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Abstract 
Tall fescue (Lolium arundinaceum)  is an important forage and turf grass that covers 35 
million acres (140,000 square kilometers) in the transition zone of the southeastern United 
States. Most tall fescue in the US is infected with a symbiotic fungus, Epichloë 
coenophiala, which confers biotic and abiotic stress tolerance for the plant but also 
produces toxic alkaloids that harm livestock. Although there has been prior evidence that 
the grass host can influence alkaloid production levels, these have never been precisely 
quantified. Here, we report on testing alkaloid production and relative fungal biomass on 
>1000 genetically distinct tall fescue plants. We find that these two traits are weakly 
correlated, and that both show evidence of moderate to high influence by the host genome. 
Genome-wide association find only a single marginally significant hit, however, implying 
that any genetic control by the host is spread among a large number of genes. These results 
indicate that the host plant exerts moderate influence on these endophytic traits, that the 
two are largely independent of each other, and that the host’s influence is likely due to a 
large number of genes of small effect. These results have relevance for breeding tall fescue 
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for forage and turf production, and especially for optimizing the endophyte relationship for 
tall fescue management. 

 

 

 

 

Article: 

1. Introduction: 
Tall Fescue (Lolium arundinaceum)  is an important forage and turf grass that covers 

35 million acres (140,000 square kilometers) in the transition zone of the southeastern 
United States (Hmielowski, 2016).  Tall fescue is valued because of its high heat tolerance, 
adaptability to many soil types, high forage production, and ability to survive heavy grazing 
from cattle (Breuillin-Sessoms & Watkins, 2020; Jiang & Huang, 2001; Morris, 2010; Novello 
et al., 2025; Richard et al., 2020). 

The most widely planted cultivar of tall fescue in the United States is Kentucky 31, 
which was released in 1942, and is valued for its widespread adaptation and hardiness 
(Fergus & Buckner, 1972; Hmielowski, 2016). One of the reasons that Kentucky 31 is so 
hardy is that it contains a fungal endophyte, Epichloë coenophiala. E. coenophiala is an 
asexually reproducing fungus that propagates by growing within its tall fescue host and 
infecting developing seeds ensuring it is vertical transmission to the next generation 
(Christensen et al., 2008; Clay & Schardl, 2002; Zhang et al., 2017).  

 

1.1 Effect of Epichloë coenophiala on Tall fescue 

Fungi in the genus Epichloë are thought to help grasses grow in times of drought and 
environmental stress (Bacon, 1993; Islam et al., 2022; McCulley et al., 2014; Xu et al., 
2017). E. coenophiala defends its host from herbivores such as insects, nematodes, and 
mammals (Bacetty et al., 2009; Clay, 1991; Liebe & White, 2018) due to producing various 
alkaloids (Schardl et al., 2006) that are only produced when inside a plant host (Young et 
al., 2005).  Endophyte free tall fescue lacks persistence in the field and shows a clear 
decrease in stress tolerance when compared to its endophyte infected counterpart. (J. H. 
Bouton et al., 1993). 
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 E. coenophiala produces several classes of alkaloids, including indole-diterpenes, 
pyrrolopyrazines (e.g. peramine) , pyrrolizidines (e.g. N-formyllolines), and ergot alkaloids 
(Takach & Young, 2014). Peramine and the lolines are most well known for their anti-insect 
properties (Nelli & Scheerer, 2016; Niu et al., 2023; Schardl et al., 2007). Indole-diterpenes 
best known for their mammalian mycotoxins but can also be insecticidal.  However, of 
these alkaloids, the most relevant for detrimental effects on grazing mammals is ergot 
alkaloids, which cause vasoconstriction within cattle, which can lead to the loss of weight, 
gangrenous lesions in extremities, spontaneous abortion, and other aspects of “fescue 
toxicosis” (Gunter & Beck, 2004). Ergot alkaloid production is encoded by the EAS gene 
cluster (Fleetwood et al., 2007; Florea et al., 2017), and isolates that lack key genes in this 
cluster have been identified and introduced into tall fescue to produce “non-toxic” varieties 
(J. Bouton et al., 2002; Hopkins et al., 2010).These “novel” non-toxic isolates do not 
produce ergot alkaloids. However, due to the high cost of pasture replacement, decades of 
toxic fescue use, and the added expense of novel endophyte seed, much of the tall fescue 
in the U.S. remains the toxic variety (Ball et al., 2019; Hmielowski, 2016).  

