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ABSTRACT Tall fescue, the predominant southeastern United States cool-season
forage grass, frequently becomes infected with an ergot alkaloid-producing toxic en-
dophyte, Epichloë coenophialum. Consumption of endophyte-infected fescue results
in fescue toxicosis (FT), a condition that lowers beef cow productivity. Limited data
on the influence of ergot alkaloids on rumen fermentation profiles or ruminal bacte-
ria that could degrade the ergot alkaloids are available, but how FT influences the
grazing bovine fecal microbiota or what role fecal microbiota might play in FT etiol-
ogy and associated production losses has yet to be investigated. Here, we used 16S
rRNA gene sequencing of fecal samples from weaned Angus steers grazing toxic
endophyte-infected (E�; n � 6) or nontoxic (Max-Q; n � 6) tall fescue before and 1,
2, 14, and 28 days after pasture assignment. Bacteria in the Firmicutes and Bacte-
roidetes phyla comprised 90% of the Max-Q and E� steer fecal microbiota through-
out the trial. Early decreases in the Erysipelotrichaceae family and delayed increases
of the Ruminococcaceae and Lachnospiraceae families were among the major effects
of E� grazing. E� also increased abundances within the Planctomycetes, Chloroflexi,
and Proteobacteria phyla and the Clostridiaceae family. Multiple operational taxo-
nomic units classified as Ruminococcaceae and Lachnospiraceae were correlated neg-
atively with weight gains (lower in E�) and positively with respiration rates (in-
creased by E�). These data provide insights into how E� grazing alters the Angus
steer microbiota and the relationship of fecal microbiota dynamics with FT.

IMPORTANCE Consumption of E� tall fescue has an estimated annual $1 billion
negative impact on the U.S. beef industry, with one driver of these costs being low-
ered weight gains. As global agricultural demand continues to grow, mitigating pro-
duction losses resulting from grazing the predominant southeastern United States
forage grass is of great value. Our investigation of the effects of E� grazing on the
fecal microbiota furthers our understanding of bovine fescue toxicosis in a real-
world grazing production setting and provides a starting point for identifying easy-
to-access fecal bacteria that could serve as potential biomarkers of animal productiv-
ity and/or FT severity for tall fescue-grazing livestock.

KEYWORDS Epichloë coenophialum, fescue toxicosis, beef cattle, ergot alkaloids,
microbiome, tall fescue

Culture-independent next-generation sequencing (NGS)-based microbiota studies
(e.g., 16S rRNA gene) in food-producing animals, like ruminants, are on the rise. The

influence of the bovine microbiota on host energy status and metabolism has been
studied (1–4), and recent NGS studies have linked enteric microbiota shifts to animal
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performance, e.g., weight gains, in multiple species (5–9). Notably, in beef cattle, the
influence of feed additives and/or diet on the rumen and fecal microbial communities
has been evaluated (10–13), and ubiquitous and foodborne pathogenic bacteria were
identified in their fecal matter (14). Overall, the various dietary contributions to shifts in
the bovine microbiome and subsequent changes in animal performance metrics are a
major research focus; however, potential changes in the resident microbial community
and the impact of these changes on animal performance in grazing beef, including tall
fescue grazing, are not yet studied.

Tall fescue, Lolium arundinaceum, is the predominant southeastern United States
forage grass, covering approximately 14 million hectares, and is commonly infected
with the endophytic fungus Epichloë coenophialum (15). The wild-type fungus produces
multiple metabolites. Some metabolites increase stand persistence through protection
against extrinsic plant fitness factors. However, other fungal metabolites, namely, ergot
alkaloids, are detrimental to grazing livestock and are key etiological agents of fescue
toxicosis (FT) (16–19), a disease with an estimated $1 billion negative impact on the U.S.
beef industry annually, when adjusted for inflation (20, 21). FT is a complex, multisys-
tem disease manifesting as metabolic dysregulation (22), decreased volatile fatty acid
(VFA) absorption (23, 24), and immune/inflammatory alterations (25–27). Other impor-
tant signs of FT in grazing beef include increased respiration rates (RR) (28, 29),
thermoregulatory impairments (i.e., decreased ability to regulate core body tempera-
tures [25, 30]), and lowered weight gains (31).

Clavine alkaloids, a major alkaloid type produced by E. coenophialum, and other
ergot alkaloid precursors have previously been shown to exhibit antibiotic-like prop-
erties (32, 33), indicating that they contribute to changes in the microbial populations
of animals grazing toxic (E�) tall fescue. Although some previous studies report on how
specific ruminal bacteria and/or fermentation profiles shift after exposure to E� fescue
or ergot alkaloids (34–36), understanding the relationship between toxic tall fescue
grazing and the fecal microbiota is important, as beef cattle fecal microbiota is dynamic
and shifts in response to dietary and/or management strategy changes (12, 37). This is
particularly important for FT, as rotational grazing is a common management practice
to minimize the impact of E� grazing on animal productivity. Further, a previous study
has found around 30% of operational taxonomic units (OTUs) from 16S rRNA gene
sequencing were shared between the rumen and hindgut microbiota (38), indicating
that some shifts in rumen populations are detectable in the lower gastrointestinal (GI)
tract. Therefore, understanding how E� grazing influences the fecal microbiota could
provide an easier means of assessing global (rumen and hindgut) microbiota changes
that could either contribute to or be associated with decreased animal productivity.
Finally, these studies can be used in the future as a starting point to ascertain different
management practices or therapeutic approaches that mitigate the effects of E�

fescue grazing on the fecal microbiota or to use the microbiota to diminish the adverse
effects of the toxic fescue on the fescue-grazing beef.

