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ABSTRACT 

BACKGROUND: Perennial ryegrass (Lolium perenne) is systemically infected by seed-

transmitted fungal endophytes (Epichloë sp.).  The presence of Epichloë endophytes alters the 

nutritive quality of its hosts by means of modifications of several plant traits. The aim of this 

research was to develop a fast method based on Near-infrared reflectance spectroscopy (NIRS) 

to discriminate between perennial ryegrass plants infected (E+) or not infected (E-) with two 

endophyte species, Epichloë festucae var. lolii, and Epichloë typhina, using a heterogonous set 

of perennial ryegrass samples collected from wild grasslands and cultivars. Epichloë festucae

var. lolii cultures show two morphotypes, M1 and M3, and Epichloë typhina cultures have a 

different M2 morphotype.   

RESULTS: NIR spectra from E+ and E- ryegrass plants were recorded. Applying the best NIRS 

model for the detection of Epichloë, 93.3% of E+ plants were classified correctly. The NIRS 

morphotype classification was correct for 92.9% of M1 morphotype and 100% of M2 

morphotypes. The NIRS classification of M3 morphotypes was not as accurate, but it was in 

accordance with the fungal species classification, identifying some M3 as M1 morphotypes.  

CONCLUSION: NIRS can detect the presence of Epichloë fungal endophytes directly in samples 

of perennial ryegrass, and it is adequate to discriminate among fungal species. 

Keywords: fungal identification, endophyte classification, perennial ryegrass, chemometrics, 

Epichloë endophytes, NIRS 

INTRODUCTION 

Most plants form symbiotic associations with microorganisms that may enhance their fitness, 

enabling them to expand their niche and persist in otherwise marginal or inhospitable 

habitats.1,2 In this way much of the success of some pasture grasses is attributed to their 
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evolutionary history with systemic, vertically transmitted, symbiotic fungal endophytes of the 

genus Epichloë.3,4

The symbiotic relationship of endophytic fungi in the genus Epichloë (Fam. 

Clavicipitaceae) with grasses of the Pooideae subfamily has gained relevance since Bacon et 

al.5 reported the connection between Epichloë-infected tall fescue pastures and fescue 

toxicosis in cattle. Soon after, Epichloë-infected perennial ryegrass pastures were linked to 

ryegrass staggers in sheep.6 These animal toxicoses are due to bioactive alkaloids produced by 

the aforementioned systemic grass-endophytes.7,8 In addition, other studies have reported 

that Epichloë endophytes improve pest and drought resistance in their host grasses.3,9

Considering this dual effect of the associations between Epichloë endophytes with some of the 

most important forage grasses, a primary aim of endophyte research is to identify Epichloë

strains which, when inoculated into grasses, could confer useful agronomic characteristics to 

the plants without having detrimental effects to grazing livestock. As the toxicity to mammals 

and insect resistance come from differences in the genetic background of the strains, it may be 

possible to select and inoculate strains that would confer resistance to insects but no toxicity 

to mammals.10,11

The diagnosis and detection of Epichloë endophytes in host grasses can be carried out 

by histochemical, microbiological, immunological, or molecular techniques (reviewed by Florea 

et al.12). Histochemical detection is based on staining plant tissue samples, followed by 

examination of fungal hyphae by light microscopy.13 Another method for determining the 

presence of endophytes is to isolate them in a culture medium.14,15 Enzyme-linked 

immunosorbent assay (ELISA) uses specific antibodies against fungal epitopes.16 Molecular 

methods include polymerase chain reaction (PCR)-based amplification.17 Some of these 

methods have technical limitations,18 and require considerable sample preparation and 

chemical processing. 
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Near infrared spectroscopy (NIRS) is a fast, accurate, and non-destructive analytical 

technique that does not require the use of chemical reagents. NIRS predicts the chemical 

composition of a material based on the interaction between the surface of the sample and the 

incident polychromatic light over a spectral wavelength in the near-infrared region (1100 - 

