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Characterization of the Fecal Bacterial Microbiota of Healthy and

Diarrheic Dairy Calves

D.E. Gomez (), L.G. Arroyo, M.C. Costa, L. Viel, and J.S. Weese

Background: Neonatal diarrhea accounts for more than 50% of total deaths in dairy calves. Few population-based studies
of cattle have investigated how the microbiota is impacted during diarrhea.

Objectives: To characterize the fecal microbiota and predict the functional potential of the microbial communities in
healthy and diarrheic calves.

Methods: Fifteen diarrheic calves between the ages of 1 and 30 days and 15 age-matched healthy control calves were
enrolled from 2 dairy farms. The Illumina MiSeq sequencer was used for high-throughput sequencing of the V4 region of the
16S rRNA gene (Illumina, San Diego, CA).

Results: Significant differences in community membership and structure were identified among healthy calves from differ-
ent farms. Differences in community membership and structure also were identified between healthy and diarrheic calves
within each farm. Based on linear discriminant analysis effect size (LEfSe), the genera Bifidobacterium, Megamonas, and a
genus of the family Bifidobacteriaceae were associated with health at farm 1, whereas Lachnospiraceae incertae sedis, Dietzia
and an unclassified genus of the family Veillonellaceae were significantly associated with health at farm 2. The Phylogenetic
Investigation of Communities Reconstruction of Unobserved States (PICRUSt) analysis indicated that diarrheic calves had
decreased abundances of genes responsible for metabolism of various vitamins, amino acids, and carbohydrate.

Clinical Relevance: The fecal microbiota of healthy dairy calves appeared to be farm specific as were the changes observed
during diarrhea. The differences in microbiota structure and membership between healthy and diarrheic calves suggest that
dysbiosis can occur in diarrheic calves and it is associated with changes in predictive metagenomic function.
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eonatal calf diarrhea accounts for most of the

morbidity and mortality in calves, accounting for
>50% of total deaths, and has a large impact on the
economy of dairy farms.! Although pathogenic bacteria
(Escherichia coli, Salmonella spp), viruses (rotavirus,
coronavirus), and protozoa (Cryptosporidium spp) can
be found in a large percentage of cases, the etiology of
disease may be hard to discern because of the common
presence of coinfections (>1 pathogen identified in the
same patient)” and the fact that most organism also can
be found in healthy individuals. These observations sug-
gest that the cause of diarrhea is complex rather than
associated with a single pathogen. Diagnosis of enteric
disease also is likely affected by the complexity of the
microbiota (ie, the rich and diverse polymicrobial com-
munity present in the gut).
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Abbreviations:

AMOVA analysis of molecular variance

FDR false discovery rate

HOMOVA homogeneity of molecular variance analysis
KEGG Kyoto Encyclopedia of Genes and Genomes
LEfSe linear discriminant analysis effect size

OTU operational taxonomic units
PICRUSt Phylogenetic Investigation of Communities Reconstruc
tion of Unobserved States

The gastrointestinal microbiota plays an important
role in maintaining host health by providing vitamins
and energy,’ by facilitating development of gut tissue
and the immune system,* by modulating inflammatory
responses at local and distal organs,’ and by competing
with pathogens for nutrients and attachment sites on
the gut epithelial surface.® Although traditional focus
on calf diarrhea has been on individual pathogens, it
has become increasingly clear in other species that
microbial populations play a key role in health and dis-
ease. Disruption of this ecosystem, otherwise known as
“dysbiosis,” can trigger gastrointestinal disorders.” To
date, the molecular basis of dysbiosis and the key bacte-
rial groups involved remain poorly defined. It is clear
however that if the gut microbiota is disrupted (eg,
antibiotic treatment, gut inflammation) the risk of dis-
ease can increase substantially®*'® and re-establishment
of the normal microbiota can result in recovery from
disease."!

Despite current attention and research on the gut
microbiota, few population-based studies have been
conducted in cattle to better understand how the micro-
biota and its functional potential are impacted during
neonatal diarrhea. Calf diarrhea may be associated with
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altered microbial diversity and decreased abundance of
butyrate-producing microorganisms during the first
weeks of life.!> The gastrointestinal microbiota is a
major contributor to the physiological, nutritional, and
immunological functions of the gut. Therefore, the
structure and functional roles of the microbiota in diar-
rheic calves should be examined in more detail. The
objectives of our study were to profile the fecal micro-
biota and predict the functional potential of microbial
communities in healthy calves and calves with diarrhea
from 2 large dairy farms with dissimilar management
practices.

Materials and Methods
Animals, Farms, and Study Design

This prospective study used a case-control design. Holstein-
Friesen calves from 2 large dairy farms (F1 and F2) were
enrolled during the spring season of 2015. Study farms were
selected from a convenience sample of commercial farms within
120 km radius of the University of Guelph (Guelph, ON). On
both farms, cows were vaccinated against bovine coronavirus
and rotavirus 8 weeks and 4 weeks before calving.® Calves were
separated from their dams at birth and received 1 bolus con-
taining antibodies against enterotoxigenic E. coli and bovine
coronavirus.” Farm details and management practices are pre-
sented in Table 1.