Here, we sought to provide an initial characterization of the beef cattle fecal
microbiota and to evaluate changes in the fecal microbiota community composition
and dynamics that result from grazing toxic tall fescue. To accomplish this, we em-
ployed a next-generation sequencing-based analysis of the fecal microbiota of Angus
steers by targeting the V4 region of the 16S rRNA gene. Fecal samples were collected
from animals grazing tall fescue infected with either a toxic endophyte (E�) or a novel,
nontoxic endophyte (Max-Q) across a 28-day grazing trial. Fecal microbiota changes
due to E� grazing were identified and correlated with animal performance and
physiological responses. Taken together, these data describe the hindgut microbiota of
beef cattle grazing toxic, ergot alkaloid-producing endophyte-infected tall fescue.

RESULTS
Environmental conditions, pathophysiological responses, and urinary ergot

alkaloids. This study was conducted in spring 2016 (6 April to 4 May) at the J. Phil
Campbell Natural Resources Conservation Center of the University of Georgia (Wat-
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kinsville, GA). The average 24-h temperature was 17.8°C (range, 8.3 to 23.3°C), and
the average 24-h temperature-humidity index (THI) was 63.1 (range, 49.3 to 72.6).
Pasture total ergot alkaloid levels on 11 April 2016 were 2,357.7 � 19.70 ppb and
164.3 � 11.30 ppb for E� and Max-Q (i.e., nontoxic) pastures, respectively. Both cumu-
lative and average daily weight gains were significantly lower (P � 0.01) in toxic
fescue-grazing (E�) steers at the end of the grazing trial (Fig. 1). Respiration rates (RR)
were significantly higher (P � 0.05) after 14 and 28 days of E� grazing, and rectal
temperatures (RT) tended (P � 0.096) to be elevated in E� steers after 14 days of
grazing (data not shown). Total urinary ergot alkaloids were significantly elevated
(P � 0.05) in the E� steers throughout the 28-day grazing period, reaching their
maxima after 14 days of grazing (Fig. 2). Max-Q steers, while having measurable alkaloid
levels prior to placement on the nontoxic Max-Q pastures (i.e., day 0), had markedly
lower urinary alkaloids than the E� steers throughout the 28-day grazing trial (Fig. 2).

Fecal 16S rRNA gene sequencing results. Following Illumina sequencing, the 60
fecal samples produced 3,199,179 raw reads. After sequence quality filtering using the
mothur pipeline, which includes removal of short sequences, preclustering, and chi-
mera removal, a total of 1,694,182 high-quality sequences were obtained; the mean
number of sequences per sample was 28,235 � 10,927 (x� � standard deviations [SD];
range, 12,038 to 73,982). OTU determination resulted in 3,809 unique bacterial OTUs
across all samples, with an average of 1,047 � 200 OTUs per sample (x� � SD; range, 491
to 1,462). Taxonomically, 95% of all sequences were classified into 21 different phyla,

FIG 1 Average daily gain (ADG; kg/day) and cumulative gain (kg) in the weight of Angus steers that
grazed either nontoxic endophyte-infected (Max-Q; n � 6) or toxic endophyte-infected (E�; n � 6) tall
fescue for a 28-day grazing trial. Two asterisks indicate significant difference between treatment groups
(P � 0.01).

FIG 2 Total ergot alkaloids in the urine of Angus steers before pasture placement (day 0) and after 1, 2,
14, and 28 days of grazing on either nontoxic (Max-Q; n � 6) or toxic (E�; n � 6) endophyte-infected tall
fescue. Data are presented as ng/mg creatinine. An asterisk indicates significant difference between
treatment groups on a sampling date (P � 0.05).
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and 74% were further classified to at least the family level when queried against the
Greengenes database.

Sequencing depth and coverage. A rarefaction analysis for the bovine fecal
microbiota by days on pasture is presented in Fig. S1 in the supplemental material.
Although the collector’s curves did not appear, upon visual inspection, to reach an
asymptote when rarefied at a minimum of 2,000 sequences per sample (Fig. S1), the
calculated Good’s coverage indicated that the sampling depth captured most of the
species diversity, with an average coverage of 99.00% � 0.38%, irrespective of fescue
cultivar, for the entirety of the grazing trial (i.e., before [termed Pre] and at days 1, 2, 14,
and 28; data not shown).

Alpha-diversity metrics. For alpha-diversity metrics, both diversity (Fig. S2A) and
richness (Fig. S2B) were constant throughout the 28-day grazing period, with a trend for
an increase in diversity and a slight decrease in richness after 14 days of grazing. A
nonparametric permutational analysis of variance (PERMANOVA; 10,000 permutations)
found a significant main effect of time (P � 0.001) without a significant fescue treat-
ment (P � 0.156) or treatment and time interaction (P � 0.9) effect on the fecal bacterial
communities using the Bray-Curtis (abundance and presence/absence) dissimilarity
metric. Also, a significant main effect of time (P � 0.001) and a trend toward a fescue
treatment effect (P � 0.095), with no interaction (P � 0.9), when using the Jaccard
(presence/absence) dissimilarity metric was found. Further, there was a trend for a main
effect of fescue treatment on the diversity of the fecal microbial community (P � 0.051
by inverse Simpson’s diversity), with no significant effect based on time (P � 0.21) or
the treatment and time interaction (P � 0.89). There were no effects of fescue cultivar
treatment (P � 0.5), time (P � 0.4), or treatment by time interaction (P � 0.8) on Chao1
richness. These data indicate that E� grazing has a tendency to change the overall fecal
microbial communities and that this effect is mainly on species evenness, not the total
number of species.

Overall fecal microbial community composition of the Angus beef cattle.
Independent of fescue cultivar, Firmicutes and Bacteroidetes were the two predominant
phyla in the Angus steers’ fecal samples before and throughout the grazing period,
with combined sequences in these two phyla accounting for 90% (range, 53 to 61% and
27 to 37%, respectively) of the entire microbial community in both E� and Max-Q
steers (File S1). The remaining classified (e.g., Verrucomicrobia, Actinobacteria, Teneri-
cutes, etc.) and unclassified bacterial phyla accounted for �4% of the total sequences
(File S1). Overall, the Max-Q and E� fecal microbiota at the phylum level was relatively
stable, with no major differences between the two treatments. However, significant
compositional differences between the Max-Q and E� fecal microbiota were observed
at the order, family, and genus levels (Fig. S3A, S3B, and S3C).

