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calves during the pre-weaning
period
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Introduction: Neonatal calf diarrhea is a multifactorial condition that occurs
in early life when calves are particularly susceptible to enteric infection and
dysbiosis of the gut microbiome. Good calf health is dependent on successful
passive transfer of immunity from the dam through colostrum. There are limited
studies on the developing gut microbiota from birth to weaning in calves.

Methodology: Therefore, the objective of this study was to examine the effect
of immune status and diarrheal incidence on the development of the fecal
microbiota in Jersey (n = 22) and Holstein (n = 29) heifer calves throughout the
pre-weaning period. Calves were hand-fed a colostrum volume equivalent to
8.5% of their birthweight, from either the calf's dam (n = 28) or re-heated mixed
colostrum (<2 cows, <1d; n=23) within 2h of birth. All calves were clinically
assessed using a modified Wisconsin—Madison calf health scoring system and
rectal temperature at day (d) O, d7, d21, or disease manifestation (DM) and
weaning (d83). Weights were recorded at dO, d21, and d83. Calf blood samples
were collected at d7 for the determination of calf serum IgG (slgG). Fecal
samples were obtained at d7, d21/DM [mean d22 (SE 0.70)], and at weaning for
16S rRNA amplicon sequencing of the fecal microbiota. Data were processed in
R using DADAZ; taxonomy was assigned using the SILVA database and further
analyzed using Phyloseq and MaAsLin 2.

Results and discussion: Significant amplicon sequence variants (ASVs) and calf
performance data underwent a Spearman rank-order correlation test. There was
no effect (p>0.05) of colostrum source or calf breed on serum total protein.
An effect of calf breed (p<0.05) was observed on slgG concentrations such
that Holstein calves had 6.49 (SE 2.99) mg/ml higher slgG than Jersey calves.
Colostrum source and calf breed had no effect (p>0.05) on health status or
the alpha diversity of the fecal microbiota. There was a relationship between
health status and time interaction (p <0.001), whereby alpha diversity increased
with time; however, diarrheic calves had reduced microbial diversity at DM. No
difference (p>0.05) in beta diversity of the microbiota was detected at d7 or
d83. At the genus level, 33 ASVs were associated (adj.p < 0.05) with health status
over the pre-weaning period.
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1 Introduction

Diarrhea accounts for 40% and 50% of calf mortality from birth
to 5months in Ireland (DAFM, 2021) and internationally (Cho and
Yoon, 2014; Chen et al., 2022), respectively. Gastrointestinal (GI)
disease in the form of neonatal calf diarrhea is the most common
cause of mortality in calves of <1 month of age, with 8.7% of beef and
25.5% of dairy calves affected (Todd et al.,, 2018). Neonatal calf
diarrhea is associated with reduction in average daily gain (ADG),
fertility performance, and first lactation milk yield (Abuelo et al.,
2021). Additionally, there is a negative effect on animal welfare due to
ataxia, dehydration, weakness, and anorexia, causing stress and
discomfort to the animal, as well as prolonged suppression of immune
function (Carter et al., 2021).

Newborn calves are agammaglobulinemic and rely on passive transfer
of immunity (PTT) from the dam through colostrum for their first immune
protection (McGee and Earley, 2019). Calves with failure of passive transfer
immunity are more susceptible to diseases, such as diarrhea, during the
pre-weaning period (Johnston et al.,, 2016). For successful passive transfer
of immunity, calves require good quality colostrum (>50 g/L
Immunoglobulin (Ig) G) fed in an adequate amount within 2 hours (h) of
life (Lorenz et al., 2011) in a hygienic manner (Carter et al., 2021).

The early life GI microbiome has been linked to enteric infections
and neonatal calf diarrhea (Oikonomou et al., 2013; Malmuthuge
etal., 2019) as a result of naive microbial communities present prior
to the establishment of a stable community (Chase and Kaushik,
2019). Our understanding of both the temporal establishment and
factors influencing the colonization of the lower GIT microbiota has
greatly benefitted with the use of next generation sequencing (NGS)
techniques, such as 16S ribosomal RNA (rRNA; Junior and Bittar,
2021). For example, NGS has previously been utilized to investigate
the colonization and development of the hindgut microbiome
(Malmuthuge and Guan, 2017), factors that influence development
(Amin and Seifert, 2021), and disruptions to the microbiome during
diarrheal disease (Gomez et al., 2017; Chen et al., 2022; Gomez et al.,
2022; Cui et al., 2023).

Microbial colonization of the gut begins shortly after birth (Song
et al,, 2018), potentially even in utero (Guzman et al., 2020; Bi et al.,
2021). Development of the gut microbiome follows a regular pattern
from colonization to stable community during the pre-weaning period
(Du et al., 2023). The GI microbiome once established is comprised of
commensal and pathogenic microorganisms (bacteria, archaea, fungi,
and viruses) that exist in equilibrium within a healthy host (Gomez
et al., 2019). However, instability during colonization leaves the
microbiome at risk of dysbiosis, where the microbial community
experiences a loss in commensal microbes in conjunction with the
proliferation of pathogenic species, resulting in suppressed immune
function and increased inflammation at the mucosal layer (Chase and
Kaushik, 2019). The hindgut microbiome of the calf in early life
changes rapidly (Du et al., 2023), which can quickly result in dysbiosis
if harmful microbes outcompete beneficial microbes.

Several factors influence microbial colonization and development
in the gut (Gomez et al.,, 2019) including the dam’s microbiome (Li
et al., 2022), colostrum intake (Song et al., 2018), nutrition (diet and
feed supplements), age, and stressful life events, such as weaning and
exposure to antimicrobials (Amin and Seifert, 2021). Colostral
components, including oligosaccharides, are an important source of
energy for the naive microbial communities within the gut, which
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have been shown to promote beneficial microbial colonization and
physiological development of the small intestine (Gomez et al., 2019).
In addition, the preparation of colostrum prior to administration to
the calf has been shown to influence the microbial colonization of the
lower GIT (Song et al., 2019). Other factors such as farm of origin and
host genetics have been identified as potentially influencing the
development of the lower GIT microbiota, as well as response to
diarrheal incidence, in dairy calves (Gomez et al., 2017; Slanzon et al.,
2022). However, there is a lack of information, in particular, on the
development of the fecal microbiota of calves during the pre-weaning
period with a focus on changes before, during, and after recovery from
diarrheal disease. Therefore, the objectives of the present study were
to examine (1) effect of artificial feeding of colostrum, sourced from
either the calves’ dam or a mixed source, on calf passive immunity and
(2) effect of health status including diarrheal disease and recovery on
the fecal microbiota during the pre-weaning period.