Fifteen diarrheic calves between the ages of 1 and 30 days, and
15 age-matched healthy control calves were enrolled from each
farm. Health status of the calves was assessed with a standardized
calf health-scoring chart.'> This system assisted the assessment of
health by evaluating body temperature score (0, 1 = normal; 2,
3 = fever), fecal score (0, 1 = normal; 2, 3 = diarrhea), nasal score
(0, 1 = normal; 2, 3 = nasal discharge), eye score (0, 1 = normal;
2, 3 = eye discharge, crusty eyes), and ear score (0, 1 = normal; 2,
3 = head tilt, 1 ear or both ears dropped). A diarrheic calf was
defined as a calf with fecal and body temperature scores >2 and
score <l in the other evaluated systems. Once a diarrheic calf was
identified, an age-matched (£2 days) control calf with health score
<l in all of the evaluated systems was enrolled. Calves were not

Table 1. Farm  characteristics and management
practices.

Farm 1 Farm 2
Breed Holstein-Friesen Holstein-Friesen

Calves per year
Type of housing
Type of bedding
Colostrum feeding
Diet (8-12 weeks)
Feeding method
Diarrhea treatment
protocol

700

Group pen

Sawdust

4 L first 4 hour

Pasteurized milk

Robot machine

TMS (1920 mg,
PO, once)

+

CFT (2.2 mg/kg,
SC, q24h/3d)

Or

TMS* (16 mg/kg,
IM, q24h/3d)

1,000

Individual pen

Shavings

6 L first 6 hout

Milk replacer

Individual bucket

SP (30 mg/kg, IM,
q24 h/10d)

+

LCM (15 mg/kg,
IM, q24h/10d)
+

TMS (16 mg/kg,
IM, q24h/5d)

TMS, trimethoprim-sulfamethazine; CFT, sodium ceftiofur; SP,
spectinomycin; LCM, lincomycin; TMS*, trimethoprim-sulfadox-
ine, PO, orally, SC, subcutaneously; IM, intramuscularly.

included in the study if they had a previous episode of diarrhea,
other diseases (eg, umbilical abscess, pneumonia), or if they had
ever been treated with antimicrobial drugs. Healthy calves that
developed diarrhea within the 10 days after sampling also were
excluded. Fecal samples were obtained per rectum from cases and
controls, labeled and immediately stored at —20°C.

The incidence of calf diarrhea, as recorded by farm personnel,
for calves <30 days of age was obtained from farms for the pre-
ceding 12-month period. Attributable mortality rates due to calf
diarrhea also were calculated for each farm, based on the number
of deaths attributed to diarrhea by farm or veterinary personnel
divided by the total number of deaths during a period of 1 year.

DNA extraction, amplification, and sequencing of
bacterial 16S rRNA gene

Total DNA was extracted from 200 mg (wet weight) of fecal
samples with a commercial Kit.° The V4 region of the 16S rRNA
gene was amplified with the forward (5-AYTGGGYDTA
AAGNG-3) and reverse (5-TACNVGGGTATCTAATCC-3)
primers'* The primers were designed with overhanging adapters
(Forward: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG,
Reverse: GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC
AG) for annealing to Illumina universal index sequencing adaptors
that were added in a later PCR. The reaction mixture and amplifi-
cation conditions have been described previously.”> The PCR
products were purified with magnetic beads.? Illumina universal
adapters (Forward: AATGATACGG CGACCACCGAGATCT
ACAC-index-TCGTCGGCAGCGTC, Reverse: CAAGCAGAAG
ACGGCATACGAGAT-index-GTCTCGTGGGCTCGG) then
were added to the purified 16S rRNA gene product by PCR."
The PCR products were evaluated by electrophoresis in 1.5%
agarose gel and purified as described above. After purification,
spectrophotometry® was used to quantify the PCR products. Sam-
ples were normalized to a final concentration of 2 nM. The library
pool was submitted to the Genomics Facility of the University of
Guelph and sequenced with an Illumina MiSeq’ for 250 cycles
from each end.

Statistical Analysis

Incidence of diarrhea and mortality rates attributed to diarrhea,
as well as treatment rates, were compared by a Fisher’s exact test.
The Mothur software package® was used for the bioinformatic
analysis.'® Paired-end reads were merged to fully overlapping
reads and then aligned to the SILVA 16S rRNA reference data-
base.!” Sequences that were misaligned with the target region were
removed. Irregular sequences including those with contiguous
sequence lengths >245 bp or <239 bp and ambiguous base calls
also were removed, as were those with runs of homopolymers >8
base pairs. Uchime was utilized to identify chimeras,'® which then
were removed. Sequences belonging to nonbacterial domains
(chloroplasts, mitochondria, Archaea, and eukaryotes) also were
removed. The remaining sequences were assigned into operational
taxonomic units (OTUs) by an open OTU-picking approach, with
a distance limit of 0.03 (97% similarity). The OTUs were classified
by the Ribosomal Database Project classifier.”