Throughout the grazing trial, bacteria in the Ruminococcaceae and Lachnospiraceae
families accounted for 44% and 23%, respectively, of all Firmicutes sequences. An
additional 16% of the sequences were unclassified at the family level, and all other
families accounted for less than 3% of the total number of sequences within this
phylum (File S1). For the Bacteroidetes phylum, 41% of the sequences were unclassified
at the family level, with 14% of these being classified into the order Bacteroidales (File
S1). The most abundant classified families included the Paraprevotellaceae (21%),
Rikenellaceae (14%), Bacteroidaceae (10%), and the candidate family RF16 (4%; File S1).
All other classified families made up less than 3% of the Bacteroidetes population.

The family Coriobacteriaceae accounted for 53% of all Actinobacteria sequences
within the Max-Q steers and 84% in E� steers; another major Actinobacteria family, the
Corynebacteriaceae, constituted 45% and 9% of all Actinobacteria sequences within
Max-Q and E� steers, respectively, after 1 day of grazing (File S1). Max-Q steers had
consistently higher Corynebacteriaceae and lower Coriobacteriaceae levels throughout
the grazing period than the E� steers (File S1). By the end of the study, the Coriobac-
teriaceae dominated the Actinobacteria phylum, with 93% (Max-Q) and 97% (E�) of all
Actinobacteria sequences aligning to the Coriobacteriaceae family (File S1).
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Prior to pasture (E� or Max-Q) placement, the Streptococcaceae family made up
�80% of all Bacilli within the Firmicutes; however, after placement on their respective
pastures, steers from both Max-Q and E� pastures had sharp decreases in the Strep-
tococcaceae (down to 20%), accompanied by increases in the Planococcaceae and
Turicibacteraceae families. These two families were more robustly represented in Max-Q
(�60% of Bacilli) than in E� (�30% of Bacilli) steers (File S1). Also, the Paraprevotel-
laceae family was greater than 10% of the total Bacteroidetes sequences and more
abundant in E� steers than Max-Q steers after 2, 14, and 28 days of grazing (File S1);
most of the changes within the Paraprevotellaceae during the grazing period occurred
for the candidate genera CF21 and YRC22 (File S1). There was also a sharp decrease in
an OTU classified as belonging to Ruminococcus bromii in both E� and Max-Q steers
after tall fescue pasture placement, suggesting a fescue cultivar-independent effect
(File S1).

Multivariate analyses to interrogate E� grazing-related fecal microbiota shifts.
Principal component analysis (PCA) was conducted to interrogate sources of variability
within the bovine fecal microbiota resulting from time spent grazing and from the E�

endophyte. The two principal components accounted for approximately 21% of the
overall variance, with the first component being the major contributor (Fig. S4A).
Although the 95% confidence intervals overlap between the Pre, Max-Q, and E� data,
PCA demonstrated distinct clustering and separation of Pre samples from Max-Q and
E�, with this separation becoming greater as the grazing trial progressed (Fig. S4A).
Importantly, while the Max-Q and E� treatments clustered similarly along the first two
components, they separated along the third principal component, most notably on
days 14 and 28 of the grazing trial (Fig. S4B).

Partial least-squares discriminant analysis (PLS-DA) was also performed using the
same normalized sequence count data set throughout the grazing trial (Fig. 3A) and
individually for the 1-, 2-, 14-, and 28-day sampling dates (Fig. 3B). For the overall
PLS-DA, three components were used to maximize the amount of cumulative variance
explained (88.1%) by the analysis. The Pre, Max-Q, and E� steers all formed distinctly
separated clusters, with the Max-Q and E� clusters being more similar yet remaining
separated across the third component (Fig. 3A). Within sampling dates after pasture

FIG 3 Partial least-squares discriminant analysis (PLS-DA) plots of the fecal microbiota of Angus steers grazing on either nontoxic (Max-Q; n � 6) or toxic (E�;
n � 6) endophyte-infected tall fescue over the 28-day grazing trial (A) or 1, 2, 14, and 28 days after pasture assignment (B).
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assignment, steers grazing Max-Q and E� tall fescue formed two distinct clusters that
separated primarily across the first principal component, with the second component
contributing to clustering only in the 14-day E� (Fig. 3B) and 28-day Max-Q (Fig. 3B)
steers. The distinct PLS-DA clustering and separation between the Pre, Max-Q, and E�

steers is indicative of rapid changes of the Angus steers’ fecal microbiota that occur
after 1 day of tall fescue grazing, with the Max-Q and E� steers developing and
maintaining distinct fecal microbiota profiles.

Sampling date-specific PLS-DA loadings plots were generated to assess the top 50
loading weights (i.e., OTUs) (Fig. S5). The loadings of the first component were used, as
the samples separated mainly across it. The families Ruminococcaceae and Lachno-
spiraceae (all dates), Bacteroidaceae and Mogibacteriaceae (1, 2, and 14 days), Erysipelo-
trichaceae and Coriobacteriaceae (1, 2, and 28 days), and Prevotellaceae and Clostridi-
aceae (1, 14, and 28 days) were the main contributors to the explained variance
(Table S1). The candidate family S24-7 (1 and 2 days) and the Lactobacillaceae family
(14 and 28 days) were also important to the loading weights (Table S1). Finally,
several unclassified families were also drivers of the treatment separation seen in
the PLS-DA (Table S1).