2 Materials and methods

2.1 Ethics statement

The experiment was conducted at the Dairygold Research Farm
in Kilworth, Co. Cork, Ireland (Teagasc, Animal and Grassland
Research and Innovation Centre, Moorepark, Fermoy, Co. Cork,
Ireland; 52°09'N; 8°16"W). The Teagasc Animal Ethics Committee
approved (TAEC2021-327) all animal procedures used in the study,
and the study was conducted using procedures consistent with the
experimental license (AE19132/P148) issued by the Irish Health
Products Regulatory Authority in accordance with European Union
legislation (Directive 2010/63/EU) for the protection of animals used
for scientific purposes.

2.2 Animal management

2.2.1 Dam management

Calves were selected from a single spring calving, multi-parous
herd [1-10 lactations, mean 2.83 (SEM 0.33)] consisting of Holstein—
Friesian (n =31) and Jersey (n=20) cows. All cows were vaccinated
for rotavirus, bovine corona virus, and E. coli (r-c Rotavec®Corona,
MSD Animal health, Ireland) 4 to 8weeks prior to calving and
received an annual booster for infectious bovine rhinotracheitis (IBR;
Rispoval® IBR-Marker inactivated, Zoetis Belgium S.A., Dublin
Ireland), bovine viral diarrhea virus (BVD; Bovilis® BVD, Intervet
Ireland Limited, Dublin, Ireland), Leptospirosis (Bovilis®
Leptavoid®-H, Intervet Ireland Limited, Dublin, Ireland), and
Salmonella (Bovilis® Bovivac S, Intervet Ireland Limited, Dublin,
Ireland). Cows calved indoors in a shed away from the main herd,
with concrete floors and deep straw bedding.

2.2.2 Colostrum management

Colostrum was obtained from each dam using a portable milking
unit (MK100 034904 2017 Inv Ref17027151). Within 2h of birth, each
calf received 8.5% of their BW (in liters: L) of colostrum from either
their dam or a refrigerated colostrum source. Refrigerated colostrum
consisted of colostrum from two or less cows that had calved within the
previous 24 h and was stored in a refrigerator (4°C) and is referred to as
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“mixed” Mixed colostrum was heated to approximately 38° C using a
water bath prior to feeding. Colostrum quality was tested using a digital
brix refractometer (Hanna Digital Refractometer for Sugar, HI9681).

2.2.3 Calf management

Fifty-one spring-born dairy heifer Holstein (HO; n=29, birth
weight (BW) 34.7 (SEM 0.69) kg) and Jersey (JE; n=22, BW 25.9
(SEM 0.81) kg) calves were enrolled in this study.

Calves remained with their dam for 30 min after calving. Upon
removal, each calf was weighed using a calibrated weighing scale and
the navel was disinfected (Foradine 10, povidone iodine 10%). The calf
was then moved to an individual pen (1.4 m x0.46 m) until day (d) 3
after birth. From d3 until weaning, calves were housed in group pens
(9.1 m x4.6 m) with 40 calves of similar age.

Calves received, on average, 2.6 L (SE 0.07) of colostrum within 2h
of birth either from the dam (1n=28) or a mixed source (n=23). Calves
were then fed 2L of transition milk twice daily using a bucket with a
teat. From d3 to d14, calves received transition milk twice a day using a
milk trough with teats, gradually increasing from 4L to 6 L per calf per
day. From second feeding to d7, calves received paromomycin
(Parafor™, BIOVET JSC, Bulgaria)
Cryptosporidiosis within each milk feed. At d14, calves were transitioned
to an allocation of 6 L of milk replacer [Heiferlac GB/IRL, Volac Feeds
LTD, Ireland; 26% crude protein (CP)] per day fed via automated calf
feeder (Forster Technik, Volac). Calves had access to roughage (straw)

preventatively —against

and pelleted concentrates (Sweet start calf starter pencils, 20% CP,
Southern Milling LTD., Co. Cork, Ireland) from d3 until weaning.

Calves were housed indoors in deep straw-bedded pens and had
access to an outdoor area that was bedded with woodchips. At 2 weeks
of age, calves received an oral dose of toltrazuril (Bovicox, KRKA,
Slovenia) for Coccidiosis and were vaccinated against Clostridia
(Tribovax10, Intervet Ireland LTD., Ireland) and respiratory disease
pathogens (Pneumovac PLUS, Animal Health Distributors, Ireland)
subcutaneously and received booster vaccinations 3 weeks later against
the respiratory disease pathogens (Pneumovac PLUS, Animal Health
Distributors, Ireland).

Calves were weaned gradually off milk replacer for 7 days based
on targeted weights (HO 85kg; JE 75kg) and concentrate intake
(minimum 1 kg of concentrate per calf per day for 3 consecutive days).
Once weaned, calves were turned out to pasture and offered 1kg of
concentrates/calf/day (Super Calf Rearer Nuts, 17% CP, Southern
Milling LTD., Ireland).

2.2.3.1 Clinical assessment

Throughout the study, clinical assessment of animals was
performed by the same scientist (S. Scully) to minimize sampler bias.
Calves were clinically assessed using a modified Wisconsin-Madison
calf health scoring system (McGuirk and Peek, 2014) and rectal
temperature (RT) was measured at dO-perinatal, 7, 21/DM, and 83 (at
weaning) post-birth. The Wisconsin-Madison system classifies RT,
presence of cough, appearance of eye and nasal discharges, and ear
position with scores ranging from 0 to 3 (from normal to very
abnormal). Fecal consistency and navel and joint swelling were
additionally scored on a scale of 0 to 3. Dehydration was assessed
using a skin tent test, with scores ranging from 0 to 2, as was coat
condition. Mucus membranes (lower inner eyelid) were used to assess
anemia and scores ranged from 1 to 5 [from normal to very abnormal
(severe anemia)]. Diarrheal disease was assessed using fecal scores

Frontiers in Microbiology

10.3389/fmicb.2024.1359611

(0=normal, 1=semi-formed, 2=moderate diarrhea, and 3 =severe
diarrhea). Calves that received a fecal score of 2 or higher were
observed for 48 h for repeated diarrheal stool before being classified
as diarrheic. Health status was defined as calves with diarrhea
(diarrheic; n=27) and absence of symptoms as “healthy” (n=24)
during the pre-weaning period.

