one less conducive to
endophyte transmission, with associated phenotypic differences. However, if this was the causal mechanism, then
the E— and E+ accessions should have been distinct from each other, which they were not. So, at time of publica-
tion, the cause of the observed definitive stock differences remains unexplained.

Conclusion

The potential for creating differences in a grass cultivar’s morphological identity by endophyte inoculation has
implications for cultivar distinctiveness and for plant variety protection. The evidence from this study shows
that inoculating a registered grass cultivar with an endophyte that is novel to the host does not ensure that the
new association will be distinct from the original cultivar i.e. endophyte presence is not a reliable mechanism to
change the DUS traits of a cultivar. This has importance for those bodies responsible for regulating and testing
grass cultivars across Europe as well as the grass breeding industry. However, this cannot be interpreted as a
universal rule for all grass-endophyte associations, rather the findings should be regarded as being new evi-
dence, which at the very least, confirms that PBR distinguishing morphological changes are not an inevitable
consequence of endophyte inoculation. It must also be stressed that in the three experimental sites there were
no acute biotic or abiotic stresses, which reduced the opportunity for the endophyte to benefit the host grass in
terms of growth and/or productivity. These implications must be taken into account when evaluating any other
cultivar-endophyte associations and particularly when considering how to manage the DUS testing of cultivars
that are commercialised as a cultivar/endophyte symbiont.

Received: 31 October 2019; Accepted: 9 April 2020;
Published online: 07 May 2020

References

1. Bacon, C.W,, & Hill, N.S. Neotyphodium/Grass Interactions (Plenum Press, New York & London, 1997).

2. Eaton, C. J., Cox, M. P. & Scott, B. What triggers grass endophytes to switch from mutualism to pathogenism? Plant Science. 180(2),
190-195 (2011).

3. Bacon, C,, Porter, J., Robbins, J. & Luttrell, E. Epichloé typhina from toxic tall fescue grasses. Appl. Environ. Microbiol. 34, 576-581
(1977).

4. Leuchtmann, A., Bacon, C. W, Schardl, C. L., White, J. E. & Tadych, M. Nomenclatural realignment of Neotyphodium species with
genus Epichloé. Mycologia. 106(2), 202-215 (2014).

5. Spiering, M. J., Moon, C. D., Wilkinson, H. H. & Schardl, C. L. Gene clusters for insecticidal loline alkaloids in the grass endophyte
fungus Neotyphodium uncinatum. Genetics. 169, 14031414 (2005).

6. Tanaka, A., Tapper, B. A., Popay, A., Parker, E. J. & Scott, B. A symbiosis expressed non-ribosomal peptide synthetase from a
mutualistic fungal endophyte of perennial ryegrass confers protection to the symbiotum from insect herbivory. Molecular
Microbiology. 57, 1036-50 (2005).

7. Young, C. A. et al. A complex gene cluster for indole- diterpene biosynthesis in the grass endophyte Neotyphodium lolii. Fungal
Genetics and Biology. 43, 679-693 (2006).

8. Lane, G. A,, Christensen, M. J. & Miles, C. O. Coevolution of fungal endophytes with grasses: the significance of secondary
metabolites In Microbial Endophytes (eds. Bacon, C.W. & White, J. F.) 341-388 (Marcel Dekker, New York, 2000).

9. Schardl, C. et al. Currencies of mutualisms: sources of alkaloid genes in vertically transmitted. Epichloae. Toxins 5, 1064-1088
(2013).

10. Gallagher, R.T., Hawkes, A.D,, Steyn, P.S. & Vleggaar, R. Tremorgenic neurotoxins from perennial ryegrass causing ryegrass staggers
disorder of livestock: structure elucidation of lolitrem B. Journal of the Chemical Society, Chemical Communications. 614-616 (1984).

11. Fletcher, L. R. & Harvey, I. C. An association of a Lolium endophyte with ryegrass staggers. New Zealand Veterinary Journal. 29,
185-186 (1981).

12. di Menna, M. E,, Finch, S. C., Popay, A. J. & Smith, B. L. A review of the Neotyphodium lolii | Lolium perenne symbiosis and its
associated effects on animal and plant health, with particular emphasis on ryegrass staggers. New Zealand Veterinary Journal. 60(6),
315-328 (2012).

13. Blodgett, D. J. Fescue toxicosis In Veterinary Toxicology (ed. Gupta, R.C.) 907-914 (Academic Press, ISBN 9780123704672, 2007).

14. Easton, H. S. et al. Ryegrass endophyte: a New Zealand Grassland success story in. Proceedings of NZ Grassland Assoc. 63, 37-46
(2001).

15. Arachevaleta, M., Bacon, C., Hoveland, C. & Radcliffe, D. Effect of the tall fescue endophyte on plant response to environmental
stress. Agronomy Journal. 81, 83-90 (1989).