2500 nm). The sample absorbs and reflects specific frequencies corresponding to combinations 

and overtones of vibration such as stretching and bending of hydrogen-bearing functional 

groups like –CH, –OH, and –NH.19,20 The signal obtained by NIRS contains information about 

the chemical composition and other properties of the analyzed matrix.21

NIRS has widespread application in food, agricultural, and industrial research of various 

plant products, including the evaluation of forage quality.22,23 In recent years promising results 

have been obtained applying this technology for the detection of microorganisms such 

Fusarium in garlic gloves,24 the incidence of Aspergillus fungal infections in rice samples,25 the 

detection of viral infection in fungal samples,26 or the discrimination of various brands of 

fermented Cordyceps mycelium powder.27 In most NIRS studies the damage caused by fungal 

contamination is visible, or the analysis was made in fungal mycelia.28,29 However, Epichloë

infection in grasses is asymptomatic, what makes necessary the diagnostic of fungal 

endophytes by some of the above mentioned techniques.  

Perennial ryegrass (Lolium perenne L.) is one of the most important forage grasses and 

it is often infected by asymptomatic Epichloë endophytes.30-32 We have found that two 

different Epichloë species, Epichloë festucae var. lolii and Epichloë typhina, coexist in in wild 

populations of L. perenne in western Spain.33 When isolated from plants, strains of E. festucae

var. lolii can be classified into two distinct culture morphotypes, M1 and M3, and these are 

different from the M2 morphotype of E. typhina cultures.33 In a recent paper, we showed that 

NIRS is suitable for the qualitative and quantitative analysis of Epichloë alkaloids in perennial 

ryegrass samples.34 The objectives of this work were to evaluate the suitability of NIR 

spectroscopy for: (i) discriminating between perennial ryegrass plants infected or not infected 
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with Epichloë endophytes; and (ii) recognizing the morphotype of the Epichloë endophyte 

directly in infected perennial ryegrass plants.  

MATERIALS AND METHODS 

Plant material 

The plant material consisted of 222 Lolium perenne plants obtained from natural grasslands 

(n=194), as well as commercial cultivars (n=28). Wild plants were collected in the spring at six 

populations located in western Spain and then transplanted to a field plot (Muñovela 

experimental farm, Salamanca, Spain). Plants were harvested in May of the following year at 

the flowering stage. Infected ryegrass plants from commercial cultivars were obtained by 

artificial inoculation with known Epichloë strains of seedlings of Barplus and Romance cultivars 

(Barenbrug, The Netherlands).14 These inoculated plants were grown for one year in 2 L pots 

with a mix of perlite:peat moss (1:1, v/v) and kept outdoors in a wirehouse. Plants were 

harvested in May of the following year at the vegetative growth stage. In all cases the 

aboveground biomass was cut at 5 cm above the soil, dried at 60 °C, and ground to 0.5 mm 

using a hammer mill (Fritsch 15303). 

Identification of Epichloë endophytes by reference methods 

All ryegrass plants were diagnosed for the presence of Epichloë endophytes by means of fungal 

isolation in potato dextrose agar (PDA).13 Samples of reproductive stems or leaf sheaths from 

each plant were cut into 5 mm long pieces, surface sterilized, and placed into 9 cm Petri plates 

containing PDA with 200 mg L-1 of chloramphenicol, to avoid bacterial growth. The plates were 

incubated at room temperature, and examined until Epichloë mycelium emerged from 

infected plants.  

According to macromorphological characteristics of Epichloë endophyte cultures 

grown in PDA, infected plants harbored three different morphotypes: M1 morphotype, slow 
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growth mycelium with a convoluted surface; M2 morphotype, faster growth rate with white 

cottony aerial mycelium; M3 morphotype, intermediate growth rate with tan, smooth 

mycelium (Fig. 1).33 The species to which the fungal cultures belonged were confirmed using 

the nucleotide sequences of the ITS1-5.8SrDNA-ITS2 region, and a partial sequence of the -

tubulin (tub2) gene. PCR primer pairs: ITS4/ITS5 and tub2-exon1d-1 and tub2-exon4u-2 were 

used to amplify these DNA regions.34,35

Near-Infrared spectroscopy 

Acquisition of infrared spectra 

The set of ryegrass samples was composed of endophyte-free, naturally infected, and 

artificially inoculated plants. About 2.0 g of each of the 222 ground ryegrass samples were 

placed on a circular (38 mm diameter and 10 mm thickness) quartz reflectance sample cell for 

spectra acquisition. Reflectance spectra were acquired from 400 to 2498 nm at 2 nm 

wavelength increments, and collected using a NIRSystem 6500 scanning monochromator (FOSS 