Linear discriminant analysis (LDA) of effect size (LEfSe) identified numerous bacteria
with significantly different abundances between Pre, Max-Q, and E� steers (Fig. 4). The
abundances of the phyla Planctomycetes, Lentisphaerae, Elusimicrobia, Chloroflexi, and
Proteobacteria were increased in E� steers (Fig. 4). Further, a number of genera within
the Lachnospiraceae, Ruminococcaceae, and Erysipelotrichaceae families were also in-
creased in E� steers (Fig. 4). Moreover, we found that overall abundance of bacteria in
the Actinobacteria phylum was greater in Max-Q steers, but the Coriobacteriaceae family
within this phylum was more abundant in E� steers (Fig. 4). This suggests that suborder
bacterial abundance was affected specifically, even if the cumulative abundance of all
sequences within the phyla are affected differently. Although treatment differences
became even more apparent at lower taxonomic levels (i.e., order, family, and genus)
(Fig. S3A, S3B, and S3C), the LEfSe analysis also identified significant differences at the
phylum level for some of the lower-abundance phyla (Fig. 4).

Specific microbiome (OTU) changes after E� grazing. Totals of 25, 41, 55, and 37
OTUs were significantly (P � 0.05) different between Max-Q and E� after 1, 2, 14, and
28 days of grazing, respectively. Of these, 1 OTU overlapped between days 1 and 2, 1
OTU overlapped between days 2 and 14, and 4 OTUs overlapped between days 14 and
28 (Fig. S5). The significantly different OTUs that overlapped between sampling dates
include those classified to the families Erysipelotrichaceae (between 1 and 2 days),
Bacteroidaceae (1 and 14 days), Coriobacteriaceae (1 and 28 days), Mogibacteriaceae (2
and 14 days), and Lactobacillaceae and Prevotellaceae (14 and 28 days). Lachnospiraceae,
Ruminococcaceae, and another four unclassified families overlapped across all sampling
dates (Fig. 5).

To check for potential paddock effects within a fescue cultivar, heat maps were
generated from the arcsine-normalized relative abundance data used for OTU compar-
isons by fescue treatment (Fig. S6). Overall, the heat maps for significantly (P � 0.05)
different OTUs demonstrate OTU differences between Max-Q and E� steers that are
consistent across the three paddocks within treatment, indicating no apparent paddock
effects (Fig. S6).

We then sought to determine if there were specific OTUs associated with the effects
of E� grazing on weight gain and obtain some preliminary information to that effect.
We found that the majority of OTUs that differed between the most and least affected
E� steers belonged to the order Clostridiales (Fig. S7). For example, OTUs from the
Lachnospiraceae genera Butyrivibrio and Clostridium had higher sequence counts in
weight-gaining E� steers, whereas the genus Blautia and two OTUs belonging to the
genus Ruminococcus were increased in the most susceptible steers (Fig. S7). Clostridium
genus OTUs were all increased in the susceptible steers. Of those OTUs not in the order
Clostridiales, levels of the genus Akkermansia in the family Verrucomicrobiaceae were
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increased the most in susceptible steers, while the Coriobacteriaceae genus Atopobium
had higher sequence counts in E�-resistant steers (Fig. S7).

Correlation analysis between OTU relative abundance and pathophysiological
responses. The relative abundance of several OTUs, referred to here simply as OTUs,
correlated negatively with average daily gains (ADG) in E� steers; the most frequently
correlating families are presented in Table 1. Totals of 11, 7, 4, and 3 OTUs that
correlated with ADG were classified to Lachnospiraceae, Ruminococcaceae, Coriobacte-
riaceae, and Erysipelotrichaceae families, respectively (Table 1). Ruminococcus was the
only genus of the Ruminococcaceae family that had OTUs negatively correlated with
ADG (4 OTUs) (Table 1). The Olsenella, Atopobium, and Adlercreutzia genera, all within
the Coriobacteriaceae family, had OTUs negatively correlating with weight gain (Table
1). Finally, the Erysipelotrichaceae family had three negatively correlating OTUs classified
at the genus level, with two OTUs and one OTU classified to the Bulleidia and the
candidate p-75-a5 genera, respectively (Table 1).

Of the OTUs that positively correlated with RR, totals of 11, 6, 4, and 3 OTUs were
classified into the families Ruminococcaceae, Lachnospiraceae, Victivallaceae, and can-
didate family S24-7, respectively (Table 1). The classified genera within the Ruminococ-
caceae included Clostridium (2 OTUs), Oscillospira (1 OTU), and Ruminococcus (1 OTU).

FIG 4 LDA effect size (LEfSe; P � 0.05 by Kruskal-Wallis test; P � 0.05 by pairwise Wilcoxon test; logarithmic LDA score of �2.0) of the fecal microbiota of Angus
steers before placement (Pre) or across a 28-day grazing trial after placement on either nontoxic (Max-Q; n � 6) or toxic (E�; n � 6) endophyte-infected tall
fescue. Blue, green, and red shading indicate greater abundance in Pre, Max-Q, or E� steers, respectively. Taxonomic rank labels are provided before bacterial
names: p_, c_, o_, f_, and g_ indicate phylum, class, order, family, and genus, respectively. Letters and numbers within the cladogram refer to bacterial names
located in the key to the right of the cladogram.
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Further, Dorea, Coprococcus, and Blautia were the classified Lachnospiraceae genera, all
with 1 OTU positively correlating with RR (Table 1). Most OTU relative abundances that
positively correlated with RR within the Ruminococcaceae and Lachnospiraceae were
increased in E� steers.

FIG 5 Venn diagram demonstrating classified bacterial families and genera having OTUs that were
significantly different between steers grazing on either nontoxic (Max-Q; n � 6) or toxic (E�; n � 6)
endophyte-infected tall fescue throughout a 28-day grazing trial. f_, bacterial families; g_, bacterial
genera. The number indicated in parentheses following the family or genus name represents specific
OTUs within that family or genus that overlap between sampling dates.