Relative abundances of the main phyla, classes, orders, and
families (median relative abundance >0.1%) and the main genera
(median relative abundance >0.05%) were calculated. The Sha-
piro-Wilk test was used to evaluate normality of the datasets. The
majority of datasets did not meet the assumptions of normal dis-
tribution. Therefore, comparison of the relative abundances
between groups (healthy calves between farms, and healthy and
diarrheic calves within farms) was performed by the nonparametric
Mann-Whitney U-test. P-values were adjusted for multiple
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Fig 1. Richness (Chao-1), diversity (Inverse Simpson), and evenness (Shannon evenness) indexes observed in healthy and diarrheic calves

from 2 different farms.

comparisons by the Benjamini & Hochberg’s false discovery rate'®
by a statistical software' to generate g-values. A ¢ < 0.05 was con-
sidered statistically significant.

Subsampling was completed to normalize sequence number by
random selection of a number of sequences that corresponded to
the lowest number of reads for any sample. Sampling coverage
was assessed by Good’s coverage value. Diversity, evenness, and
richness were calculated by the inverse Simpson’s, Shannon’s even-
ness, and Chaol indexes, respectively, and comparison between
groups was made by Wilcoxon rank sum test. The core microbiota
was investigated by identifying genera with relative abundances of
at least 1% in all samples from a group.

The Jaccard index (a measure of community membership,
which only considers the number of shared genera, but not their
abundance) and the Yue and Clayton index (a measure of commu-
nity structure, which considers shared genera and their relative
abundances) were calculated. Unweighted unique fraction metric
(UNIFRAC) analysis of molecular variance (AMOVA), homo-
geneity of molecular variance analysis (HOMOVA), and parsi-
mony test were used to compare community membership and
structure between groups. The similarity between groups was visu-
alized by dendrograms plotted by FigTree v1.4.0.1) Clustering of
the groups was represented by principal coordinate analysis plot-
ted by a statistical software

Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt)* was used to predict the functional
gene content in the fecal microbiota based on taxonomy obtained
from the Greengenes reference database (http://greengenes.lbl.gov/cgi-
bin/nph-index.cgi).?! Comparison of the percentages of functional
gene content between groups (healthy calves between farms, and
healthy and diarrheic calves within farms) was performed by Mann-
Whitney U-test, adjusted for multiple comparisons.

Linear discriminant analysis effect size (LEfSe)*? was used to
identify bacterial taxa and predicted functional genes (PICRUSt)
that were enriched in feces of healthy and diarrheic calves, based
on a P < .05 and LDA score >2.0. The PICRUSt and LEfSe were
performed online in the Galaxy workflow framework (https://hutten
hower.sph.harvard.edu/galaxy/). Data were made publicly avail-
able at the National Center for Biotechnology Information
Sequence Read Archive under accession number SUB2017706.

Results
Farm, Calves, and Management Practices

The incidence of diarrhea in calves <1 month of age
during a l-year period was significantly different
between farms (F1: 78%, 529/679; F2: 90%, 957/1051;
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Fig 2. Median relative abundance of the main bacterial phyla
(>1% of the total of sequences) in feces of healthy and diarrheic
calves from 2 different farms (n = 15 per group).

P = .001). However, the mortality rate due to diarrhea
did not differ (3% and 3%; P = 1.000). The proportion
of calves with diarrhea treated with antimicrobials was
high and not different between F1 (494/529, 93%) and
F2 (901/957, 94%) (P < .1). The age distribution (days)
of diarrheic calves was similar across the calves from
the 2 farms with mean ages of 8 + 2 and 8 + 3 days
for F1 and F2, respectively (P = .92).

Analysis of 16S rRNA Gene Sequencing

A total of 7,564,140 reads were obtained with a mean
of 70,106 reads per calf (standard deviation [SD]
30,903; median, 69,2; 75, range, 17,827 to 169,045). A
random subsample of 17,827 reads per sample was used
to normalize data. Subsampling was considered ade-
quate, as evidenced by the coverage of 99.9% obtained
for all samples.

Alpha Diversity

Significant differences in richness, evenness, and
diversity of gut microbiota were noted between healthy
and diarrheic calves (Fig 1).
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Table 2. Relative abundance (median in percentage and ranges) of all bacterial taxa significantly different identified

in feces of healthy and diarrheic calves.