Analytical, Denmark) fitted with a sample transport module. The spectrum of each grass 

sample was recorded as log (1/R) (where R is the intensity of reflected light at each 

wavelength) and used for further chemometrical analyses. Instrument control, manipulation of 

spectral files and chemometric analyses were made with WinISI 4.3 software (FOSS Analytical, 

Denmark). 

The registered spectra were randomly divided into two subsets using WinIsi 4.3 

software: 75% of the samples were used for calibration of the models, and the remaining 25% 

were used for an external validation to confirm the performance of the NIR equations.  

Spectra pre-treatments 

Several mathematical treatments were applied to the spectra in order to minimize problems 

related to light scattering: averaging of the raw spectra, characterization of the absorbance 

(standard normal variate= SNV), correction of the trend (DeTrend= DT), and SNV and DT 
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together (SNV+DT) (Fig. S1). The function of the spectra averaging is to reduce the random 

noise, and therefore to increase the signal/noise ratio. Characterization of the absorbance 

(SNV) tries to minimize the dispersion caused by physical factors, such as the particle size, and 

for this each individual spectrum is centered and scaled.36 The DeTrending (DT) step involves 

the application of a second-degree polynomial to standardize variation in spectral 

curvilinearity.36

These mathematical pretreatments were combined with derivative, gaps and 

smoothing transformations to remove additive baseline effects (first derivative) or a linear 

baseline (second derivative).37 Their notation is indicated with four digits (a, b, c, d) where: a is 

the order of derivative; b is the number of points where the derivative is performed; c is the 

number of points where the first smoothing is made; and d the number of points where the 

second smoothing is performed (Fig. S2). 

Discriminant NIR analysis 

The qualitative discriminant model was based on a pattern recognition method, with a priori

knowledge about the category membership of the samples. A discriminant algorithm known as 

’X Residuals’ was used, so that a principal component analysis (PCA) is performed on each 

group, then the evaluated spectrum’s score is multiplied by the PCA loadings for each group, 

the product is subtracted from the evaluated spectrum, and the sample will be classified as 

belonging to the group resulting with the lowest residual. 

The NIR spectral information of each plant sample was used to define the parameters 

to be modeled and the discriminant equations developed: (i) to detect the presence (E+) or 

absence (E−) of Epichloë and (ii) to recognize the morphotype of the Epichloë endophyte 

hosted (M1, M2 or M3). For each parameter, a total of 40 discriminant equations obtained 

with different spectral pretreatments (Figs. S1, S2) were evaluated.   

The accuracy of the discriminant models was measured as the percentage of samples 

of the validation set that were correctly classified and the percentage of false positives. A 
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false-positive was defined as a sample without the constituent studied but classified by the 

discriminant NIR model as having the constituent; and a false-negative occurs when in a 

sample the constituent was presented but the NIR model classified it as not having the 

constituent. Those models achieving the highest score of good classification and the lowest 

percentages of false negatives were selected to identify the evaluated the presence of Epichloë 

endophytes and their morphotype, on new samples.  

RESULTS 

Epichloë incidence 

The wild ryegrass sample set used for developing the NIR discriminant equations presented a 

40.2% incidence of Epichloë infection. Among the Epichloë-infected plants the M1 morphotype 

was the most common endophyte (51.3%), 12.7% of the E+ plants were infected by M2 

morphotype endophytes, and 36.0% of the E+ plants had strains belonging to the M3 

morphotype (Table 1; Fig. 1). According with the phylogenetic analysis of 67 representative 

sequences from all the Epichloë morphotypes, the endophytes were clustered in two major 

clades, one enclosing M1 and M3 morphotypes into the same clade as the reference 

sequences of E. festucae var. lolii; and the second clade was comprised by M2 and M2S 

morphotypes with reference sequences of E. typhina (Fig. S3).33

NIR spectra of ryegrass samples 

Figure 4 shows the raw spectra of the 222 ryegrass samples (non-infected plants, and Epichloë-