TABLE 1 Top classified bacterial families and genera that significantly negatively
correlated with ADG and positively with RR

Parameter and family or genus No. of OTUs Spearman’s avg correlation P value

ADG
Lachnospiraceae 11 �0.50 0.036
Ruminococcaceae 7 �0.55 0.020
Ruminococcus 4 �0.54 0.024
Coriobacteriaceae 4 �0.56 0.021
Olsenella 1 �0.65 0.004
Atopobium 1 �0.57 0.013
Adlercreutzia 1 �0.48 0.045
Erysipelotrichaceae 3 �0.53 0.025
Bulleidia 2 �0.54 0.020
p-75-a5 1 �0.51 0.030

RR
Ruminococcaceae 11 0.56 0.022
Clostridium 2 0.58 0.024
Oscillospira 1 0.53 0.024
Ruminococcus 1 0.51 0.024
Lachnospiraceae 6 0.52 0.027
Dorea 1 0.58 0.011
Coprococcus 1 0.53 0.023
Blautia 1 0.52 0.028
Victivallaceae 4 0.52 0.026
S24-7 3 0.58 0.018
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For rectal temperature, the top four most frequent correlates had totals of 18, 4, 2,
and 2 OTUs classified to the families Lachnospiraceae, Ruminococcaceae, Coriobacteri-
aceae, and Paraprevotellaceae, respectively (Table S2). The genera within the family
Lachnospiraceae included Butyrivibrio, Roseburia, Coprococcus, and Dorea, with Butyriv-
ibrio having two OTUs while all other genera had one (Table S2). One Coriobacteriaceae
OTU was classified as Enterococcus casseliflavus, and the two Paraprevotellaceae OTUs
were classified into the candidate genera CF231 and YRC22 (Table S2).

Cooccurrence network inference analysis. Using the CoNet app within Cytoscape,
we conducted a differential network analysis that resulted in one large, highly intra-
connected and positively correlated cluster of OTUs within E� steers. The anchors,
defined here as the most highly connected nodes, were from OTUs within the phyla
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria (Fig. 6). Members of the
families Lachnospiraceae, Ruminococcaceae, Prevotellaceae, and Paraprevotellaceae were
the most prevalent families within the E� network (Fig. 6). The other highly connected
families in the E� network included the Clostridiaceae, Mogibacteriaceae, Coriobacteri-
aceae, Succinovibrionaceae, and Staphylococcaceae. These data indicate that E� grazing
results in a distinct pattern of bacterial families and genera that are highly associated
with one another.

FIG 6 Cooccurrence network inference analysis of the fecal microbial communities of steers grazing toxic endophyte-
infected tall fescue (E�; n � 6) after removal of nodes shared with the network of steers grazing a nontoxic endophyte-
infected tall fescue (Max-Q). Node size is reflective of overall OTU abundance; node labels are the furthest phylogenetic
classification of each node. Networks were generated using the CoNet app for Cytoscape.
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DISCUSSION

Here, we describe the fecal microbiota of Angus steers grazing tall fescue, thereby
increasing our current understanding of potential mechanisms underlying one of the
costliest diseases to the United States beef industry, fescue toxicosis (FT) (31, 39).
Lowered weight gains are an economic driver of production losses caused by ergot
alkaloids found in E� tall fescue and are a common finding in FT studies (31, 40, 41).
Similarly, we found that after a 28-day grazing trial, E� steers had significantly lower
cumulative and average daily weight gains than steers grazing the nontoxic Max-Q
cultivar. Urinary ergot alkaloid levels followed similar trends, as in previous studies
(42–44), but excreted levels were substantially higher than those of a fall study of
similar duration (22), supporting reported seasonal variability in urinary ergot alkaloid
levels (45–47).

In our study, respiration rates (RR) were more sensitive to E� grazing than rectal
temperatures (RT) under spring thermoneutral conditions and were significantly higher
after 14 days of E� grazing, consistent with an acute ergot alkaloid challenge study
(28). Effects of E� on RT are dependent on E� exposure duration and environmental
conditions (25), which here were thermoneutral. Thus, based on urinary ergot alkaloid
levels, decreased weight gains, and physiological responses (increased RR), steers in this
study exhibited classic signs of FT.

Our analysis of the fecal microbiota throughout the grazing period revealed that, at
the phylum level, most sequences aligned to Firmicutes (53 to 59%) and Bacteroidetes
(33 to 37%). These data indicate that the grazing Angus beef cattle fecal microbiota, at
this phylogenetic level, is in line with what is reported for other beef steers (48), poultry
(49), swine (50), and dairy cattle (38). Therefore, it was not surprising that most
compositional differences between the E� and Max-Q grazing steers we found began
at the suborder level.

By using dimension reduction analyses (PLS-DA and PLS-DA loadings), we were able
to identify a number of OTUs that contributed to the differences in the fecal microbiota
profiles of Max-Q and E� steers at individual dates throughout the grazing trial.
Interrogation of the data using these analyses also allowed identification of common
bacterial families that had a significant response to E� grazing. Further, the OTUs
identified by these analyses, and the subsequent taxonomic identification of these
OTUs, support the findings of the other analyses presented here. Many of the OTUs and
bacterial families that were identified as contributing to the differences observed
between Max-Q and E� steers in our dimension reduction analyses were also identified
as being significantly influenced by E� grazing and significantly correlated to patho-
physiological signs of interest within the context of FT (e.g., lowered weight gains).
These data lend support to the results of the PLS-DA in selecting features that can
differentiate fescue treatments. These analyses allowed us to identify the relationships
between the data for each group (i.e., Pre, Max-Q, and E�), with both Max-Q and E�

fecal microbiota profiles being distinct from their fecal microbiota prior to fescue
pasture placement yet responding to fescue treatment in an endophyte-dependent
manner, as the plants used in the study are genetically identical. Further, the differential
network analysis revealed a subnetwork of highly correlated OTUs, mostly belonging to
families found to drive treatment separation in the PLS-DA analysis, that were specific
to E� grazing steers, indicating the toxic endophyte not only shifts the fecal microbiota
profile but also that this shift results in a highly correlated structure of bacteria that
have a mutualistic relationship.