F1 Healthy F2 Healthy g-value*

Phylum [8]

Proteobacteria 8.3 (3-395) 25 (2.3 - 63) 0.044

Fusobacteria 0.4 (0-2.2) 0 (0-2.7) 0.044
Class [12]

Betaproteobacteria 0.6 (0.01-3.3) 0.01 (0-1.3) 0.037

Gammaproteobacteria 6 (2-35) 23 (2-62) 0.046

Fusobacteria 0.04 (0-2.2) 0 (0-2.7) 0.055
Order [17]

Enterobacteriales 5(1.4-28) 18 (2-62) 0.037

Burkholderiales 0.6 (0-3.3) 0 (0-1.3) 0.003

Coriobacteriales 0.1 (0-0.3) 0.03 (0-0.1) 0.007

Fusobacteriales 0.04 (0 2.2) 0 (0-2.7) 0.040

Actinomycetales 0.7 (0-6.12) 0.08 (04.2) 0.040
Family [28]

Acidaminococcaceae 27 (1.4-69) 8 (0.2-35) 0.01

Coriobacteriaceae 12 (2-39) 3.2 (0-26) 0.007

Actinomycetaceae 0.6 (0-6.1) 0.05 (04.2) 0.046

Sutterellaceae 0.4 (0-3.2) 0 (0-1.2) 0.005

Enterobacteriaceae 0.04 (0-2.2) 0 (0-3) 0.035

Alcaligenaceae 0.004 (0-0.8) 0 (0-0.06) 0.007
Genus [70]

Escherichia_Shigella 3.3 (0.9-16.8) 12 (1-42) 0.037

Unclass. Enterobacteriacea 1.2 (0.2-12) 6.3 (1.2-20) 0.025

Collinsella 9.3 (0.4-20) 1.8 (0-8.4) 0.019

Unclass. Alcaligenaceae 1.1 (0.09-8) 0.3 (0-9) 0.007

Howardella 0.9 (0-9) 0.14 (0-1.4) 0.022

Unclass. Fusobacteriaceae 0.02 (0-2) 0 (0-0.08) 0.058

Sutterella 0.32 (0-3) 0 (0-0.7) 0.007

Unclass. Acidaminococcaceae 0.25 (0-1.7) 0(0-2) 0.022

Unclass. TM7 order incertae sedis 0.2 (0.02-0.5) 0.03 (0 - 0.07) 0.025

Pseudomonas 0.08 (0-0.2) 0.01 (0.1) 0.025

Unclass. Pasteurellaceae 0.02 (0-0.03) 0.04 (0-12) 0.036

Erysipelotrichaceae _incertae_sedis 0.2 (0.01-5) 0.05 (0-1.5) 0.036

F1 Healthy F1 Diarrhea

Phylum [8]

Actinobacteria 22 (4-57) 8 (2.3-29) 0.004
Class [12]

Actinobacteria 22 (4.4-57) 8 (2.2-29) 0.007
Order [17]

Bifidobacteriales 13 (0.4-46) 1.2 (0.3-9) 0.003
Family [28]

Bifidobacteriaceae 13 (0.4-46) 1.2 (0.3-9) 0.005
Genus [70]

Bifidobacterium 13 (0.4-46) 1.2 (0.3-9) 0.02

Fl1, farm 1; F2, farm 2.

*P-values were adjusted for multiple comparisons by the Benjamini & Hochberg’s false discovery rate to generate g-values. Numbers in
[] indicate the number of comparisons performed at each level of taxonomic classification. The abbreviation “unclass.” indicates an unclas-

sified taxonomy within the respective taxonomic group.

Relative abundance and core microbiota

Twenty-two different phyla were identified, but Firmi-
cutes, Actinobacteria, and Proteobacteria accounted for
>88% of sequences (Fig 2). Fusobacteria, Bacteroidetes,
and Verrucomicrobia were identified in healthy and
diarrheic calves at >1% of the total number of
sequences. Comparison between healthy calves from F1
and F2 identified a higher relative abundance of
Fusobacteria (P = .044) and lower relative abundance
of Proteobacteria (P = .044) in calves from F1. Firmi-
cutes, Actinobacteria, and Proteobacteria  also

dominated the fecal microbiota of diarrheic calves
(Fig 2). On F1, diarrheic calves had a significantly
lower relative abundance of Actinobacteria than did
healthy calves from the same farm (P = .005). There
were no differences in phyla between healthy and diar-
rheic calves on F2 (Table S1).

Forty-three different classes, 83 orders, and 166 fami-
lies were identified, but only 11, 16, and 25 accounted
for >0.1% of sequences overall, respectively. The rela-
tive abundances of most abundant bacterial taxa identi-
fied in feces of healthy and diarrheic calves from FI
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Fig 3. Median relative abundance of genera accounting for >1% of the total of sequences in feces of healthy and diarrheic calves from 2

different farms (n = 15 per group).

Table 3. The 10 most abundant genera (median (min—-max)) from feces of healthy and diarrheic calves.