infected with M1, M2, and M3 morphotypes). All the spectra had almost the same shape along 

the whole wavelength range, with no obvious distinction for specific groups. Differentiation 

among ryegrass samples was possible only after the use of chemometrics to build up 

mathematical relationships between the absorption spectra and the characteristics of interest. 
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The main peaks observed in the spectra (Fig. S1) are derived from hydrogen bonds of 

water molecules, which strongly absorb the infrared radiation, contributing to scatter the light, 

and producing a negative effect in the vis-NIR spectra. Thus, it was observed that the visible 

region did not contribute useful information, on the contrary the accuracy of the NIRS 

equations decreased. Therefore, the wavelength range used to obtain all the discriminant 

models was from 1100 to 2000 nm.  

Detection of Epichloë endophytes by NIRS 

The results obtained by the X Residual method for classification of ryegrass plant samples 

according to their infection status are presented in Table 2, which includes the percentage of 

samples correctly classified in training and validation sets, and the global percentage of 

samples misclassified by the NIRS discriminant models evaluated.  

In the training set, the percentages of correct classification varied from 81.0 to 100.0%, 

depending on the mathematical treatment. In the validation set the percentage of plants 

correctly classified was lower than in the training set, ranging from 68.5 to 96.3%. The best 

discriminant model to detect Epichloë endophytes in ryegrass plants was obtained with 20 PCs, 

which explained a 98.6% of spectral variability, and applying the mathematical treatment m2, 

correction of scatter SNV+DT (2,4,4,1). This model classified correctly 87.5% of E- plants and 

93.3% of E+ plants in the validation; it did not have the highest percentage of correct 

classification (e.g. n1, 96.3%) but it had the lowest percentage of E+ samples misclassified 

(1.7%). Four of the six misclassified E- plants were artificially inoculated and they can be 

recognized in Fig. 2 because of their higher differences with respect to the E− plants. The other 

two cases were misclassified because their spectra were recorded from not completely full 

capsules because there was not enough sample. Only two E+ samples were wrongly classified 

as E−, and no special characteris�cs were observed.
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Morphotype of the Epichloë endophyte by NIRS 

In the calibration process, ryegrass samples infected with M1 morphotype were the best 

identified; most of the models (15 out of the 20) classified correctly more than 95% of the 

samples, and only in one case the classification of ryegrass samples infected with M1 

morphotype was lower than 50% (Table 3). The ryegrass samples harboring M2 endophytes 

were correctly identified within a range from 80.6% to 100%. Plants hosting endophyte with 

the M3 morphotype were classified correctly in a range from 73.7% to 94.7%.  

In the validation process, the percentage of correct classification of plants with M1 and 

M2 endophytes varied between 35.7-92.9% and 60.0-80.0% respectively (Table 3). In contrast 

with the training calibration, in the validation only five discriminant models achieved a 10% of 

success when used to identify plants harboring M3 endophytes.  

The discriminant model with the best statistical parameters for identifying the 

morphotype of the Epichloë endophyte hosted by ryegrass plants was obtained when the 

spectra were transformed using the mathematical treatment m4, applying a scatter correction 

SNV+DT (2,8,6,1). This model used 17 PCs that explained 99.8% of the spectral variability and 

had the highest percentage of the correct classification in the training and the validation sets, 

98.9% and 67.6% respectively (Table 3). The selected discriminant model misclassified only 9 

samples, one belonging to the M1 morphotype and classified as M2, and all the plant samples 

infected with the M3 morphotype from the validation set (n= 8) were classified as M1 

morphotype (Fig. 3). The misclassified samples were naturally infected and had different 

origins.  