1.2 Factors affecting fungal growth and alkaloid production 

Studying the mechanisms that control alkaloid production has been difficult. In part 
this is because the Epichloë  gene clusters that encode for alkaloids can create a wide 
range of alkaloid diversity profiles, even within the same species (Bony et al., 2001; Young 
et al., 2015). E. coenophiala can also only reliably produce alkaloids when living inside a 
host (Young et al., 2005). Nonetheless, some factors have been identified that appear to 
influence alkaloids in plantae. For example, alkaloid levels increase when nitrogen fertilizer 
is applied, when seed heads have sprouted, during the months of April-May, and in August-
September (Hemken et al., 1981; Lea & Smith, 2021; McCulley et al., 2014; Repussard et 
al., 2014). There is some evidence that the plant influences the amount of alkaloids that 
Epichloë produces (Agee & Hill, 1994; Easton et al., 2002; Faville et al., 2015; West, 2007).  

1.2 Experimental Aims 

We report here the analysis of the interaction between tall fescue and its fungal 
endophyte, Epichloë coenophiala. Our specific goal was to determine the degree to which 
the plant host can affect fungal growth and alkaloid production in plantae, using a pair of 
biparental mapping populations sharing a common parent and a larger open cross among 
17 parents. We report on their estimated heritability correlations between them, and a lack 
of clear genomic regions in tall fescue influencing these traits. With 1083 genetically 
distinct individuals tested for both alkaloids and fungal biomass, this represents the largest 
direct comparison of alkaloid production in tall fescue to date. 
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2. Methods: 

2.1 Population Design 

The materials for this study were created by an open cross among 17 tall fescue 
genotypes, all of which were infected with a similar strain of Epichloë coenophiala known 
to produce ergot alkaloids, peramine and lolines. Production of ergovaline was confirmed 
in all 17 genotypes  with ELISA, SKU number ENDO899-2t (Hill & Agee, 1994). Once the 17 
genotypes were established, they were allowed to open pollinate among themselves. 
Seeds were collected from each plant in 2015, 2016, and 2017, and in 2019 these seeds 
were planted in a greenhouse at the University of Georgia. Approximately 176 plants per 
maternal parent were planted, and all plants were tested for endophyte with Agronostics 
immunoblot kit (Hiatt III et al., 1999); plants without endophyte were discarded. 

 Initial investigations focused on the entire open cross progeny. Later investigations 
focused on just the two largest crosses, which formed two half-sib families within this 
population, totaling 175 progeny and 3 parents.  

2.2 Sampling 

To get the plant genotypes, we extracted DNA from the grass by sampling three leaf 
blades and freeze-drying them. For the ergot alkaloid measurements, 9 whole tillers were 
sampled, and leaf blades were discarded. For relative biomass ratios, the grass was 
sampled from the bottom 1.5 – 2 inches of 3 to 4 tillers where the fungus is most abundant 
(Figure 1). Both the ergot alkaloid samples and the relative biomass samples were taken 
once in February of 2023 for the entire population and again in February 2024 for only the 
two half-sib families. 

2.3 Fungal Preliminary Data 

Differences among original parental lines were tested by selecting 7 parent plants (301, 
305, 312, 314, 315, 319, 320) from the 17 founders and creating 5 subclones for each of 
them. Clones were grown in the greenhouse in a randomized design, each clone was 
sampled once for both alkaloid testing and the biomass testing, with one random plant 
sampled twice to evaluate technical variation. Parents 315 and 320 had plants die, so an 
additional technical replicate was taken from another clone. ANOVA was used to 
determine if any differences existed among the genotypes, followed by Tukey’s Honest 
Significant Difference test to determine the differences among them. Similar ANOVA and 
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HSD tests were used later to 
determine differences among 
the two half-sib families and 
the entire population. 