Farm 1 Farm 1 Farm 2 Farm 2
Healthy Diarrhea Healthy Diarrhea
Lactobacillus Lactobacillus Bifidobacterium Bifidobacterium

24 (1.4-67) 19 (2-48) 18 (2-77) 13 (0-33)
Bifidobacterium Unclass.Lachnospiraceae Escherichia_Shigella Lactobacillus

13 (0.4-45) 16 (0.1-22) 12 (1-42) 9 (0.2-53)

Collinsella Escherichia_Shigella Butyricicoccus Escherichia_Shigella

7 (0.4-20) 7 (1.4-16) 8 (0-20) 9 (0.2-26)
unclass.Lachnospiraceae unclass.Enterobacteriaceae Lactobacillus unclass.Enterobacteriaceae
7.5 (1.8-27) 6 (0.8-12) 8 (0.2-33) 5.5(0.3-19)
Butyricicoccus Collinsella unclass.Enterobacteriaceae Butyricicoccus

3.7 (0.2-7) 4.5 (0.8-23) 6 (1-20) 5(1.6-12)
Escherichia_Shigella Dorea Collinsella unclass.Lachnospiraceae
3.3 (0.9-17) 1.5 (0-9) 2 (0-8) 4 (0.4-29)
Unclass.Enterobacteriaceae Bifidobacterium unclass.Lachnospiraceae Faecalibacterium

1.4 (0.2-12) 1 (0.2-9) 1.5 (0-17) 4 (0-30)

Gallibacterium Actinomyces Peptostreptococcus Collinsella

1.1 (0-15) 0.9 (0-3) 1.2 (0-6) 3 (0-17)
unclass.Lactobacillaceae Butyricicoccus Faecalibacterium Clostridium_sensu_stricto
0.8 (0-8.5) 0.8 (0-8) 0.5 (0-18) 0.7 (0-44)

Dorea Gallibacterium Bacteroides Peptostreptococcus

0.8 (0-7.5) 0.8 (0-23) 0.5 (0-13) 0.4 (0-28)

The abbreviation “unclass.” indicates an unclassified taxonomy within the respective taxonomic group.

and F2 are presented in supplemental Table 1. The sig-
nificantly different taxa in healthy calves between farms,
and in healthy and diarrheic calves within each farm
are shown in Table 2. In F2, there were no statistically
significant differences in the relative abundance of any
bacterial taxa of healthy versus diarrheic calves.

Overall, 385 genera were detected. Fifty-five of those
were present at relative abundance of >0.05%. The rela-
tive abundances of the most abundant genera found in
healthy and diarrheic calves from F1 and F2 are pre-
sented in Fig 3 and Table 3.

LEfSe Analysis

When comparing healthy calves, 34 and 12 bacterial
taxa enriched in healthy calves from F1 and F2, respec-
tively, were identified. Enriched phylotypes from Fl1
were predominantly from the classes Bacilli, Fusobacte-
ria, Alphaproteobacteria, Betaproteobacteria, and
Bacteroidetes, whereas most from F2 were Gammapro-
teobacteria (Fig 4). Comparing healthy and diarrheic
calves within each farm, 3 genera were enriched in the
feces of healthy calves and 25 genera were enriched in
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diarrheic calves from F1, whereas in F2 3 genera were
enriched in healthy calves and 4 in diarrheic calves
(Fig 5). Based on LEfSe, the genera Bifidobacterium,
Megamonas, and a genus of the family Bifidobacteri-
aceae were associated with health in F1, whereas Lach-
nospiraceae incertae sedis, Dietzia and an unclassified
genus of the family Veillonellaceae were significantly
associated with health in F2 (Fig 6).

Community Membership and Structure

As shown in Table 4, there were significant differ-
ences in community membership (Jaccard index) and
community structure (Yue & Clayton index) between
healthy calves from the different farms. Healthy and
diarrheic calves from F1 were significantly different in
community membership, but there was no difference in
community membership between healthy and diarrheic
calves from F2. Community structure was significantly
different between healthy and diarrheic calves from F1.
These differences in community membership and

B F1 _Healthy = |
B F2_Healthy

e,rJa;gquade

structure were visualized by dendrograms (Fig 7) and
PCoA plots (Figs 8 and 9).

PICRUSt Analysis

At Kyoto Encyclopedia of Genes and Genomes
(KEGQG) level 1, genes associated with metabolism pre-
dominated, accounting for 62% (n = 148) overall.
Genes encoding genetic information processing (31;
13%), environmental information processing (15; 6%),
cellular information processing (15; 6%), and organis-
mal system (immune system, endocrine system, and ner-
vous system; 19; 8%) also were common. At KEGG
level 2, 14% (n = 20) of the metabolism genes belonged
to xenobiotic biodegradation metabolism, 11% (n = 17)
to lipid metabolism, 11% (n = 16) to biosynthesis of
secondary metabolites, 10% (n = 15) to carbohydrate
metabolism, 9% (n = 14) to amino acid metabolism,
9% (n = 13) to metabolism of terpenoids and polyke-
tides, 8% (n = 12) to metabolism of cofactors and vita-
mins, 7% (n = 11) to glycan metabolism, 6% (n =9)