DISCUSSION 

The results of this work show that the NIR spectral information obtained directly from dried 

and ground ryegrass plant samples can be used to detect the presence of Epichloë endophytes, 

and to classify them according to their morphotype and species. 
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The biomass of Epichloë hyphae comprise less than 0.2% of an infected plant 

biomass.38,39 However, this small amount of fungus produces biochemical changes inside the 

host plants that can be detected by NIR spectroscopy. Identification of ryegrass plants infected 

with E. festucae var. lolii using NIR spectroscopy was performed by Brandl40 with good 

identification of all samples. However, the samples consisted of a single commercial cultivar of 

perennial ryegrass, and a small sample set (n=20) was used. We have used a large and 

heterogeneous set consisting of 222 wild and cultivar ryegrass plants, and only eight plants 

were misclassified in order to identify the presence of Epichloë endophytes. This can be 

considered an excellent result in view of the high heterogeneity of the ryegrass samples 

analyzed and of the different morphotypes and species of the Epichloë strains hosted.  

Several spectra obtained from ryegrass plants of commercial cultivars were outliers; it 

seems that those grasses have major differences with respect to the wild ones. One of the 

main differences was the phenological stage of the plant at harvest for NIR analysis, wild plants 

were collected at flowering stage and cultivars at a vegetative growth stage, and the 

distribution or concentration of fungal mycelium in the plant is different. The Epichloë

mycelium concentrates in pseudostems during the vegetative phase, and in flowering stems in 

the reproductive phase.41 The inclusion of spectra from inoculated cultivars of ryegrass may 

have reduced the predictive accuracy of the NIR models, but those samples provided more 

variability and therefore universality to the discriminant NIR models. For this reason the 

remnant spectra from commercial cultivar plants were kept in the training set and used for the 

development of the NIRS discriminant equations. 

The discriminant analysis developed for identification of morphotypes of the Epichloë

endophytes present in ryegrass samples failed to distinguish plants infected with the M3 

morphotype in the validation process; instead these were classified as belonging to the M1 

morphotype, and completely apart from M2 morphotype. In this regard, it is important to 

remark that, according to a phylogenetic analysis made using the partial sequences of the ITS1-
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5.8SrDNA-ITS2 region and the β-tubulin (tub2) gene of the endophytes from the set of the 

ryegrass plants analyzed, two species of Epichloë fungi were detected: E. typhina, represented 

by M2 morphotype cultures; and E. festucae var. lolii represented by M1 and M3 morphotypes 

(Supplementary S1). Nucleotide sequences of the above genes were identical for cultures of 

M1 and M3 morphotypes.33 These results coincide with those obtained through the 

discriminant analysis using NIRS for morphotype identification, and explain why the M3 was 

classified as M1 by the NIRS model. Therefore, strains of the M1 and M3 morphotypes may 

have more features in common, than the differences on culture morphotype and alkaloid 

profile, that made them indistinguishable inside the ryegrass samples by NIR spectroscopy.33,34

Therefore, the misclassification of M3 is not an important method failure. The clustering of M1 

and M3 morphotypes was also observed after DNA sequencing of fungal strains belonging to 

these groups. Thus, in the case of M1 and M3 morphotypes, the plant analysis by NIRS can 

achieve the same result as some phylogenetic analyses based on nucleotide sequences often 

used for the identification of fungal taxa, including Epichloë.42 There have been attempts to 

use NIRS for the classification of fungal species; for example, Petisco et al.43 used ground 

mycelium to develop a method for the identification of three species of Epichloë, which 

resulted in correct classification rates higher than 90% for the three species. However, the 

main advantage of the discriminant method presented here is that it does not require the 

isolation of the fungus from the plant; instead the classification is directly done in dried and 

ground samples of ryegrass plants, and provides an excellent identification of the two Epichloë

species found in the samples. Therefore NIRS can be an alternative technique for detection 

and species identification of Epichloë endophytes in Lolium perenne plants, in particular when 

analyzing a large number of samples. To simply detect whether the endophyte is present in 

plants, the standard histochemical method (microscopic examination of stained leaf tissue) is 

simpler and less expensive. For species identification, the standard method is slower, since 

fungal isolation in PDA–plates may take up to one month. One of the main advantages of NIRS 
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is that once the calibration is made, the registration of the spectrum of each plant sample 

(dried and ground) is enough to get the result of infection and morphotype of the fungi, and 

this only takes about two minutes. In addition, from the registered spectra is possible to 

determine many other bromatological parameters of interest in grasses (e.g. nutrients, fiber, 

protein, alkaloids, digestibility)22 with the appropriate calibration equation. Other advantages 

of NIRS are that the technique is non-destructive, that is, the sample can be used for other 

types of analysis, and no chemical reagents are needed to prepare samples, making it 

environmentally friendly. 