Calves presenting with diarrhea received a binding agent (kaolin
powder 15-20 g/feeding) in milk meals and were supplemented with
electrolyte fluids (3-4L per calf) twice a day between milk meals.
Where possible, sick calves were moved to individual pens with deep
straw bedding and heat lamps. During high diarrheal incidence
among calves, sick calves remained in group pens, and all calves in the
pen received supportive therapies as outlined above.

2.3 Fecal and blood sample collection

Calves were sampled at three pre-determined time-points (d7, 21,
and 83 (weaning) post-birth), as shown in Figure 1, where
temperatures in calf sheds ranged from 2.3 to 12.5°C during the trial
period. Calves were clinically observed daily from birth to weaning
for symptoms of diarrheal disease. Calves with diarrhea were clinically
assessed, and fecal samples were collected and monitored for 24 to
48h. Calves were designated as “healthy” or “diarrheic” based on the
presence or absence of diarrheal disease symptoms. Fecal samples
were collected by rectal stimulation with sterile gloves to facilitate
collection at three separate time-points: on d7, d21 or at disease
manifestation, and d83 at weaning. Samples were placed in a sterile
25mL screw cap tube and immediately snap frozen in liquid nitrogen.
Samples were then transported to the laboratory on dry ice and stored
at —80°C for further analysis. Two samples from the healthy cohort
collected on d7 were misplaced, and one sample from the diarrheic
cohort was not obtained at d83.

Whole blood was collected from calves at the d7 [mean age d6.88
(SE 0.24)] via jugular venipuncture using an 18gx1” needle
[Vacutainer® PrecisionGlide™ Single Sample Veterinary Needle,
Becton Dickinson (BD)] inserted into a 1 x9mL VACUETTE® TUBE
Serum Clot Activator (Greiner Bio-One, Austria). Blood samples were
left at room temperature for approximately 90 min after collection and
then refrigerated at 4°C until further processing. All blood samples
collected were centrifuged at 1,600 x g for 10 min at 20°C. The serum
was collected, and aliquots (3 x 1 mL) were transferred to Eppendorf
tubes and stored at —80°C until further analysis.

2.4 Serum total protein and IgG
concentrations

Before laboratory analysis, serum samples collected on d7 were
removed from —80°C and allowed to thaw in a refrigerator (4°C) for
approximately 24 h. Serum was removed from the refrigerator and
stored at room temperature (20°C) for approximately 1h prior to
serum total protein (STP) and radial immunodiffusion (sRID) testing.
The quantification of STP was performed by pipetting 100 pL of serum
onto the lens of a digital refractometer (DR-303, digital handheld
refractometer, Index Instruments LTD, Cambridgeshire, England,
United Kingdom), which is similar to the method used by Todd
etal. (2018).
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FIGURE 1

Quantification of total IgG concentrations of serum (sIgG) was
performed using a commercially available sRID kit (Radial
Immunodiffusion Test for Quantification of Bovine IgG in Serum or
Plasma, Kent Labs, Triple ] Farms, Bellingham, WA, United States), as
described by Dunn et al. (2018) and King et al. (2020). Plates were
removed from refrigeration (4°C) and stored at room temperature
(20°C) for approximately 1 h prior to the application of standards and
test samples. Each sRID kit was supplied with three standard controls
(low, 280 mg/dL; mid, 1,400 mg/dL; and high, 2,800 mg/dL), and 5 pL
of each was applied to the plate. Serum samples were used neat or
diluted appropriately (1:1 or 1:1.5) using 0.9% NaCl to fall within the
range of the standard curve, and 5 pL of each applied to the plates.
Plates were stored at room temperature (20°C-22°C) in the dark for
18h. The diameters of the precipitin rings were measured using a
digital caliper (0.150mm digital caliper, Linear Tools 49-923-150,
Linear Tools LTD, Middlesex, England, United Kingdom). The
diameters of the rings were plotted against the IgG concentrations of
the standards in Microsoft Excel to calculate the slope of the line, and
the IgG concentrations of the samples (mg/ml) were calculated from
the study by Dunn et al. (2018). The coefficient of determination (R?)
values for the standard curves were between 0.95 and 0.98. The
apparent efficiency of absorption (AEA) of IgG for each calf was
calculated based on the calf’s weight, the volume of colostrum fed, and
the IgG concentrations of both the colostrum and the calf’s blood
serum using the same methodology as described by Conneely
etal. (2014).

2.5 DNA extraction and sequencing

2.5.1 Extraction and amplification

Sample processing order was determined on a random basis.
Using a similar methodology as previously described (McGovern
etal,, 2018; Smith et al., 2020a), fecal microbial samples from the three
sampling time-points (n=150) were ground to fine powder, under
liquid nitrogen, using a pestle and mortar. Microbial DNA was
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extracted from each sample using approximately 250 mg of ground
feces and was subjected to repeated bead beating and column
purification using the QIAGEN DNeasy® PowerSoil® Pro Kit
(QIAGEN, Manchester, United Kingdom) and
—80°C. Microbial DNA extraction was also performed on the
ZymoBIOMICS™ Microbial Community Standard (MC; Zymo
Research Corp., Irvine, CA, United States), for each extraction kit

stored at

(n=9), as an internal positive control. DNA quality was assessed on
0.8% agarose gels with the concentration of extracted DNA quantified
on the Nanodrop 1,000 spectrophotometer.

Extracted DNA was sent to Macrogen (Seoul, South Korea) for
16S rRNA amplicon library preparation and sequencing. In brief, the
first round of PCR amplification, targeting the V4 hypervariable
region of the 16S rRNA gene, was performed using the 515F/806R
primers (Caporaso et al., 2011) designed with Nextera overhang
adapters and Herculase II Fusion DNA Polymerase (Agilent, Santa
Clara, CA, United States). Cycle conditions were as follows: 95°C for
3 min, 25 cycles at 95°C for 305, 55°C for 305, 72°C for 30s, and then
72°C for 5min. PCR amplicon purification was performed using the
standard AMpure paramagnetic bead protocol (Beckman Coulter,
Indianapolis, IN, United States). Following purification, amplicons
were subjected to a second round of PCR to allow the attachment of
dual indices and Illumina sequencing adapters using the Nextera XT
indexing kit (Illumina, San Diego, CA, United States). Cycle
conditions for the second round of PCR were as follows: 95°C for
3 min, 10 cycles at 95°C for 305, 55°C for 305, 72°C for 30, and then
72°C for 5min followed by an additional PCR purification with the
AMpure paramagnetic bead protocol (Beckman Coulter, Indianapolis,
IN, United States). Amplicons were pooled together in equal
concentration and were subjected to sequencing on the Illumina
MiSeq using the 500 cycle version 2 MiSeq reagent kit (Illumina, San
Diego, CA, United States) split equally across two flow cells.