Our findings indicate that, irrespective of the type of endophyte present, tall fescue
grazing resulted in a marked shift in the fecal microbiota, reflecting the selective
pressure imposed by fescue grazing. For example, we found one OTU was specifically
affected by tall fescue grazing (discussed below), belonging to Ruminococcus bromii,
which accounted for 35% of the Ruminococcus sequences prior to placement of the
animals on the respective fescue pastures. Upon pasture placement and throughout
the grazing trial, the sequence abundance of this OTU in the fecal microbiota of both
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E� and Max-Q steers was negligible. Of note, this is a known dominant community
member of cattle on a barley diet (51), and the steers prior to fescue pasture placement
were fed mixed diets that contained some barley. The sharp decline of this OTU in the
fescue-grazing steers is a likely indicator that the utilization of resistant starch from the
fescue plant is not dependent on this bacterium, which is a well-known degrader of
resistant starches (52), and that the animals likely relied on other bacteria instead.

Most bacterial OTUs that were significantly affected by E� grazing were classified
into the Ruminococcaceae and Lachnospiraceae families, which were more prominent
later in the grazing trial. The relative abundances of the Lachnospiraceae OTUs in-
creased up to 8-fold in E� steers, whereas the number of significantly increased
Ruminococcaceae OTUs in E� steers increased with time. Both families include
cellulose- and hemicellulose-degrading bacteria and members contributing to butyrate
production (53–55). Butyrate, an important energy source for ruminants, has been
shown to influence energy expenditure (56, 57), modulate nuclear receptor activity, and
interact with free fatty acid receptors via the sympathetic nervous system to increase
glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) secretion from enteric L cells
(58–60). However, the influence of butyrate on PYY production recently has been
shown to be species dependent in vitro (61). Nonetheless, if excess butyrate reaches
gastric receptors, the result would be reduced gastric emptying, suppressed gut
motility, and increased satiety (62), potentially modulating host metabolism and feed-
ing behavior in FT via the enteroendocrine system (63, 64). Although we did not directly
measure butyrate levels here, elucidating the short-chain fatty acid profile and its
interactions in the hindgut of tall fescue-grazing beef steers is important for future,
more detailed studies.

We also found that certain E� steers were relatively resistant to E� grazing effects
(i.e., lowering of weight gain), while others were more susceptible. There were also a
select few OTUs that were differentially abundant between the “resistant” and “sus-
ceptible” steers, indicating a potentially epistatic microbiota profile as it relates to
productivity. While these data are limited and preliminary, the role that gut bacteria
play in susceptibility versus resistance to lowered weight gains caused by E� grazing
is worthy of future exploration, as it might lead to microbiota-directed treatments for
FT.

Among the other notable effects was an increase in the sequence abundance for the
genus Oscillospira in E� steers after 14 and 28 days of grazing. One previous study has
associated colonic Oscillospira presence with lowered ADG in crossbred steers (65).
Oscillospira is a genus commonly found in both human and bovine gut microbiota (66,
67) and is known to degrade host glycans in multiple species (68), thereby altering
glycoprotein homeostasis. For FT, the metabolic activity of Oscillospira may contribute
to the lowered weight gains, as its increased presence in the human gut correlates with
lower body weights (69). In addition to glycan breakdown, Oscillospira has also been
inversely associated with plasma acetate levels (70), a VFA that is a main energy
metabolite in ruminants.

The abundance of the family Erysipelotrichaceae significantly decreased after 1 and
2 days of grazing and was a major early driver of the E� and Max-Q separation seen
within PLS-DA. Notably, in humans, members of the Erysipelotrichaceae recently have
been associated with host lipid metabolism (71, 72). Potential relationships between
the Erysipelotrichaceae family and enteric leucine-rich repeat kinase 2 (LRRK-2) activity
(73) and IgA production (72) have been suggested, indicating that this family of
bacteria is involved in both the regulation of lipid metabolism and enteric nervous and
immune system functioning. Disruption of lipid homeostasis is a feature of FT; dyslip-
idemia, as well as suppressed serum cholesterol and triglycerides, all have been
associated with FT previously (22, 74). The early decreases in the Erysipelotrichaceae,
along with the previously reported decreases in enzymes associated with lipid metab-
olism in FT (e.g., lipase) (75, 76), could contribute to the dyslipidemia.

Significant shifts in the families Clostridiaceae (increases after 14 days) and Prevotel-
laceae (decreases after 14 and 28 days), as well as increases in the Planctomycetes family
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Pirellulaceae, the Chloroflexi phylum, and the Betaproteobacteria order Burkholderiales,
all could reflect ergot alkaloid-induced selection pressure. The Chloroflexi, Pirellulaceae,
and Burkholderiales from the earthworm Eisenia fetida have members previously re-
ported as being capable of degrading ergovaline, the main ergopeptine alkaloid in E�

tall fescue (77). Also, ex vivo ruminal sampling of tryptophan-utilizing bacteria demon-
strated that Prevotellaceae are not heavily involved in ergovaline degradation, while
Clostridiaceae strains degrade the majority of ergovaline (34). Although ergot alkaloids
are quickly metabolized in the rumen (42), the changes identified here potentially
reflect either ruminal ergot alkaloid selection pressure, as about 30% of OTUs are
shared between the rumen, small intestine, and fecal samples (38), or, alternatively,
ergot alkaloid bioavailability in the lower GI tract.