16. Kane, K. H. Effects of endophyte infection on drought stress tolerance of Lolium perenne accessions from the Mediterranean region.
Environmental and Experimental Botany. 71, 337-344 (2011).

17. Yurkonis, K. A., Maherali, H., Bolton, K. A., Klironomos, J. N. & Newman, J. A. Cultivar genotype, application and endophyte
history affects community impact of Schedonorus arundinaceus. ] Appl Ecol. 49, 1094-1102 (2012).

18. Torkian, M., Sabzalian, M.R. & Ehtemam, M.H. A simultaneous effect of selfing and Epichloé endophyte on forage, seed yield and
turf characteristics of perennial ryegrass (Lolium perenne L.). Grass and Forage Sci. https://doi.org/10.1111/gfs.12437 (2019).

19. Assuero, S. G. et al. Morphological and physiological effects of water deficit and endophyte infection on contrasting tall fescue
cultivars. New Zealand Journal of Agricultural Research. 43, 49-61 (2000).

20. Union for the Protection of Varieties (UPOV) Document TGP/8, Trial design and techniques used in the examination of
Distinctness, uniformity and stability. www.upov.int/edocs/mdocs/upov/en/c_50/tgp_8_3_draft_1.pdf (2019)

SCIENTIFIC REPORTS |

(2020) 10:7729 | https://doi.org/10.1038/s41598-020-64474-7


https://doi.org/10.1038/s41598-020-64474-7
https://doi.org/10.1111/gfs.12437
http://www.upov.int/edocs/mdocs/upov/en/c_50/tgp_8_3_draft_1.pdf

www.nature.com/scientificreports/

21. New Zealand Intellectual Property Office Ministry of Business, Innovation and Employment. Technical-guidance. Seed-
requirement-for-grass-varieties. www.iponz.govt.nz/about-ip/pvr/technical-guidance/current/seed-requirement-for-grass-varieties
(2019).

22. Cagnano, G. et al. Large scale screening of Epichloé endophytes infecting Schedonorus pratensis and other forage grasses reveals a
relation between microsatellite- based haplotypes and loline alkaloid levels. Front. in Plant Sci. 10, 765 (2019).

23. Moon, C. D., Craven, K. D., Leuchtmann, A., Clement, S. L. & Schardl, C. L. Prevalence of interspecific hybrids amongst asexual
fungal endophytes of grasses. Mol. Ecol. 13, 1455-1467 (2004).

24. Community Plant Varieties Office Protocol for distinctness, uniformity and stability tests. https://cpvo.europa.eu/en/applications-
and-examinations/technical-examinations/technical-protocols (2019).

25. Weatherup, S. T. C. Use of Mahalanobis distance to measure varietal distinctness. Plant Varieties and Seeds. 7, 107-119 (1994).

26. Digby, P. G. N. Modified joint regression analysis for incomplete variety X environment data. Journal of Agricultural Science. 93,
81-86 (1979).

27. Hiatt, E. E., Hill, N. S, Bouton, J. H. & Stuedeman, J. A. Tall Fescue Endophyte Detection: Commercial Immunoblot Test Kit
Compared with Microscopic Analysis. Crop Sci. 39, 796-799 (1999).

28. He, L., Hatier, J. H. B. & Matthew, C. Drought tolerance of two perennial ryegrass cultivars with and without AR37 endophyte. New
Zealand Journal of Agricultural Research. 60(2), 173-188 (2017b).

29. Bacon, C. W. Abiotic stress tolerances (moisture, nutrients) and photosynthesis in endophyte- infected tall fescue. In. Acremonium/
Grass Interactions, Agriculture, Ecosystems and Environment. 44(1), 123-141 (1993).

30. Latch, G. C. M. & Christensen, M. J. Artificial infection of grasses with endophytes. Annals of Applied Biology. 107(1), 17-24 (1985).

31. Dupont, P. Y. et al. Fungal endophyte infection of ryegrass reprograms host metabolism and alters development. New Phytologist.
208(4), 12271240 (2015).

32. Lovatt, J. A., Cooper, T., Thorogood, D. & Palmer, S. A. Effect of AR-1 endophyte on the agronomic performance of Lolium perenne
in the UK. Grassland Science in Europe. 24, 394-396 (2019).

33. Barker, D. J,, Hume, D. E. & Quigley, P. E. Negligible physiological responses to water deficit of endophyte-infected and uninfected
ryegrass In Neotyphodium/Grass Interactions (eds. Bacon, C.W. & Hill, N.S. (1997) 137-139 (Plenum Press, New York & London,
1997).

34. Hume, D. E., Popay, A. J. & Barker, D. J. Effect of Acremonium endophyte on growth of ryegrass and tall fescue under varying levels
of soil moisture and Argentine stem weevil attack In Proceedings of the Second International Symposium on Acremonium/Grass
Interactions Hume (eds. Latch, G.C.M. & Easton, H.S.) 161-164 (AgResearch, Palmerston North, 1993).