2.4 Sequencing and 
Genotyping 

Since a reference genome 
for tall fescue was not 
available at the time, we 
performed skim sequencing 

on the 17 parental lines at a depth of 5x using the Illumina platform (BioProject: 
PRJNA648970). These sequences were used to create a rough assembly for later mapping. 
Specifically, the reads were trimmed using TrimGalore (Krueger et al., 2021), and then using 
Kraken2 (Wood et al., 2019), any reads flagged as non-plant species were removed. De-
novo assemblies of the parental lines were created using SPAdes (Bankevich et al., 2012). 
From these parental assemblies, we chose the most complete one to use as a reference for 
the next steps. Using BWA (Li & Durbin, 2009), BCF tools (Li, 2011), and VCF tools (Danecek 
et al., 2011) a VCF file was created and filtered for SNPs with a minor allele frequency of 
5%, a mean depth between 20-1000, a minimum quality score of 50, and had to appear in 
95% of the parents. The full commands for each of these steps is available at 
https://github.com/DarrianTalamantes/Genome_creation.git.  

From the parental SNPs identified this way, a FlexSeq panel (Rapid Genomics, 
Gainsville, FL) was developed for use on the progeny and 3000 progeny were tested with 
this panel. 

Because only the maternal parent was known for each progeny, paternal parents were 
identified based off of shared k-mers. K-mers were tabulated with KMC3 (Kokot et al., 2017) 
and filtered for ones that were unique to a single parent and appeared in at least six 
progeny. From this reduced list, the number of unique k-mers that were shared between 
each possible parent-progeny pair were calculated. Then, for each progeny, the counts of 
shared k-mers with each possible parent converted into z-scores based on the distribution 
across all possible parents so that they could be compared across progeny despite 
different read depths. Z-scores were then clustered using k-means clustering (k=4 clusters) 
and resampled 100 times. Parentage was assigned when (1) the potential parent-progeny 
pair appeared in the top cluster (with the highest number of shared SNPs/k-mers) at least 
65 out of 100 times; (2) exactly 2 parents passed criterion #1; and (3) one of those two 

Figure 1. Tall Fescue 
sampling. Leaf blades (blue 
box) were sampled for 
genotyping, while 
pseudostem (orange box) 
was taken for alkaloid 
analysis and fungal biomass 
since the fungus is 
concentrated here 
(Christensen et al., 2008). 
Figure courtesy of Chloe 
Mootz. 
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parents was the known maternal parent. Using these cutoffs, we were able to infer 
parentage for 2407 of the 3000 genotyped progeny. 

Later, the two largest crosses, 314x310 and 314x312, and all 17 parents were re-
genotyped to greater depth using tunable genotype by sequencing (tGBS)(Ott et al., 2017) 
outsourced to Freedom Markers. SNPs were called using a draft scaffold-level Tall Fescue 
genome (Bushman et al. under preparation).  

tGBS SNPs were called by quality trimming the reads and aligning them the tall fescue 
draft genome using GSNAP (Wu & Nacu, 2010); only reads that aligned uniquely were used 
to identify polymorphic markers. This resulted in a VCF file with 896,240 SNPs. VCFtools 
(Danecek et al., 2011) and BCFtools (Danecek et al., 2011) were then used to filter SNPs to 
a minimum allele frequency of 0.05, minimum site depth of 8, maximum site depth of 30, 
and maximum 50% missing across samples. This resulted in a final genotype set of 12,103 
SNPs with an average read depth of 15.9, compared to the average depth of 4.3 for the 
original Flex-Seq data. 

To find genetic outliers, we conducted a PCA on the filtered SNP dataset. Most 
individuals from each cross grouped with members of their own cross; however, some 
individuals from 314x312 separated from the main grouping, likely due to misassignment of 
parentage. Those individuals were filtered out, as well as any individuals that were separate 
from the main population cluster.  