a: Actinomyces

b: Actinomycetaceae

c: Rothia

d: Gordonia

e: Actinomycetales

f: Collinsella

g: Coriobacteriaceae

h: Coriobacteriales

i unclassified_Bacteroidetes
j: Meiothermus

k: Lactobacillus

I: unclassified_Lactobacillace
m: Lactobacillaceae

n: Lactococcus

o: unclassified_Lactobacillale
p: unclassified_Lactobacillale
q: Lactobacillales

r: Anaerococcus

s: Finegoldia

t: Oribacterium

u: unclassified_Lachnospirac
v: Lachnospiraceae

w: Peptostreptococcus

x: Butyricicoccus

y: Ruminococcus

z: Erysipelotrichaceae_incert
a0: unclassified_Acidaminocc
al: Acidaminococcaceae

a2: unclassified_Fusobacteriz
a3: Fusobacteriaceae

a4: Fusobacteriales

a5: Bradyrhizobium

a6: Methylobacterium

a7: Methylobacteriaceae

a8: Rhizobium

a9: Rhizobiaceae

b0: unclassified_Oxalobacter

Fig 4. Cladogram plotted from LEfSe analysis showing the taxonomic levels represented by rings with phyla in the outermost the ring
and genera in the innermost ring. Each circle is a member within that level. Those taxa in each level are coloured by farm for which it is

more abundant (P < .05; LDA score 2).
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Fig 5. Plot from LEfSe analysis indicating enriched bacterial gen-
era associated either with healthy (green) or diarrheic (red) calves
from farm 1.

metabolism of other amino acids, 5% (n = 8) were
unclassified, 5% (n = 8) were related to energy metabo-
lism, and 2% (n = 2) to enzyme families. There were no
differences in the percentages of KEGG orthologs from
either level 1 or 2 (all adjusted P values >.05). The rela-
tive abundances of the 20 most abundant KEGG ortho-
logs are presented in supplemental Fig 1. When
comparing healthy and diarrheic calves, LEfSe analysis
indicated that porphyrin and chlorophyll metabolism
pathway genes were enriched in diarrheic calves from
F1. On F2, biosynthesis of vancomycin group antibi-
otics; valine, leucine, and isoleucine biosynthesis; gly-
cine, serine, and threonine metabolism; folate
biosynthesis; pantothenate and CoA biosynthesis; and
C5 branched dibasic acid metabolism were enriched in
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healthy calves, whereas porphyrin and chlorophyll
metabolism pathway genes were enriched in diarrheic
calves (Fig 10).

Discussion

Various studies have described the development of
the gastrointestinal microbiota of calves'>*2* and the
changes associated with different management practices
including feeding, housing, and antimicrobial adminis-
tration during the neonatal period.?>** However, lim-
ited information is available regarding the specific
changes occurring in the fecal microbiota and the func-
tional genes in calves with neonatal diarrhea.’' ™ We
identified significant differences in the fecal microbiota
and its predicted functional metabolic pathways in
healthy and diarrheic calves from 2 large dairy farms
with different management practices. The analyses eval-
uating the similarity of community membership and
structure of the fecal microbiota showed that calves
from the same farm shared similar microbial communi-
ties regardless of the health status when compared to
healthy and diarrheic calves from a different farm. The
degree of interfarm variation is important to recognize,
particularly because earlier studies have been based pri-
marily on animals from single facilities. These data indi-
cate potentially important differences between facilities
that must be considered when designing and interpret-
ing microbiota studies.

The development of intestinal microbiota in neonatal
calves is a dynamic and complex process influenced
by external and internal factors that affect intestinal
microbial  succession.’®  External factors include
microbial load in the environment, delivery mode,*
type of colostrum,® type of feeding (raw milk versus
pasteurized milk versus milk replacer),” housing,*® and
administration of probiotics, prebiotics, or antibi-
otics.””° Individual factors that can influence gut
microbiota include nutritional state, functional immatu-
rity of the immune system, intestinal pH, peristalsis, bile
acids, bacterial mucosal receptors, and microbial inter-
actions.*® Therefore, management factors are a likely
explanation for the interfarm differences that were
noted, but further study of factors that influence both
the individual calf and farm-level microbiota is needed.

I F2_Healthy

! | | !

0 1

LDA SCORE (log 10)

Fig 6. Plot from LEfSe analysis indicating enriched genera associated either with healthy (green) or diarrheic (red) calves from farm 2.
*Editorial office note: Figure is clear when downloaded and viewed on computer. Figure is blurry when compiled into a PDF of full article.
If this manuscript is published, the publishers’ production team will make sure figure is represented clearly in final representation.
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Table 4. P-values obtained from statistical analyses comparing community membership and structure of fecal sam-

ples of healthy and diarrheic calves from 2 different farms.