35. He, L., Matthew, C., Jones, C. S. & Hatier, J. H. B. Productivity in simulated drought and post-drought recovery of eight ryegrass
cultivars and a tall fescue cultivar with and without Epichloé endophyte. Crop and Pasture Science. 68(2), 176-187 (2017a).

36. Easton, H. S. Grasses and Neotyphodium endophytes: co-adaptation and adaptive breeding. Euphytica. 154(3), 295-306 (2007).

37. Mason, D,, Hill, R. D., Norriss, M. G., Walker, L. & Sewell, J. C. Seasonal variation in the ergot alkaloid, ergovaline, in perennial
ryegrass (Lolium perenne) infected with standard and novel endophytes in Perennial Grasses in Pasture Production Systems,
Proceedings of an Australian Grassland Association Symposium (ed. Harris, C.) 37-41 (Canberra, Australia 2013).

38. Faeth, S. H. & Sullivan, T. J. Mutualistic asexual endophytes in a native grass are usually parasitic. American Naturalist. 161(2),
310-325 (2003).

39. Johnson, L. J. et al. Advances and perspectives in breeding for improved grass endophyte associations. Grassland Science in Europe.
24, 351-363 (2019).

40. Afkhami, M. E. & Rudgers, J. A. Symbiosis Lost: Imperfect Vertical Transmission of Fungal Endophytes in Grasses. The American
Naturalist. 172(3), 405-416 (2008).

41. Saikkonen, K., Wili, P. R. & Helander, M. Genetic compatibility determines endophyte-grass combinations. PLoS One. 5 (6), https://
doi.org/10.1371/journal.pone.0011395 (2010).

Acknowledgements

This study was jointly funded by the EU Community Plant Variety Office, Angers, France and Euroseeds, Brussels,
Belgium. The technical staff at each centre are thanked for their expert contribution to capturing and processing
the scientific measurements from the spaced plant field experiments.

Author contributions

Prof Gilliland led this collaborative study in which N. Roulund and S. Charrier prepared and distributed the E+4/
E— accessions to the three DUS Examination Offices. The authors from these centres, (Lafaillette, Patterson,
Gilliland and Wéster), took varying responsibilities for conducting the taxonomy studies at their site, analysing
the data and preparing the scientific paper, which was reviewed and agreed by all authors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.D.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:7729 | https://doi.org/10.1038/s41598-020-64474-7


https://doi.org/10.1038/s41598-020-64474-7
http://www.iponz.govt.nz/about-ip/pvr/technical-guidance/current/seed-requirement-for-grass-varieties
https://cpvo.europa.eu/en/applications-and-examinations/technical-examinations/technical-protocols
https://cpvo.europa.eu/en/applications-and-examinations/technical-examinations/technical-protocols
https://doi.org/10.1371/journal.pone.0011395
https://doi.org/10.1371/journal.pone.0011395
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of endophyte inoculation on the morphological identity of cultivars of Lolium perenne (L) and Festuca arundinacea (S ...
	Materials and Methods

	Results

	Discussion

	Conclusion

	Acknowledgements

	Table 1 Morphological characters examined in Perennial Ryegrass.
	Table 2 Morphological characters examined in Tall Fescue.
	﻿Table 3 Two year mean recordings of morphological characteristics of accessions of perennial ryegrass cultivars recorded at AFBI Crossnacreevy.
	﻿Table 4 Two year mean recordings of morphological characteristics of accessions of perennial ryegrass cultivars recorded at Bundessortentamt, Scharnhorst.
	﻿Table 5 Two year mean recordings of morphological characteristics of accessions of tall fescue varieties recorded at GEVES, L’Anjouère.
	Table 6 Example comparison of E− and E+ accessions of Carn perennial ryegrass by COYD analysis of two growing cycles at Crossnacreevy, N.
	Table 7 Example comparison of E− and E+ accessions of Carn perennial ryegrass by COYD analysis of two growing cycles at Scharnhorst, Germany.
	Table 8 Example comparison of E− and E+ accessions of Cove tall fescue as COYD analysis of two growing cycles at L’Anjouère, France.
	Table 9 Number of characters showing a significant difference in each accession in pair-wise comparisons for perennial ryegrass varieties at two sites after two growing cycles at Crossnacreevy, N.
	Table 10 Number of characters showing a significant difference in each accession in pair-wise comparisons for perennial ryegrass varieties at two sites after two growing cycles at Scharnhorst, Germany.
	Table 11 Summary of significant difference occurrences in pair-wise comparisons between different accessions of the same tall fescue cultivar at L’Anjouère, France.
	Table 12 Comparison of expected and observed significant differences between different accessions of the same cultivar.