2.5 Phenotyping 

Total ergot alkaloids were measured via quantitative ELISA as a fee-for-service via the 
company Agronostics (Schnitzius et al., 2001). Fungal biomass was estimated based on 
relative DNA amounts for the fungus and tall fescue hosts, measured by quantitative 
polymerase chain reaction (qPCR). Tillers were harvested as described in section 2.2 and 
DNA extracted with ZYMO fungal/bacterial miniprep kit (Zymo #D3024) according to the 
manufacturer’s instructions. Extracted DNA was diluted to 10 ng/µl. 

 All qPCR reactions used 10 µl of SYBR Green master mix (ROCHE # 04707516001), 1 µl 
of forward and reverse primers at 10 nm, 3 µl of nuclease free water, and 5 µl of the diluted 
sample. Using primer sets G3P4 targeting tall fescue glyceraldehyde-3-phosphate 
dehydrogenase and DMAW4 targeting Epichloë dimethylallyl-tryptophan synthase 
(Talamantes et al., 2024), all reactions were run in triplicate on a Roche 480 II machine with 
the following settings: pre-incubation at 95°C for 5 minutes, followed by 45 cycles of 95°C 
for 10 seconds, 50°C for 15 seconds, and 72°C for 16 seconds.  The CT values were 
measured for Epichloë and tall fescue to use as a proxy for the biomass of each organism. 
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Any CT values that were 3 standard deviations from the mean for their respective qPCR 
plate or were measured as 0 were removed before averaging. 

Every run had a standard curve made of tenfold serial dilutions (5 concentrations) of 
purified PCR product. G3P4 product initial concentration was 0.001 ng/µl, and DMAW4 was 
0.01 ng/µl. Each run had two sets of serially diluted product in case one standard curve 
failed. These standard curves allowed for the calculation of qPCR efficiency and r2 of the 
standard curve. Any runs with standard curves with r2 values below 0.95 or primer 
efficiency below 85% were redone. The averaged CT values were normalized and adjusted 
for primer amplification efficiency according to the following equation: 

E = efficiency of plate, CTraw = actual CT value, CTadj
  = Adjusted CT value 

      CTadj = ((2^CTraw) / (2*E)^CTraw) - log2((2^CTraw) / (2*E)^CTraw)  

 

To get the efficiency-adjusted CT ratio, the efficiency-adjusted CT value for Epichloë 
was divided by the efficiency-adjusted CT value for tall fescue. 

Phenotyping was done for 1083 of the 3000 total individuals. We did not phenotype 
individuals that we could not identify parentage or that had died between the genotyping in 
2019 and phenotyping in 2023. Phenotyping was done one more time for the two half-sib 
families in 2024. After filtering, the two half-sib families totaled 133 individuals. 

Residuals for the data were then taken by running the lm() function in R and removing 
known environmental factors (sampling date for alkaloids, and sampling date and assay 
plate for qPCR). For the half-sib families, the phenotypes were averaged across the two 
years they were taken, and then the residuals were found as above.  

All scripts are available at 
https://github.com/DarrianTalamantes/Mapping_and_QTL/tree/main/Non_snakemake_wor
kflow/R_Files. 

2.6 Heritability Calculation and GWAS  

Heritability was estimated for the full population using the Flex Seq genotypes and the 
phenotypes taken in 2023. For the half-sib population, Heritability was calculated using the 
Freedom Markers genotypes, and a separate calculation was made for each set of 
phenotypes: 2023, 2024, and the average of both years. First, TASSEL (Bradbury et al., 
2007) was used to convert the filtered VCF file into a numerical genotype file. The 
numerical genotype file was then used in rrBLUP (Endelman, 2011) to create an additive 
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kinship matrix. The kinship matrix and the phenotypes were then used to do genotypic 
value prediction based on kinship. The equation below was used to calculate heritability. 