2.5.2 Sequencing analysis

Amplicon sequence data were processed in R (version 4.2.0)
using DADA2 (version 1.26.0) and submitted to the pipeline as
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described by Callahan et al. (2016), with minor modifications as 2.6 Statistical analysis
outlined by Smith et al. (2020b, 2021). Quality check of both forward
and reverse reads was carried out based on the visualization of Q ~ 2.6.1 Calf performance and clinical assessment
scores, ensuring that the mean Q scores of >30 were upheld for Calf performance and clinical health datasets were analyzed using
forward and reverse reads. Filtering and trimming of poor quality  statistical procedures in SAS 9.4. Data for STP and IgG concentrations,
reads and removal of primer sequences were conducted using the  average daily gain, and RT were checked for normality and
trimLeft function in DADA2. Identical sequences were combined  homogeneity of variance by histograms, qqplots, and formal statistical
using the de-replication function followed by the merging of forward tests as part of the UNIVARIATE procedure. Data were then analyzed
and reverse reads. An amplicon sequence variant (ASV) table was  using a repeated measures ANOVA (PROC MIXED procedure, SAS
then constructed following which chimeric sequences were removed ~ 9.4). The model included fixed effects (calf breed, dam breed, health
and taxonomy was assigned to sequence variants using the SILVA  status, and colostrum source) and random effects (shed and lactation
database (version 138.1) downloaded from the DADA2 website.' A number). Differences among means were determined by F-tests using
bootstrapping threshold of 80 was applied for taxonomic classification ~ Type III sums of squares. The PDIFF option and Tukey’s test were
by incorporating minBoot=80 as part of the assignTaxonomy  applied, where appropriate, to evaluate pairwise comparisons between
function, as described by Smith et al. (2020b). Sample metadata, = means. Non-significant (p>0.10) interactions were subsequently
sequence taxonomy, and ASVs were combined into a phyloseq object  excluded from the final model. Mean values were considered
using phyloseq (version 1.44.0; McMurdie and Holmes, 2013) and  statistically significant at p <0.05, and tendency was considered when
analyzed in RStudio (version 4.3.0). p>0.05and <0.10. Pearson’s correlation coefficients were determined
A rarefication curve was plotted for fecal microbial samples  using the CORR procedure. Correlations (effect size and the strength
(Figure 2). Based on plateauing of the generated rarefication curve,  of the correlation are denoted as r) were described as follows: 0.00-
sequencing was deemed to be conducted to a sufficient depth.  0.19 “very weak”; 0.20-0.39 “weak”; 0.40-0.59 “moderate”; 0.60-0.79
Following this, only bacterial ASVs, classified beyond the phylum  “strong”; 0.80-1.0 “very strong” (Swinscow, 1997). Correlations with
level, were obtained. Subsequently, alpha (Shannon) diversity was ~ p<0.05 were considered statistically significant. Clinical health scores
calculated for each sample. For comparisons of beta diversity, as well ~ were analyzed using a Wilcoxon Rank Sum test
as differential abundance analysis, ASVs which were not presentin ~ (NPARIWAY procedure).
>0.05% of the samples were removed before calculating the relative
abundance (RA). 2.6.2 Sequencing data
The effect of health status and time-point on alpha diversity of the
bacterial community was assessed using the PROC MIXED procedure
in SAS. The model included fixed effects (calf breed, dam breed, health
status, and colostrum source) and random effects (shed and lactation
1 https://benjjineb.github.io/dada2/training.html number). Differences among means were determined by F-tests using
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Type I1I sums of squares. The PDIFF option and results from Tukey’s
test were applied to evaluate pairwise comparisons between means.
Mean values were considered to be different when p<0.05 and a
tendency when p>0.05 and <0.10.

Before assessing the effects of health status and time-point on
the overall bacterial community structures, the homogeneity of
group dispersion was assessed between groups. Following this,
PERMANOVA tests based on Bray-Curtis dissimilarities, 9,999
permutations, and a significance level of p < 0.05 were implemented
to determine if the bacterial community structure was impacted by
calf health status, time-point, colostrum source, and calf breed.
Both the assessment of the homogeneity of group dispersion and
PERMANOVA analysis were carried out using the R package vegan
(Oksanen et al., 2019; version 2.5.7) implemented through
microbiome (Lahti and Shetty, 2017; version 1.12.0). Due to poor
species level classification of ASVs, differential abundance analysis
was performed at the genus, family, and phylum levels. Data were
subset into time-points and then filtered for ASV's with an RA of
>0.05% using phyloseq. At each time-point, statistical analysis of
ASVs was performed using MaAsLin2 (version 1.14.1; Mallick
et al., 2021) with time-point and health status as fixed effects and
the Benjamini-Hochberg procedure to correct for false discovery
rate. The three time-point files were then merged into one phyloseq
object and run through the MaAsLin2 package with time-point
and health status as fixed effect and the Benjamini-Hochberg
procedure to correct for false discovery rate. The resulting data
were used to determine the effect of time-point and health status
on ASVs. While taxonomy was assigned using the SILVA database
(version 138.1), phyla names were updated according to Oren and
Garrity (2021). A Spearman rank-order correlation (r,) for
non-parametric data was performed to determine correlations
between ASVs and calf performance data and fecal scores at
disease manifestation. Spearman correlations (effect and strength
are denoted as r,) were described using the same methodology as
outlined in section 2.6.1, and any correlations with p <0.05 were
considered significant.

3 Results
3.1 Clinical health

3.1.1 Diarrheal disease incidence

Colostrum fed to calves had a mean Brix score of 26% (SE 0.51).
Calves were weaned, on average, at d83 (SE 1.04; HO: d79, SE 1.22; JE:
d88, SE 1.16) post-birth at an average weight of 82kg (SE 1.10; HO:
85kg, SE 1.38; JE: 79kg, SE 1.50). Colostrum source and calf breed
had no effect (p>0.05) on disease incidence. Of the 51 calves enrolled,
diarrheal incidence occurred in 53% (n=27), with a mortality of 2%
(n=1) from birth to weaning. Day of diarrheal disease manifestation
ranged from d18 to d38, with the mean day post-birth for diarrhea
being d22 (SE 0.70).