The genus Lactobacillus, which had OTUs with decreased abundances as the study
progressed, was one of the main PLS-DA separation contributors and is known to
produce indole metabolites (55). Recently, we reported that E� grazing increased the
level of plasma indole metabolites (22), and the results here indicate that these
increases are not Lactobacillus derived; rather, we posit that breakdown of ingested
ergot alkaloids and/or microbiota-related tryptophan metabolism by other bacteria,
such as ruminal Clostridium sporogenes and/or Clostridium sticklandii (34), are likely
partially responsible for the plasma indole metabolite increases we previously reported
(22).

The bacterial families that positively correlated with RT were similar to the ones
negatively correlated with ADG in E� steers, with the Lachnospiraceae family OTUs
being a major one. The enteric microbiota can influence thermogenesis by altering lipid
availability and absorption (78), and thermoregulation is impaired in FT (25). Although
these data are preliminary, the contribution of the enteric microbiota to increased RT
is unclear yet worthy of more detailed investigation. Further, while E� steers’ RT
fluctuated concomitantly with environmental conditions, it was not affected by E�

grazing to a major extent, as our study was conducted under thermoneutral conditions.
This suggests that the relationship between RT and E� grazing should be investigated
further under more extreme environmental conditions (e.g., high THI).

Finally, our study also determined correlations between the fecal microbiota and RR.
To our knowledge, there are no current data establishing associations between fecal
microbiota shifts and changes in pulmonary physiology in food-producing animals.
However, there is increasing evidence of communication between the gut and lung
mucosa, and respiratory microbiota influencing lung mucosa immunological homeo-
stasis has been shown in both humans and rodents (79–82). The correlations between
RR and fecal microbiota members were strong and, considering the effects of E�

grazing on RR and the potential for gut-lung mucosal cross talk, are worthy of future
investigation.

Overall, our study contributes to an increased understanding of how the fecal
microbiota functions in the overall health of fescue-grazing beef cattle. Our work also
provides insights into the influence of E� grazing on the Angus steer fecal microbiota
and suggests that E� grazing has a significant, rapid impact on the fecal microbiota,
predominantly at the family/genus levels. Microbiota-derived metabolites likely will
also be affected. These key changes potentially modulate energy expenditure, meta-
bolic homeostasis, and feeding behaviors manifested in FT-related signs, such as
dyslipidemia, shortened grazing periods, decreased feed intake, and lowered weight
gains. However, additional targeted investigations are necessary to interrogate patho-
physiological changes that result from microbiota dysbiosis induced by E� grazing and
determine if/which microbiota changes are the result of, or contribute to, the devel-
opment of FT.

MATERIALS AND METHODS
Animals, pastures, and environmental conditions. All animal handling and sampling procedures

were preapproved by the University of Georgia’s Institutional Animal Care and Use Committee.
Postweaning Angus steers (n � 12) were blocked by weight and randomly assigned to nontoxic (n � 6;
weight, 332.8 � 11.77 kg [x̄ � SEM]; Max-Q; Jesup MaxQ with endophyte AR542; 3 paddocks, 2 steers per
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paddock) or toxic (n � 6; weight, 349.3 � 19.34 kg [x̄ � SEM]; E�; Jesup with wild-type endophyte; 3
paddocks, 2 steers per paddock) tall fescue treatments. Pastures, sown in fall 2004, have been described
previously (22). Individual tillers were sampled on 11 April 2016 from 100 locations within the pastures,
cutting the tiller at the soil surface, and transporting the samples to the laboratory on ice. Plant tissue
was frozen, freeze-dried, ground to pass a 1-mm screen, and analyzed for total ergot alkaloid using a
commercial enzyme-linked immunosorbent assay (ELISA) (END0899-96p; Agrinostics Ltd.). Steers were
kept on the same pasture (0.8 ha) throughout the grazing trial. Temperature and humidity measurements
were recorded for 24 h daily and across sampling times (8:00 to 11:00 a.m.) on sampling dates using an
on-site weather station.

Statistical power calculations. The power calculations performed utilized previously published
average daily weight gain data, where the same two forage types (Max-Q and wild-type Jesup tall fescue)
were used, and the overall average daily gains were used to estimate the potential treatment difference.
The number of groups was set at two with six individuals per group, and the resultant power was 1.00.
The power calculations for the correlational analysis (after pasture placement) with a set correlation
coefficient (|r| � 0.4) and an alpha of 0.05 resulted in a calculated power of 0.493. Finally, for the t test
comparison of arcsine-normalized relative abundances of OTUs, the difference in means and standard
deviations was estimated based on the significantly different OTUs throughout this study; the power
calculation was 0.347 based on an alpha of 0.05. These calculations ensured that the study was
sufficiently powered.

Urinary ergot alkaloid analysis. Total urinary ergot alkaloid concentrations were determined before
and 1, 2, 14, and 28 days after pasture placement via ELISA (Agrinostics Ltd., Watkinsville, GA) as
previously described (22, 43, 44). Lysergic acid was used as the standard, and serially diluted (1:2 to 1:16)
urine samples were used for analysis. Urinary ergot alkaloid levels were creatinine normalized as
described in reference 83 prior to statistical analysis.

Sample collection and processing. Steer body weights were recorded before (Pre) and 14 and
28 days after pasture assignment with a digital scale. Fresh fecal samples were collected by hand using
new gloves for every collection and stored on ice for transport before being stored at �80°C until DNA
extraction. Respiration rates (RR) were monitored by counting full flank respiration movements for 60 s,
twice per animal, and calculating the average, similar to previous procedures (28, 29, 84). Rectal
temperatures (RT) were taken with a handheld DeltaTrak (Pleasanton, CA) digital thermometer once a
stable reading for 15 s was acquired. Fecal samples, RR, and RT were taken before and 1, 2, 14, and
28 days after pasture assignment.