VG = Variance genetic, VE = Variance environmental 

h2 = VG / (VG + VE) 

GWAS was conducted on the half-sib families with TASSEL. First, both principal 
components and a kinship matrix were created from the filtered SNPs (section 2.4). The 
genotypes, first 5 PCs, and residual phenotype files were joined and combined with the 
kinship matrix to run a mixed linear model (MLM). The MLM was also run with the separated 
2023 and 2024 residual phenotypes.  P-value cut-offs for GWAS were calculated using both 
the false discovery rate and the Bonferroni correction.  

A GWAS and heritability calculations were also run on the larger population in a similar 
manner, using the 1083 individuals that we had phenotypes and genotypes for.  

 

3. Results: 
 

3.1 Phenotypic relationship between alkaloids and fungal biomass 

Seven of the 17 parental lines were selected to determine how fungal biomass and 
alkaloid concentrations varied by genotype. There were significant differences among 
these lines for total ergot alkaloids but not for relative fungal biomass (Figure 2). 
Phenotypes among the parental lines were weakly but significantly correlated (r2= 0.132; p 
= 0.02).  

In 2023, 1083 individuals from the overall mapping population and the 17 parents were 
phenotyped for total ergot alkaloid concentration and relative fungal biomass. To estimate 
fungal biomass, a delta CT ratio of fungus/plant PCR product was used. This data was 
filtered for outliers and normalized (see Methods), then grouped by maternal parent. This 
approach was chosen because the maternal parentage is known, while paternal parentage 
was inferred. Additionally, grouping by maternal lineage ensures consistency in Epichloë 
presence across groups, as the endophyte is maternally inherited. We find significant 
differences in alkaloid production among the maternal groups but no differences in the 
relative fungal biomass data (Figure 2). The correlation between these phenotypes is 
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numerically small (r2 = .03) but highly significant (p=8.89 x 10-9), likely due to the large 
sample size.  

 

Figure 2: The relationship between alkaloid production and fungal biomass. Analyses are 
shown for a subset of parents (A), the entire population (B), and the two half-sib families for 
which additional data was collected (C). (Boxplots in B are separated based on maternal 
parent since the endophyte is only inherited maternally.) For each population group, the 
leftmost plot shows the amount of ergot alkaloids present as measured by ELISA. (Actual 
values in A, and residual values in B & C after fitting a statistical model to correct for batch 
effects.) The center column shows relative fungal biomass, as measured by the difference 
in crossing threshold (“delta CT”) of qPCR for either the plant or the fungus. (B and C again 
use residual instead of raw values to correct for batch effects.) The correlations between 
alkaloids and fungal biomass are shown at right.  

As a focused test, we selected out the two largest crosses (based on known maternal 
and genotype-inferred paternal parents) for deeper genotyping and a second round of 
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phenotyping. These families share a common parent (314) and so are half-sib families. We 
did not detect any significant differences in phenotype for these families (Figure 2), which 
again show a statistically significant but numerically small relationship between fungal 
biomass and alkaloid production (r2=0.122, p=4.39 x 10-5) (Figure 2). This pattern holds 
when individual timepoints are analyzed separately (Figure 3). When comparing across 
timepoints, correlations for both traits were relatively low (r2= 0.063; p = 3.06x10-3 for 
alkaloids and r2= 0.133; p = 9.78x10-6 for relative biomass). 

 

Figure 3: Correlation between the half-sib population phenotypes. Determination of 
alkaloid and CT ratios is the same as in Figure 2C, save that the data for the two sampling 
years (2023 and 2024) were kept separate. Both years show statistically significant 
correlations between fungal biomass and alkaloid production, though the relationship is 
much stronger in 2023. 

 

3.2 Heritability estimates of alkaloid production and fungal biomass 

“Heritability” refers to the amount of variability in a trait that is explainable by genetics 
(specifically the genetics of the host plant in this study). Narrow-sense heritability for the 
overall population was calculated using genetic and trait data for 1083 individuals, finding 
an estimated h2 of 0.352 for ergot alkaloids and 0.672 for relative fungal biomass. 
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Genome-wide association was conducted on these individuals, which resulted in a 
single significant SNP (FaChr7G1: 214311125) for relative biomass (Figure 4).  The 25kb 
segment up- and downstream of this SNP were BLASTed against the Lolium Perenne (Frei 
et al., 2021) and rice (Shang et al., 2023) genomes to identify potential candidate genes, 
but only uncharacterized proteins were found (Table S1). 