3.1.2 STP, IgG concentrations, and AEA

Serum IgG concentrations were strongly correlated (r=0.61;
p<0.0001) with STP concentrations. There was no effect (p >0.05)
of colostrum source on calf STP, serum IgG concentrations, or
AEA. Calf breed had no effect on mean STP or AEA (p>0.05),
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whereas serum IgG concentrations were greater (p<0.04) in
Holstein calves than Jersey calves. Healthy calves and diarrheic
calves had similar AEA, STP, and serum IgG concentrations
(p >0.05; Table 1).

3.1.3 Perinatal health scores

At d2 (SE 0.23) after birth, calves had a mean RT of 38.8°C (SE
0.07). At perinatal assessment, all calves were healthy. There was calf
breed x colostrum source (p=0.05) for RT where mixed colostrum
Jersey calves tended to have a lower temperature than mixed
colostrum HO (—0.40°C, SE 0.19; p=0.05) and dam-fed JE calves
(—0.40°C, SE 0.19; p<0.05). There was no effect of calf breed or
colostrum source on perinatal (baseline) health scores [data available
on Open Science Framework (OSF)].

3.1.4 Health scores pre-diarrheal disease—d7

At d7, calves had a mean RT of 39.1°C (SE 0.05). There were no
calf breed x colostrum source interactions or effects of calf breed or
colostrum source on RT prior to disease manifestation (DM; data
available on OSF).

3.1.5 Health scores disease manifestation—
d21/DM

Calves were clinically diagnosed with diarrhea at a mean of d22
(SE 0.70) after birth. Health status had an effect on temperature
(p<0.0001), where healthy calves had lower (p=0.0004) RT [38.9 (SE,
0.07)] than diarrheic calves [39.3 (SE 0.05)].

All health indicators were normal (median score of 0) with the
exception of feces, which had a median score of 2 during disease
manifestation (Table 2). There was no effect (p>0.05) of colostrum
source on any of the indicators that were used to assess health. Calf
breed had an effect on joint scores (p <0.0001), where HO had higher
joint scores than JE. Health status had an effect on ear (p=0.001), fecal
(p<0.0001), dehydration (p=0.03), and mucus membrane (p=0.05)
scores such that diarrheic calves scored higher in these categories than
healthy calves (Table 2).

3.1.6 Health scores of post-diarrheal disease—
d83

At d83 (SE 1.04) after birth, calves had a mean temperature of
39.0°C (SE 0.03). All indicators had a median score of 0 with the
exception of ocular discharge, which had a median score of 1 after
diarrheal disease. Colostrum source had an effect on calf
temperature, where at weaning, dam-fed calves had a lower
temperature (—0.17°C, SE 0.07; p=0.01) than mixed colostrum
calves. There were no other effects or interactions on calf
temperature at weaning. Health status had an effect on navel score.
There were no other interactions or effects on health scores at
weaning (data available on OSF).

3.2 Performance data—ADG

There was no effect (p>0.05) of colostrum source, calf breed,
health status, or any interactions on ADG over the pre-weaning
period (d0-d83). Calves were observed to perform with an ADG of
0.62 (SE 0.01) kg/d (Table 1). Healthy calves were weaned, on average,
4 days earlier (SE 1.74; p <0.05) than diarrheic calves.
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3.3 Fecal microbiota, temporal
development, and health status

NS
NS
NS
NS

After quality filtering, merging, and removal of chimeric

NS
NS
NS

sequences, an average of 59,538+ 9,854 reads per fecal sample were

generated. Per time-point, fecal samples collected at pre-diarrheal
disease (d7) produced an average of 56,294+7,612 reads. Fecal
samples collected at d21 or disease manifestation (d21/DM) generated

NS
NS
NS

an average of 60,200+7,901 reads and those collected post-disease
(d83) generated an average of 62,042+8,192 reads. Correlations
between positive controls ran for each kit were all highly correlated,
with r, ranging from 0.90 to 1.0 (p<0.01).

NS
NS
NS

3.3.1 Characterization of the fecal microbiota
during the pre-weaning period

Based on PERMANOVA analysis, calf breed (p=0.08), colostrum
source (p=0.31), and passive immune status (p=0.21) had no effect

NS NS
0.04 NS
NS NS
‘ NS ‘ NS ‘ NS ‘ NS ‘ NS

0.20
217
1.51
0.01

on the overall fecal microbiota composition. At the genus level, 396

unique ASVs were detected throughout the pre-weaning period across

27)

the three time-points (before diarrheal disease, during diarrheal

©
) g v e g 3
3 5 | RENEEE = disease, and after diarrheal disease). Genera and the adjusted p-values
-g as (adj.p) of ASVs associated with health status across the pre-weaning
< ] period are presented in Table 3. At the species level, 4,638 ASV's were
T"} _g‘ g ol <l - detected. Over the pre-weaning period, four phyla dominated the fecal
T Tg I e E pd microbiota such as Bacillota (formerly known as Firmicutes—71%),
TS Bacteroidota  (15%), Actinomycetota (formerly known as
] Actinobacteria—5%), and Pseudomonadota (formerly known as
E s s o g = Proteobacteria—4%), which accounted for 95% of the RA of bacteria
§ 7 S| s identified. Initially, before diarrheal disease, Actinomycetota
i (Actinobacteria—33%), Pseudomonadota (Proteobacteria—10%), and
© Bacteroidota (23%) made up the majority of microbiota present in the
g E 3 E < fece.s of al.I calves. As 'Elme progr.essed tl?rm?ghout the pre-weaning
5 period, microbes within the Bacillota (Firmicutes) phylum began to
S L proliferate, becoming the dominate phylum at disease manifestation
g (48%) and post-disease (52%) compared with pre-disease (34%).
k¢ g o 8 3
S °F A ° 3.3.2 Temporal establishment of the fecal
O microbiota
= Before diarrheal disease, during disease manifestation, and after
% E SR 5 diarrheal disease, alpha diversity changed significantly (p=0.0001)
ow Sl i overtime. The fecal microbiota of calves became progressively more
diverse during the pre-weaning period (Figure 3). Health status
- | (p=0.01) had a significant effect on the overall alpha diversity of the
g 3,>)' 8 5 e @ S fecal microbiota. A significant interaction between time-point and
c e o ! KR S g health status (p=0.0001) was observed, whereby at the second time-
.g £ = Z point (d21/DM), diarrheic calves had a reduction in microbial
§- § N g diversity (Figure 4). There was an effect of health status (p=0.003) on
N -% § ol wl e . g differences in alpha diversity from d7 to d21/DM, and from d21/DM
g % N & = g pd gﬂ to d83, and none between d7 and d83.
: EE :
2 _— % 3.3.3 Effect of health status on the fecal
g » B Z microbiota
E 5 Z 5 5 2 No ASVs were solely associated with health status on a genus
E E g gb g % g _% level. At the species level, 9 ASV's were associated with health status
E = g \5/ € z g ) ; during the pre-weaning period. Five of these ASVs were unclassified
- =8 é é" g 2 f;; 2 %o species within the Prevotella_7 genus. The remaining four ASVs
2 < & I 225 R 3 included Faecolicoccus pleomorphus, unclassified Lachnoclostridium,
= o > R & unclassified Dialister, and an unclassified microbe in the
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TABLE 2 Clinical assessment at d21 (healthy calves) or disease manifestation (diarrheic calves).