UNIFRAC Unweight AMOVA HOMOVA Parsimony
The Classic Jaccard index
F1 Healthy — F2 Healthy 0.008 <0.001 >0.05 <0.001
F1 Diarrhea — F2 Diarrhea 0.013 <0.001 >0.05 <0.001
F1 Healthy — F1 Diarrhea 0.05 0.02 >0.05 0.267
F2 Healthy — F2 Diarrhea 0.149 0.09 >0.05 0.520
The Yue and Clayton index
F1 Healthy — F2 Healthy 0.038 <0.001 0.348 0.026
F1 Diarrhea — F2 Diarrhea 0.009 <0.001 0.055 <0.001
F1 Healthy — F1 Diarrhea 0.014 0.004 0.357 0.113
F2 Healthy — F2 Diarrhea 0.03 0.038 0.011 0.108
F1, farm 1; F2, farm 2; AMOVA, analysis of molecular variance; HOMOVA, Homogeneity of molecular variance.
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Fig 7. Dendrograms representing the similarity of community membership (Jaccard index, left panel) and structure (Yue and Clayton
index, right panel) found in fecal samples collected from healthy (blue) and diarrheic (red) calves from farm 1 and healthy (green) and

diarrheic (yellow) calves from farm 2.

In humans and most other studied species, a small
number of phyla tend to account for the majority of
the intestinal microbiota. Firmicutes tends to be the
dominant phylum in most animal species,'>'>*'** as
was the case here. The predominance of Firmicutes,
Actinobacteria, and Proteobacteria noted in these calves
is also consistent with previous studies in infants,*!
foals,** piglets,'”® and calves.'*** The predominance of
Actinobacteria is presumably a reflection of the early
colonization of the gut in neonates. Bovine milk con-
tains complex nondigestible oligosaccharides*’ that pro-
mote proliferation of specific gut microbes, especially
Bifidobacterium spp. from the Actinobacteria phyla.**

Although it is difficult to define normal calf micro-
biota, general trends can be inferred from previous
studies. From a phylum-level perspective, the fecal

microbiota of healthy Holstein calves during the neona-
tal period was dominated by Firmicutes, with a relative
abundance ranging from 64 to 82%, followed by Bac-
teroidetes (8—24%), Proteobacteria (4—10%), Fusobacte-
ria (1-6%), and Actinobacteria (1-2%).'? At the genus
level, several studies identified higher abundance of Bac-
teroides and Clostridium spp. in the feces of healthy
calves.””* In addition, in pre-weaned Holstein calves
relative abundance of Faecalibacterium prausnitzii, a
microorganism that belongs to the phylum Firmicutes,
was higher during the first weeks of life and this high
abundance was associated with decreased incidence of
diarrhea.'?

Our results differed with the aforementioned studies
in several aspects. The phylum Bacteroidetes accounted
for <1% of the total sequences identified in healthy and
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Fig 8. Three-dimensional principal coordinates analyses of the
community membership (Jaccard Index) of the fecal microbiota of
healthy and diarrheic calves. Coloured points and ellipses indicate
groups: healthy calves from farm 1 (green) and farm 2 (red) and
diarrheic calves from farm 1 (orange) and farm 2 (blue).

axis3

Fig 9. Three-dimensional principal coordinates analyses of the
community structure (Yue and Clayton index) of the fecal micro-
biota of healthy and diarrheic calves. Coloured points and ellipses
indicate groups: healthy calves from farm 1 (green) and farm 2
(red) and diarrheic calves from farm 1 (orange) and farm 2 (blue).

diarrheic calves, something that could be accounted for,
at least in part, by methodology, because it is well
established that differences in Bacteroidetes abundance
can be found with Illumina vs 454 sequencing likely due
to the choice of different primers (V4-V5 vs V4, respec-
tively).*’

Proteobacteria,  especially = members  of  the
Enterobacteriaceae family, were enriched in feces of
healthy calves from F2, and in feces of diarrheic calves
from both FI1 and F2. The increase in diarrheic calves is
not surprising as this phylum often is associated with
intestinal dysbiosis,*® but the difference between farms
was interesting. A recent study of nursing calves from 5
beef farms identified some farms with high relative
abundances of Proteobacteria,*’ suggesting that higher
Proteobacteria levels could be a farm-associated effect,
perhaps from management practices. This could be of
concern because recent studies have identified a
mechanistic interrelation among Proteobacteria, the gut
immune response, and inflammation.*** Dysregulated
innate immune responses can elicit the bloom of
Proteobacteria that promotes gut inflammation and
facilitate inflammation or invasion by pathogens.’*"!
Additionally, the relative abundance of Faecalibacterium
spp. was lower in healthy calves, a somewhat surprising
result because F. prausnitzii has been associated with
anti-inflammatory  properties by stimulating the
production of anti-inflammatory cytokines, decreasing
the secretion of the pro-inflammatory cytokines and by
the production of butyrate.’>> Contradictory results
regarding the relative abundance of Faecalibacterium
spp in feces of preweaned calves from different farms
also have been reported in dairy'>*” and beef calves.*’
The reasons accounting for these differences are unclear,
but differences in methodologies among studies as well
as a farm-associated effects (management practices)
could explain the differences in gut microbiota.