 

Figure 4: Manhattan plot of genome-wide association for relative fungal biomass. A mixed 
linear model was fit in TASSEL (Bradbury et al. 2007) for relative biomass (delta CT) across 
1083 individuals. Only a single SNP (circled, at FaChr7G1: 214311125) passes the 5% False 
Discovery Rate cutoff (blue), though not the Bonferroni-corrected cutoff (red).  

Narrow sense heritability was similarly estimated for the values of the half-sib families. 
When calculated for both years, heritability was 0.603 for alkaloid concentration and 0.702 
for relative fungal biomass. In 2023, heritability was lowest for both traits (0.245 for 
alkaloids and 0.171 for relative fungal biomass), while in 2024, heritability increased to 
0.465 for alkaloids and 0.730 for relative fungal biomass. Genetic mapping of these data 
sets found no sites that passed a 5% false discovery rate threshold (data not shown). 
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4. Discussion and Conclusions 
In this study, we compared the relative fungal biomass and alkaloid production of over 

1000 genetically unique tall fescue plants grown in a common greenhouse environment. 
Our principal aims were to quantify the relationship between these traits and the degree to 
which both are influenced by the genome of their host. Our results support the following 
conclusions: 

4.1 Fungal Biomass is Weakly Correlated to Alkaloid Production 

Across all population groups, the relative biomass of Epichloë was weakly but 
significantly correlated with fungal alkaloid production. We found that in the half-sib 
families, the correlation varied ~3.5x in two consecutive years (2023 and 2024; 0.07 vs 
0.25), implying that environmental or other factors may change the relationship between 
the traits. Alkaloid levels tend to respond to environmental variability (Dinkins et al., 2023); 
if fungal biomass is more constant, then it could explain the variable relationship between 
these traits. Our data indicate that fungal biomass is marginally more stable (r2 of 0.133 vs 
0.063), though the correlation is still weak. This low stability of fungal biomass may be due 
to the host continually producing new tillers, which would allow for different rates of fungal 
infection over time. 

Other studies that have investigated the correlation between Epichloë biomass and 
alkaloid concentrations consistently have a higher R2 values (Cagnano et al., 2020; Fuchs 
et al., 2017b), though they are also looking at related species  (Lolium perenne and 
Epichloë festucae) and not tall fescue/Epichloë coenophiala specifically. Differences may 
also be due to methodology. Liquid chromatography/mass spectrometry on >1000 
individuals proved to be logistically unfeasible, hence why we chose ELISA quantification 
and qPCR (Talamantes et al., 2024), the latter of which is similar to how Epichloë festucae 
was measured within Lolium perenne. (Fuchs et al., 2017a).  

4.2 Both Biomass and Alkaloid Production Show Evidence of Plant Genetic 
Influence. 

Although the two traits examined here (alkaloid production and fungal biomass) show 
only weak relationship to each other, they both show a moderate relationship to the 
genetics of their host plant. Evidence of host genetic control has been shown before (Agee 
& Hill, 1994), and our results are the largest and most thorough quantification of this effect 
to date. Both ergot alkaloid concentration and relative fungal biomass were found to be 
moderately heritable traits within tall fescue, with values ranging from 0.245-0.603 for 
alkaloid concentration and from 0.171-0.730 for relative fungal biomass. With one 
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exception (half-sib families in 2023, with the lowest heritability overall), fungal biomass 
was consistently more heritable than alkaloid production.  

Previous studies that have measured heritability have relied on phenotypic data alone 
and also found alkaloid production and fungal biomass to be relatively heritable traits (e.g., 
heritabilities of 0.49–0.72) (Adcock et al., 1997; Easton et al., 2002). Our study found 
similar heritability estimates for both traits, supporting the idea that tall fescue exerts 
control over fungal phenotypes. Combined with the low R² between traits, this suggests 
that alkaloid levels and fungal biomass are influenced by plant genetics but likely governed 
by different genes or genetic networks. 