Variables

Breed (B)

Holstein
(n =29)

Jersey
(n=22)

Pooled

SEM

Colostrum source

(CS)

Dam
(n=28)

Mixed
(n=23)

Pooled

SEM

Health status (HS)

Healthy Diarrhea

(n = 24)

(n=27)

Pooled

SEM

P-values*

HS

B x
CS

Mean age at clinical assessment (d) 23 23 0.71 23 23 0.75 22 24 0.63 NS NS 0.004 NS NS NS
Mean rectal body temperature (°C) 39.2 39.0 0.07 39.2 39.0 0.07 38.9 39.3 0.06 NS NS 0.0004 NS NS NS
Health scores (median score) Range Range Range

Nasal 0 0 0-1 0 0 0-1 0 0 0-1 NS NS NS NS NS NS
Ocular 0 0 0-1 0 0 0-1 0 0 0-1 NS NS NS NS NS NS
Ear 0 0 0-2 0 0 0-2 0 0 0-2 NS NS 0.001 NS NS NS
Cough 0 0 0-1 0 0 0-1 0 0 0-1 NS NS NS NS NS NS
Feces 2 1 0-3 2 1 0-3 0 3 0-3 NS NS <0.0001 | NS NS NS
Navel 0 0 0-2 0 0 0-2 0 0 0-2 NS NS NS NS NS NS
Joints 1 0 0-2 0 0 0-2 0 1 0-2 <0.0001 | NS NS NS NS NS
Coat 0 0 0-2 0 0 0-2 0 0 0-2 NS NS NS NS NS NS
Dehydration 0 0 0-2 0 0 0-2 0 0 0-1 NS NS 0.03 NS NS NS
Mucus membranes 0 0 0-1 0 0 0-1 0 0 0-1 NS NS 0.05 NS NS NS

*NS, not statistically significant. Clinical assessment criteria are available on OSE.
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TABLE 3 Genera and adjusted p-values (q) associated with health status during the pre-weaning period.

Taxonomical classification q-values*
Phylum Genus Pre-disease During Transition to
transition! diarrhea' recovery'

ASV1 Actinomycetota (Actinobacteriota) | Bifidobacterium 0.0003 0.0002 NS
ASV3 Pseudomonadota (Proteobacteria) | Escherichia-Shigella 0.04 0.04 0.02
ASV5 Bacteroidota Alloprevotella 0.002 0.0002 0.0001
ASV6 Actinomycetota (Actinobacteriota) | Collinsella NS 0.03 NS
ASV8 Bacillota (Firmicutes) Peptostreptococcus 0.006 0.02 0.006
ASV9 Bacteroidota Prevotella NS 0.04 0.02
ASV12 Fusobacteriiota Fusobacterium 0.04 NS NS
ASV16 Bacteroidota Prevotella_9 0.002 0.007 0.002
ASV18 Bacillota (Firmicutes) Ligilactobacillus 0.0002 0.0009 0.0002
ASV20 Bacillota (Firmicutes) Rikenellaceae RC9 gut group 0.04 NS 0.03
ASV22 Bacillota (Firmicutes) Phascolarctobacterium NS 0.02 0.03
ASV24 Actinomycetota (Actinobacteriota) | Olsenella NS NS 0.03
ASV25 Bacteroidota NA 0.02 0.03 NS
ASV28 Bacteroidota Prevotella_7 0.01 0.0009 0.0002
ASV41 Bacteroidota Prevotellaceae UCG-001 NS NS 0.03
ASV44 Bacillota (Firmicutes) Lachnospiraceae UCG-004 0.02 0.03 NS
ASV48 Bacillota (Firmicutes) Faecalicoccus 0.02 0.001 0.0004
ASV50 Bacteroidota Prevotellaceae UCG-003 NS NS 0.04
ASV58 Bacillota (Firmicutes) NA 0.0004 0.001 0.0002
ASV66 Bacillota (Firmicutes) NA 0.03 NS NS
ASV67 Bacillota (Firmicutes) Erysipelatoclostridium NS 0.004 0.001
ASV75 Thermodesulfobacteriota Desulfovibrio

(Desulfobacterota) 002 003 002
ASV78 Verrucomicrobioota Akkermansia NS 0.04 0.03
ASV82 Bacillota (Firmicutes) Flavonifractor 0.003 0.0003 0.0001
ASV88 Bacillota (Firmicutes) NA 0.03 NS 0.03
ASV9I1 Bacillota (Firmicutes) NA 0.002 0.007 0.0009
ASV92 Bacillota (Firmicutes) Allisonella 0.006 0.02 0.007
ASV93 Bacillota (Firmicutes) Dialister 0.006 0.02 0.006
ASV96 Bacillota (Firmicutes) Anaerofilum 0.04 NS 0.05
ASV104 Bacteroidota Barnesiella NS NS 0.03
ASV109 Bacillota (Firmicutes) Lachnospiraceae FCS020 group 0.02 0.03 NS
ASV112 Bacillota (Firmicutes) Intestinibacter 0.002 0.007 0.0008
ASV132 Bacteroidota Butyricimonas 0.01 0.02 0.01

#q=adjusted p-values determined using Benjamini-Hochberg procedure; NS, not statistically significant. 'Pre-disease transition, transition from pre-disease (d7) to disease manifestation;

during diarrhea, at d21 (healthy calves) or disease manifestation (diarrheic calves); Transition to recovery, from disease manifestation to weaning (d83).