DNA extraction. Genomic DNA was extracted from fecal samples using a mechanical disruption and
phenol extraction protocol, established in reference 67, with the 25:24:1 phenol-chloroform-isoamyl
alcohol modification used in reference 6. All DNA samples were resuspended in Tris-EDTA (TE) buffer and
quantified using a Qubit fluorometer (Invitrogen, San Diego, CA). For each set of DNA extractions, a
negative control using the TE extraction buffer was performed alongside each extraction and was taken
through the amplification and sequencing protocol described below.

DNA amplification and sequencing. Samples were diluted to 1 ng/�l for amplification, and uni-
versal bacterial primers for the 16S rRNA gene variable region V4, as previously described (85), were used
in the amplification reactions. For each amplification, a negative PCR control containing the extraction
buffer and PCR primers was used. A total of 5 �l of diluted DNA, 0.5 �l of 10 �M forward primer
(5=-GTGCCAGCMGCCGCGGTAA-3=), 0.5 �l of 10 �M reverse primer (5=-GGACTACHVGGGTWTCTAAT-3=),
6.5 �l water, and 12.5 �l KAPA 2	 HiFi master mix (Kapa Biosystems, Wilmington, MA) were used in each
25-�l reaction mixture with the following cycling conditions: initial denaturation at 95°C for 3 min; 25
cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s; and a final extension at 72°C for 5 min. Water was used
for the PCR negative control. PCR products were purified with a 1% (wt/vol) low-melt agarose gel and
recovered using a Zymoclean 96-well DNA recovery kit (Zymo Research, Irvine, CA). If bands were present
in either the DNA extraction or PCR amplification negative controls, the sample were reextracted and
amplified until no visible band was present in the gel. Samples were then quantified using a Qubit
fluorometer and pooled in an equimolar fashion into the final library. The pooled library and 10% PhiX
control DNA was sequenced on an Illumina MiSeq sequencing platform using the 2 	 250-bp paired-end
MiSeq v2 sequencing kit (Illumina, San Diego, CA) using custom primers (85). The sequenced control and
sample DNA were taken through quality-filtering and normalization procedures described below.

Fecal 16S rRNA gene sequence processing and bioinformatics analysis. Raw sequence files were
obtained in fastq format from the sequencer and processed using mothur v.1.38.1 (86) as described in
reference 38. In brief, quality filters were applied to remove sequences with a quality score of less than
35, homopolymers longer than 8 bp, and greater than 2 bases different from those of the primer. Unique
sequences next were aligned to the SILVA, version 119, reference alignment database (87), and chimeras
were removed using chimera.uchime (http://drive5.com/uchime). Only bacterial sequences were retained
and classified using the Greengenes database, v13.8 (http://greengenes.secondgenome.com) (88). Rar-
efaction curves and Good’s coverage were calculated in mothur. The OTU table was normalized for
sequence depth in mothur using the normalize.shared function prior to statistical analysis. For all OTU or
taxon-level statistical tests, the taxon abundance threshold was �0.1% and had to be present in �50%
of samples in the respective analysis. Community diversity was estimated using Chao1 richness (89) and
the inverse of Simpson’s diversity index (90); alpha-diversity metrics were tested for E� grazing effects
using the nonparametric Kruskal-Wallis test by ranks. PERMANOVA was used to test for E� effects on the
entire microbial community, with fescue treatment and time spent grazing set as the two factors. PCA,
PLS-DA, and PLS-DA loadings were performed using the mixOmics R package (91, 92), and plots were
recreated in Adobe Illustrator (Adobe Systems, San Jose, CA). PCA and PLS-DA were performed on the
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postsequencing depth-normalized OTU table, and the data were mean centered and total sum scale
normalized prior to analysis. For the PLS-DA, the internal nearZeroVar function was used to flag and
remove predictors (i.e., OTUs) that had low to zero variance, which is recommended for sparse data sets,
such as 16S rRNA gene sequencing studies. LEfSe was performed within the Huttenhower laboratory’s
galaxy instance using the relative abundance table as the input (http://huttenhower.sph.harvard.edu/
galaxy/) (93), with Kruskal-Wallis test (P � 0.05), pairwise Wilcoxon test (P � 0.05), and logarithmic LDA
score (�2.0). Comparison of differentially abundant OTUs was performed in R (92), with Bonferroni
correction for multiple comparisons (� � 0.05).

All OTUs included in the analyses were determined at 97% sequence identity, allowing genus-level
resolution (94), using the furthest neighbor (most conservative) clustering algorithm. Visualization of
OTUs, at all levels, was completed using Krona Tools 2.7 (95) and is provided as an .html file in the
supplemental material. Network analysis was performed using the CoNet app within Cytoscape, as in
reference 96, with Pearson’s correlation, Spearman’s correlation, and the Bray-Curtis and Kullback-Leibler
dissimilarity parameters with thresholds set so the 1,000 top- and bottom-scoring edges are kept in the
network. Relationships between parent-child taxa were excluded within the algorithm to prevent
overabundance of correlations based on similar lineages. Differential network analysis was performed
within Cytoscape (97), and removal of all nodes and edges shared between Max-Q and E� networks
resulted in the final E� steers’ network presented here.

Statistical analysis of nonmicrobiome data. Statistical analyses of weight gains, RR, RT, and urinary
ergot alkaloids were done with Sigma Plot, v12.5 (Systat Software, Inc., San Jose, CA), using two-way
analysis of variance, with days of sampling and fescue treatment set as the two independent variables.
If significant (P � 0.05) effects based on treatment or days spent grazing were observed, the Holm-Sidak
post hoc analysis was applied to separate significant differences. Graphs were generated with GraphPad
Prism 5 (La Jolla, CA).

Accession number(s). All DNA sequences are publicly available in the NCBI Sequence Read Archive
and are accessible under BioProject accession no. PRJNA540841.
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