Investigation into possible genes that governed these traits found only one possible 
SNP, at FaChr7G1: 214311125. However, no protein encoding genes with known functions 
were identified within 25kb of this SNP. Combined with the moderate heritability results of 
0.35 (alkaloids) and 0.67 (fungal biomass), these results imply that the host genetic 
influence on these traits is highly quantitative and diffuse, meaning that many genes across 
the genome are each likely contributing a small effect. These results contrast with a QTL 
analysis on the same traits of alkaloid amounts and fungal biomass with perennial ryegrass 
and Epichloë festucae, which yielded 11 genomic regions affecting these traits (Faville et 
al., 2015). Given the close relationship between tall fescue and perennial ryegrass, it is 
curious that we find such different results; one possibility is that since perennial ryegrass is 
a diploid species whereas tall fescue is hexaploid, the latter’s genetic effects are simply 
spread among its 3 genome copies and thus more difficult to identify.  

4.3 Outlook and Future Directions 

Tall fescue covers 140,000 km2 of the southern US, and ergot alkaloid toxicity is 
estimated to cost US growers between $600 million to $1 billion per year (Hancock & 
Andrae, 2017). Although newer cultivars now exist that eliminate livestock toxicity, 
adoption has been slow. (J. Bouton et al., 2002). Most pastures still consist primarily of 
toxic cultivars because remediation is costly and non-toxic cultivars require more 
management, as cattle tend to overgraze them (Hmielowski, 2016); efforts to accelerate 
this transition through public-private partnerships and education are underway and 
showing significant promise (Roberts et al., 2020) Understanding the mechanisms that 
control both fungal presence and alkaloid production will provide insight into this intimate 
and highly beneficial symbiosis, but also potentially identify ways to more economically 
remediate these pastures and/or mitigate the amount of alkaloids produced and ingested 
by cattle. Ultimately, these results aim to improve the lives of both livestock and ranchers 
dependent on tall fescue and provide insight for superior management of pasture 
resources. 
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5. Supplemental Information 
 

Supplementary Table 1: The top 15 hits of proteins found within 25,000 base pairs from the 
significant SNP for relative fungal biomass.  

 

Rice 
      

Query Subject (Rice) Rice protein % 
identi
ty 

lengt
h 

e-
value 

bitscor
e 

FaChr7G1:2142861
25-214336125 

XP_06616168
7.1 

XP_066161687.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.56
2 

1106 0 1400 

FaChr7G1:2142861
25-214336125 

XP_06616824
4.1 

XP_066168244.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.47
2 

1106 0 1399 

FaChr7G1:2142861
25-214336125 

XP_06616799
8.1 

XP_066167998.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.47
2 

1106 0 1399 
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FaChr7G1:2142861
25-214336125 

XP_06616440
1.1 

XP_066164401.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.47
2 

1106 0 1399 

FaChr7G1:2142861
25-214336125 

XP_06616228
8.1 

XP_066162288.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.47
2 

1106 0 1399 

FaChr7G1:2142861
25-214336125 

XP_06616733
4.1 

XP_066167334.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.38
2 

1106 0 1395 

FaChr7G1:2142861
25-214336125 

XP_06616227
5.1 

XP_066162275.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.38
2 

1106 0 1394 

FaChr7G1:2142861
25-214336125 

XP_06616157
2.1 

XP_066161572.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.38
2 

1106 0 1393 

FaChr7G1:2142861
25-214336125 

XP_06616402
3.1 

XP_066164023.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

63.37
3 

1103 0 1390 

FaChr7G1:2142861
25-214336125 

XP_06616649
0.1 

XP_066166490.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

61.23
2 

1104 0 1334 

FaChr7G1:2142861
25-214336125 

XP_06616335
9.1 

XP_066163359.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

60.92
5 

1103 0 1318 

FaChr7G1:2142861
25-214336125 

XP_06616305
5.1 

XP_066163055.1 
uncharacterized 
protein, partial 

57.29
8 

1103 0 1206 
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[Oryza sativa 
Japonica Group] 