Ruminococcaceae family. Lachnoclostridium was the only ASV with a

greater RA observed in diarrheic calves. All other ASVs were found
to have a higher overall RA in healthy calves (Table 4).

3.3.3.1 Pre-diarrheal disease—d7
At the pre-diarrheal disease time-point, all calves enrolled

presented as healthy. No ASVs, from phyla to species level, were found

to be significantly associated with health status at this time.
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3.3.3.2 Relationship of health status at d21/DM at the
genus level

At the genus level, 24 ASVs were significantly associated
(adj.p<0.05) with health status (Table 5). Bifidobacterium,
Prevotella_7,
Ruminococcaceae,

Flavonifractor, Faecalicoccus, unclassified

Erysipelatoclostridium, Intestinibacter,
unclassified Bacillota (Firmicutes), Dialister, Butyricimonas,

Collinsella, Lachnospiraceae FCS020 group, Desulfovibrio, and
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Temporal changes in beta diversity of the fecal microbiota from birth to weaning.

Akkermansia were found to have a higher RA in healthy calves.
Alloprevotella, Allisonella,
Phascolarctobacterium, unclassified Prevotellaceae, Lachnospiraceae
UCG-004, Prevotella, and Escherichia-Shigella were found to have a
higher RA in diarrheic calves (Figure 5). At the species level, there
were 43 ASVs identified at d21/DM, which were associated
(adj.p <0.05) with health status. Overall, 13 of those identified had
a proportionally higher RA in diarrheic calves, and the remaining

Ligilactobacillus, ~ Prevotella_9,
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30 were higher in healthy calves. Bifidobacterium breve,
Bifidobacterium pseudolongum, and Collinsella aerofaciens and nine
unclassified species of Prevotella_7 were all proportionally higher
in RA in the feces of healthy calves. In diarrheic calves, unclassified
Alloprevotella was higher in RA than healthy calves. Prevotella
stercorea, unclassified Prevotella, Escherichia coli, unclassified
Peptostreptococcus (RA 2.36%, adj.p=0.02), and 2 unclassified
species of Ligilactobacillus (ASV 25: RA 2.87%, adj.p=0.0004; ASV
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TABLE 4 Species associated with health status and adjusted p-values (q) during the pre-weaning period.

Species RA-Diarrheic (%) RA-Healthy (%) q-value*
ASV52 Bacteroidota Prevotella_7 NA 0.02 0.68 0.03
ASV128 Bacillota (Firmicutes) Lachnoclostridium NA 0.18 0.05 0.03
ASV167 Bacteroidota Prevotella_7 NA 0.005 0.19 0.03
ASV251 Bacteroidota Prevotella_7 NA 0.006 0.10 0.03
ASV152 Bacteroidota Prevotella_7 NA 0.004 0.20 0.03
ASV172 Bacillota (Firmicutes) Faecalicoccus pleomorphus 0.04 0.14 0.03
ASV279 Bacillota (Firmicutes) NA NA 0.009 0.08 0.03
ASV224 Bacillota (Firmicutes) Dialister NA 0.02 0.10 0.04
ASV142 Bacteroidota Prevotella_7 NA 0.006 0.22 0.04

RA Relative abundance (%). *q value, adjusted p-value determined using Benjamini-Hochberg procedure.

TABLE 5 Relative abundance (%) of Genera associated with health status during disease manifestation (d21/DM).

ASV Phylum Genus RA-Diarrheic RA-Healthy Difference qg-value*
ASV1 Actinomycetota (Actinobacteriota) Bifidobacterium 1.36 6.38 —5.02 0.0002
ASV3 Pseudomonadota (Proteobacteria) Escherichia-Shigella 233 0.63 1.70 0.04
ASV58 | Bacteroidota Alloprevotella 13.68 3.43 10.25 0.0002
ASV6 Actinomycetota (Actinobacteriota) Collinsella 2.53 4.47 —-1.94 0.03
ASVS8 Bacillota (Firmicutes) Peptostreptococcus 2.37 0.16 221 0.02
ASV9 Bacteroidota Prevotella 7.08 2.94 4.15 0.04
ASV16 | Bacteroidota Prevotella_9 0.65 0.18 0.47 0.007
ASV18 Bacillota (Firmicutes) Ligilactobacillus 3.33 0.58 2.75 0.0009
ASV22 Bacillota (Firmicutes) Phascolarctobacterium 1.33 0.69 0.64 0.02
ASV 25 | Bacteroidota NA 0.53 0.30 0.23 0.03
ASV28 | Bacteroidota Prevotella_7 0.32 6.32 —6.00 0.0009
ASV44 Bacillota (Firmicutes) Lachnospiraceae UCG-004 1.07 0.42 0.65 0.03
ASV48 Bacillota (Firmicutes) Faecalicoccus 0.23 0.96 —0.73 0.001
ASV 58 | Bacillota (Firmicutes) NA 0.24 0.88 —0.64 0.001
ASV 67 | Bacillota (Firmicutes) Erysipelatoclostridium 0.16 0.48 —0.32 0.004
ASV 75 | Thermodesulfobacteriota (Desulfobacterota) Desulfovibrio 0.11 0.39 —-0.29 0.03
ASV78 | Verrucomicrobiota Akkermansia 0.10 0.25 —-0.15 0.04
ASV82 Bacillota (Firmicutes) Flavonifractor 0.09 0.45 —0.36 0.0003
ASV 91 | Bacillota (Firmicutes) NA 0.09 0.29 —0.21 0.007
ASV92 Bacillota (Firmicutes) Allisonella 0.26 0.06 0.20 0.02
ASV93 Bacillota (Firmicutes) Dialister 0.07 0.41 —0.34 0.02
ASV109 | Bacillota (Firmicutes) Lachnospiraceae FCS020 group 0.08 0.14 —0.07 0.03
ASV112 | Bacillota (Firmicutes) Intestinibacter 0.05 0.21 —0.16 0.007
ASV132 | Bacteroidota Butyricimonas 0.04 0.2 —0.16 0.02

RA relative abundance (%), difference (diarrheic % — healthy %) expressed as percentage points. *q-value, adjusted p-value determined using Benjamini-Hochberg procedure.