This is the first report of the identification of Epichlöe species and morphotypes 

directly in plant samples by NIRS. The results show that NIRS, coupled with an appropriate 

algorithm and spectrum pretreatment, could be used as a reliable tool for discriminating 

between perennial ryegrass plants infected or not infected with Epichloë endophytes, and also 

for discriminating fungal species (E. festucae var. lolii and E. typhina) in plant samples.  
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Table 1. Characteristics of the ryegrass sample set used in the development of NIRS models: 

incidence of Epichloë (E) and occurrence of Epichloë morphotype (M) 

Parameter Sample Condition 
Number of samples 

Calibration Validation Total 

Epichloë 
infection 

E−  
(No Epichloë infected plants)

74 24 98 

E+
(Epichloë infected plants)

94 32 124 

Epichloë
morphotype 

M1  
(slower growth mycelium with 
convoluted surface)

40 14 54 

M2  
(faster growth rate with white cottony 
aerial mycelium)

31 10 41 

M3  
(intermediate growth rate with tan, 
smooth and flat mycelium)

21 8 29 
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Table 2. Results of the discriminant models using the NIR spectra of ryegrass samples to 

evaluate their infection with Epichloë endophytes (E− = no infected plants, E+ = Epichloë

infected plants). Number of principal components (PC) and outliers detected for each of the 

mathematical transformations resulted after principal component analysis. The shadowed row 

indicates the most accurate mathematical treatment 

 Mathematical 
 treatmenta PC Spectral 

outliers 

Samples correctly classified (%)b Samples misclassified
(%)b

Training set Validation set Total 

E− E+ Mean E− E+ Mean E− E+ 

n0 8 12 82.2 80.0 81.0 62.5 64.3 63.5 22.7 23.9

n1 13 7 95.9 92.0 93.8 91.7 100 96.3 5.1 6.0

n2 18 5 97.3 100 98.8 79.2 83.3 81.5 7.1 4.2

n3 14 10 94.6 100 97.4 91.7 85.7 88.5 6.1 3.7

n4 16 7 98.6 95.4 96.9 83.3 56.7 68.5 5.1 14.5

s0 8 13 86.5 86.7 86.6 70.8 78.6 75.0 17.3 15.3

s1 14 11 94.6 97.6 96.2 87.5 82.1 84.6 7.1 6.2

s2 20 7 95.9 100 98.1 83.3 93.3 88.9 7.1 1.7

s3 14 13 100 100 100 79.2 89.3 84.6 5.1 2.8

s4 17 10 95.9 100 98.1 79.2 89.3 84.6 8.2 2.7

d0 11 8 89.2 97.6 93.7 87.5 93.3 90.7 11.2 3.5

d1 13 9 94.6 98.8 96.9 91.7 90.0 90.7 6.1 3.5

d2 18 5 97.3 100 98.8 79.2 80.0 79.6 7.1 5.0

d3 14 10 91.9 92.9 92.4 83.3 90.0 87.0 10.2 7.9

d4 16 7 98.6 100 99.4 83.3 70.0 75.9 5.1 7.8

m0 12 11 97.3 91.8 94.3 70.8 78.6 75.0 9.2 11.5

m1 14 11 100 100 100 87.5 85.7 86.5 3.1 3.6

m2 20 7 95.9 100 98.1 87.5 93.3 90.7 6.1 1.7

m3 14 13 93.2 94.0 93.6 87.5 92.9 90.4 8.2 6.3

m4 17 10 98.6 97.6 98.1 83.3 86.7 85.2 5.1 5.3

(a)Transformation of the NIR spectra: n= no scattering; s= standard normal variate (SNV); d= correction of trend (DT); 
m= SNV + DT transformations. The smoothing, gaps and derivatives are indicated with the number next to letter, for 
this: 0= (0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1), 3=(2,10,10,1); and, 4=(2,8,6,1).  
(b) Percentages calculated without spectral outliers. 
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Table 3. Results of the discriminant models using the NIR spectra of ryegrass samples for 

identification of the Epichloë morphotypes hosted in the ryegrass samples (M1 morphotype= 

slower growth mycelium with convoluted surface, M2 morphotype= faster growth rate with 

white cottony aerial mycelium, M3 morphotype= intermediate growth rate with tan, smooth 

and flat mycelium). The shadowed row indicates the most accurate mathematical treatment 

Math. 