FaChr7G1:2142861
25-214336125 

XP_06616520
4.1 

XP_066165204.1 
uncharacterized 
protein, partial 
[Oryza sativa 
Japonica Group] 

57.24
6 

1104 0 1205 

FaChr7G1:2142861
25-214336125 

XP_06616620
6.1 

XP_066166206.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

57.15
6 

1104 0 1202 

FaChr7G1:2142861
25-214336125 

XP_06616266
1.1 

XP_066162661.1 
uncharacterized 
protein [Oryza 
sativa Japonica 
Group] 

57.15
6 

1104 0 1198 

       

Lolium Perenne 
     

Query Subject (Rice) Rice protein % 
identi
ty 

lengt
h 

e-
value 

bitscor
e 

FaChr7G1:2142861
25-214336125 

XP_07167734
1.1 

XP_071677341.1 
uncharacterized 
protein [Lolium 
perenne] 

94.31
6 

1038 0 2034 

FaChr7G1:2142861
25-214336125 

XP_05118502
4.1 

XP_051185024.1 
uncharacterized 
protein [Lolium 
perenne] 

73.62
2 

1107 0 1584 

FaChr7G1:2142861
25-214336125 

XP_07168550
7.1 

XP_071685507.1 
uncharacterized 
mitochondrial 
protein 
AtMg00860-like 
[Lolium perenne] 

47.46
5 

217 2.60
e-65 

224 

FaChr7G1:2142861
25-214336125 

XP_07168550
6.1 

XP_071685506.1 
uncharacterized 
protein [Lolium 
perenne] 

34.84
4 

706 6.31
e-
121 

424 

FaChr7G1:2142861
25-214336125 

XP_07168550
6.1 

XP_071685506.1 
uncharacterized 

40.62
5 

96 8.38
e-09 

65.1 
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protein [Lolium 
perenne] 

FaChr7G1:2142861
25-214336125 

XP_07168548
6.1 

XP_071685486.1 
uncharacterized 
protein [Lolium 
perenne] 

68.65
3 

386 7.10
e-
170 

559 

FaChr7G1:2142861
25-214336125 

XP_07168548
6.1 

XP_071685486.1 
uncharacterized 
protein [Lolium 
perenne] 

40.09
2 

651 3.09
e-
142 

478 

FaChr7G1:2142861
25-214336125 

XP_07168546
9.1 

XP_071685469.1 
uncharacterized 
protein [Lolium 
perenne] 

54.31
5 

197 9.62
e-61 

214 

FaChr7G1:2142861
25-214336125 

XP_07168546
5.1 

XP_071685465.1 
uncharacterized 
protein [Lolium 
perenne] 

60.10
4 

193 1.43
e-73 

248 

FaChr7G1:2142861
25-214336125 

XP_07168546
4.1 

XP_071685464.1 
uncharacterized 
protein [Lolium 
perenne] 

71.42
9 

210 1.06
e-93 

308 

FaChr7G1:2142861
25-214336125 

XP_07168546
1.1 

XP_071685461.1 
uncharacterized 
protein [Lolium 
perenne] 

37.89
8 

628 3.56
e-
134 

442 

FaChr7G1:2142861
25-214336125 

XP_07168546
0.1 

XP_071685460.1 
uncharacterized 
protein [Lolium 
perenne] 

74.92
4 

654 0 1053 

FaChr7G1:2142861
25-214336125 

XP_07168546
0.1 

XP_071685460.1 
uncharacterized 
protein [Lolium 
perenne] 

60.80
4 

199 3.80
e-65 

249 

FaChr7G1:2142861
25-214336125 

XP_07168546
0.1 

XP_071685460.1 
uncharacterized 
protein [Lolium 
perenne] 

36.50
8 

126 1.07
e-07 

61.2 

FaChr7G1:2142861
25-214336125 

XP_07168545
3.1 

XP_071685453.1 
uncharacterized 
protein [Lolium 
perenne] 

36.84
2 

171 4.33
e-27 

112 
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