We also identified significant differences in microbiota
structure and membership between healthy and diarrheic
calves. This observation was not surprising given the
differences that have been noted with enteric disease in
various animal species and diseases.”*>® The differences
that were noted with our analyses, along with those
identified by other approaches (eg, LEfSe) highlight the
need to look beyond simple comparison of relative
abundances when trying to interpret the microbiota,
because relative abundance changes were more modest.

The relative abundance of Actinobacteria was signifi-
cantly increased in healthy calves. At the genus level,
LEfSe analysis identified enrichment of Bifidobacterium
and an unclassified genus of the Bifidobacteriaceae family
in healthy calves. Changes in the relative abundance of
Bifidobacterium have been reported with different dysbio-
sis-associated intestinal diseases.’”>® Bifidobacteria have
been reported to prevent gastrointestinal infections by
outcompeting pathogenic viruses or bacteria for binding
sites on epithelial cells.>%° Bifidobacteria also produce
short chain fatty acids that are transformed to butyrate
and stimulate growth of butyrate-producing bacteria.>’
Butyrate has been shown to have trophic and
immunomodulatory effects on the intestinal epithe-
lium.®"%? Bifidobacterium also can contribute to the gut
health by production of inhibitory substances,’** and
modulating the gastrointestinal immune system
response.®*®> These characteristics can explain the posi-
tive impact of Bifidobacterium-based probiotics on pre-
vention of gastrointestinal diseases in calves.®®
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Fig 10. Predicted functional composition of metagenomes based on 16S rRNA gene sequencing data. LEfSe based on the PICRUSt data-
set revealed differentially enriched metabolic pathways associated either with healthy (green) or diarrheic calves (red) from farm 2.

The PICRUSt analysis was used to infer functional
capabilities of the microbial communities. This
approach infers the functional capacity of the micro-
biota by prediction of functional genes that typically
are associated with different taxa. Although the biologi-
cal relevance of this approach is still unclear, LEfSe
analysis identified several functional gene categories that
were enriched in healthy and diarrheic calves. Diarrheic
calves had decreased abundances of genes responsible
for metabolism of various vitamins (eg, folate, pan-
thotenate), amino acids (eg, valine, leucine, isoleucine,
glycine, serine, threonine) and carbohydrate metabo-
lism. This imbalance might indicate that free vitamin
and nutrient availability is altered in diarrheic calves.
Alterations in amino acid metabolism have been
observed in dogs with chronic diarrhea caused by idio-
pathic inflammatory bowel disease,”® in cats with acute
diarrhea,> and in humans with gut inflammation,®” sug-
gesting that amino acid dysmetabolism may be an
important feature of dysbiosis-associated diseases.
Increased relative abundances of genes associated with
porphyrin and chlorophyll metabolism also were pre-
sent in diarrheic calves. Porphyrins are tetrapyrroles
that bind covalently to a metal (iron, to form
cytochromes, peroxidase, catalase, myoglobin, and
hemoglobin; copper or nickel, to form molecules for
electron transport in methanogenic bacteria).®® In non-
photosynthetic eukaryotes such as animals, insects,
fungi, and protozoa, as well as in the a-Proteobacteria
group of bacteria, the committed step for porphyrin
biosynthesis is the formation of &-aminolevulinic acid
by the reaction of the amino acid glycine with succinyl
CoA from the citric acid cycle.®® Metabolites such as §-
aminolevulinic acid potentially could be used as a mar-
ker of increased abundance of Proteobacteria and there-
fore dysbiosis. However, PICRUSt is only a predictor
of metagenomic function, and metabolomic approaches
are preferred to identify factual changes in metabolic
function of microbiota of diarrheic calves and identify
markers of unstable gut microbiota.

Conclusion

The intestinal microbiota of healthy dairy calves
appeared to be farm-specific as were the changes during
diarrhea. Significant differences in microbiota structure
and membership between healthy and diarrheic calves

suggest that dysbiosis occurred in diarrheic calves and
was associated with changes in the predictive metage-
nomic function of the bacterial communities. A metabo-
lomic approach is required however to accurately
establish changes in metabolic function.

Footnotes
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¢ NanoDrop, Roche, Wilmington, DE

 Illumina, San Diego, CA

€ Mothur software package (v.1.35), Michigan State University,
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b Ribosomal Database Project classifier, Michigan State Univer-
sity, East Lansing, MI

i R! Core Team, 2013, R Foundation for Statistical Computing,
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Supporting Information

Additional Supporting Information may be found
online in the supporting information tab for this article:

Fig S1. Median relative abundance of the main meta-
bolic pathways genes identified in feces of healthy and
diarrheic calves from 2 different farms (n = 15 per
group).

Table S1. Relative abundance (median, min and max)
of the most abundant phyla, classes, order, and families
identified in feces of healthy and diarrheic calves from
two different farms.
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