Treat. 

Samples correctly classified (%)b Samples misclassified (%)b

Training set Validation set Total

M1 M2 M3 Mean M1 M2 M3 Mean M1 M2 M3

n0 72.5 77.4 73.7 74.4 35.7 80.0 0.0 38.2 16.1 7.3 12.1

n1 100 93.5 94.7 96.7 71.4 80.0 0.0 52.9 3.2 3.2 8.9

n2 100 100 89.5 97.8 78.6 70.0 0.0 52.9 2.4 2.4 9.7

n3 100 96.8 94.7 97.8 50.0 80.0 0.0 44.1 5.6 2.4 8.9

n4 100 100 94.7 98.9 64.3 80.0 0.0 50.0 4.0 1.6 8.9

s0 75.0 80.6 78.9 77.8 64.3 50.0 10.0 44.1 12.1 8.9 10.5

s1 100 93.5 94.7 96.7 71.4 80.0 0.0 52.9 3.2 3.2 8.9

s2 100 100 94.7 98.9 78.6 80.0 0.0 55.9 2.4 1.6 8.9

s3 97.5 96.8 94.7 96.7 50.0 80.0 10.0 47.1 6.5 2.4 8.1

s4 100 100 94.7 98.9 64.3 80.0 0.0 50.0 4.0 1.6 8.9

d0 87.5 80.6 94.7 86.7 57.1 60.0 10.0 44.1 8.9 8.1 8.1

d1 100 93.5 94.7 96.7 57.1 80.0 0.0 47.1 4.8 3.2 8.9

d2 100 100 89.5 97.8 78.6 70.0 0.0 52.9 2.4 2.4 9.7

d3 100 96.8 94.7 97.8 50.0 80.0 0.0 44.1 5.6 2.4 8.9

d4 100 100 94.7 98.9 57.1 70.0 0.0 44.1 4.8 2.4 8.9

m0 95.0 93.5 89.5 93.3 78.6 80.0 10.0 58.8 4.0 3.2 8.9

m1 35.0 93.5 94.7 67.8 71.4 80.0 0.0 52.9 24.2 3.2 8.9

m2 100 100 94.7 98.9 78.6 80.0 0.0 55.9 2.4 1.6 8.9

m3 97.5 96.8 94.7 96.7 50.0 80.0 10.0 47.1 6.5 2.4 8.1

m4 100 100 94.7 98.9 92.9 100 0.0 67.6 0.8 0.0 8.9

(a)Transformation of the NIR spectra: n= no scattering; s= standard normal variate (SNV); d= correction of trend (DT); 
m= SNV + DT transformations. The smoothing, gaps and derivatives are indicated with the number next to letter, for 
this: 0= (0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1), 3=(2,10,10,1); and, 4=(2,8,6,1).
(b) Percentages calculated without spectral outliers. 
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Figure 1. Morphotypes of Epichloë endophytes, growing in malt dextrose agar media, isolated 

from the perennial ryegrass plants used for the development of the discriminant equations: (a) 

M1 morphotype, slow growth mycelium with convoluted surface; (b) M2 morphotype, faster 

growth rate with white cottony aerial mycelium; (c) M3 morphotype, intermediate growth rate 

with tan, smooth and flat mycelium. 
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Figure 2. Classification of ryegrass samples according to the presence of Epichloë endophytes 

(E− = no infected plants; E+ = Epichloë-infected plants) applying the discriminant X Residual 

algorithm on the NIR transformed spectra with the mathematical treatment m2: SNV+DT 

(2,4,4,1). 
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Figure 3. Classification of ryegrass samples according to the morphotype of the Epichloë

endophytes hosted (M1, M2 or M3) applying the discriminant X Residual algorithm on the NIR 

transformed spectra with the mathematical treatment m4: SNV+DT (2,8,6,1). 
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