154: RA 0.44%, adj.p =0.01) were proportionally higher in diarrheic ~ 3.3.4 Comparison of the progression of the fecal

calves at disease manifestation. microbiota between healthy and diarrheic calves
3.3.3.3 Post-diarrheal disease—d83 3.3.4.1 Transition from pre-disease to disease

At d83 (post-diarrheal disease), all calves presented as healthy,  manifestation
and no ASVs, from phyla to species level, were associated with At pre-disease, no ASVs were associated with health status;
health status. however, when analyzing the changes in the RA of ASVs from
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FIGURE 5
Relative abundance at disease manifestation (B).

Relative abundance of top 13 genera at disease manifestation

Diarrheic

Health Status

M Ligilactobacillus
M Bifidobacterium

M Prevotella_7

Healthy

Collinsella
M Phascolarctobacterium

M Faecalicoccus

pre-disease to disease manifestation, 25 genera were significantly
(adj.p<0.05) associated with health status during this transition
period. In both healthy and diarrheic calves, there was a decrease in
the RA of Bifidobacterium spp. (adj.p<0.001) from pre-disease to
disease manifestation, with a larger loss observed in diarrheic calves.
There was a decrease in RA of Escherichia-Shigella (adj.p <0.05) in
both cohorts; however, this decrease was greater in healthy calves. The
RA of Alloprevotella (adj.p <0.01) increased in both cohorts; however,
the increase was proportionally greater in diarrheic calves, as opposed

Frontiers in Microbiology

to healthy calves. Similar to Alloprevotella, an increase was observed
in both cohorts in the RA of Ligilactobacillus (adj.p <0.001), but a
greater increase was observed in diarrheic calves. Fusobacterium
(adj.p<0.05) followed a similar trend such that the RA increased from
pre-disease to disease manifestation for both cohorts, but diarrheic
calves experienced a greater increase. With regard to Peptostreptococcus
(adj.p<0.01), a decrease was observed in RA in both healthy and
diarrheic calves; however, the RA pre-disease in diarrheic calves was
higher (RA 5.8%) than in healthy calves (RA 3.4%). The RA of
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Prevotella_7 (adj.p=0.01) decreased from 0.53% to 0.31% in diarrheic
calves and increased from 0.02% to 6.32% in healthy calves (data
available on OSF).

3.3.4.2 Transition from disease manifestation to
post-disease

When analyzing the changes in the RA of ASVs from disease
manifestation to post-disease, 26 genera or 53 species were
significantly (adj.p <0.05) associated with calf health status. When
moving from disease manifestation to post-disease, at weaning, at the
genus level, Bifidobacterium was no longer significantly associated
with health status; however, at the species level, Bifidobacterium breve
was significantly (adj.p <0.001) associated with health status. In case
of Bifidobacterium breve, a larger decrease was observed in the RA of
healthy calves. In case of both cohorts, a decrease was observed in RA
of Escherichia-Shigella (adj.p<0.05) through the transition from
disease manifestation to post-disease. During the transition from
disease to post-disease, diarrheic calves showed a decrease in the RA
of Alloprevotella (adj.p=0.0001), while healthy calves showed an
increase. Peptostreptococcus (adj.p<0.01) and Ligilactobacillus
(adj.p<0.001) decreased in both groups. Similarly, Prevotella_7
(adj.p<0.001) decreased in RA in healthy calves and diarrheic calves.
There was a greater increase in RA of Prevotella (adj.p<0.05) in
healthy calves between these time-points (data available on OSF).

3.4 Correlations

3.4.1 Calf performance, immune status, and ASVs

Serum total protein and serum IgG concentrations were
moderately and weakly correlated with a variety of ASVs associated
with health status in all calves, diarrheic calves, and healthy calves.
Moderate correlations were observed between ASVs and ADG in
diarrheic calves and in healthy calves (Table 6). Across all calves at
disease manifestation, correlations between fecal score and all ASVs
significantly associated with health status ranged from weak to strong
(Table 6). There was a strong positive correlation between fecal score
at disease manifestation and Alloprevotella (r,=0.61, p < 0.0001). Fecal
scores were observed to have a moderate negative correlation with
Bifidobacterium, Colinsella, Prevotella_7, Faecalicoccus, ASV 58,
Erysipelatoclostridium, Akkermansia, Flavonifractor, ASV 91, Dialister,
and Intestinibacter. Moderate positive correlations were observed
between fecal scores and Prevotella_9, Ligilactobacillus, ASV 25,
and Allisonella.

3.4.2 Correlations between ASVs at disease
manifestation

At the time of disease manifestation, 29 strong correlations (r,
range as absolute value: 0.60-0.77), 72 moderate correlations (r, range
as absolute value: 0.40-0.59), and 72 weak correlations (r, range as
absolute value: 0.27-0.39) of significance (p <0.05) were observed
between the various genera associated with the health status (Table 7).

4 Discussion

The present study examined the effect of health status on the
development of the fecal microbiota of Jersey and Holstein heifer
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calves during the pre-weaning period. There was little variation in
serum IgG concentrations between healthy and diarrheic calves,
indicating that diarrheal disease manifested despite adequate immune
status. All calves were determined to be healthy, with no difference in
fecal microbiota composition before disease. The same was observed
after disease, indicating that all calves started similarly and those that
did develop diarrhea were able to adequately recover and re-establish
an equilibrium within the hindgut microbiota. The results of the
present study confirm dysbiosis of the hindgut microbiome, resulting
in diarrheal disease, and provide an insight into the changes in
microbial composition that may lead to dysbiosis, which enables
diarrheal disease manifestation.

4.1 Calf management and disease
incidence

Calf breed and colostrum source had no effect on diarrheal
incidence. Additionally, there was little variation in serum IgG
concentrations between cohorts (diarrheic, healthy), indicating that
diarrheal incidence is due to other factors and manifested
independently of transfer of passive immunity. The strong correlation
between serum IgG and STP indicate that STP is an adequate proxy
for evaluating serum IgG as previously reported by Wilm et al. (2018).

In the current study, there was no effect of colostrum source on
serum IgG, such that serum IgG was similar for calves that received
colostrum from their own dam and a mixed source. The present
findings are in agreement with those reported by King et al. (2020).

In the current study, diarrheal disease manifestation could
be attributed to dysbiosis of the hindgut microbiome (Gomez et al.,
2017), environmental pathogen load, changing diet, or some other
stressors, all of which impact immune function (Hulbert and Moisa,
2016) and microbiome development (Amin and Seifert, 2021; Du
etal, 2023). In addition, calf health status had no effect on the average
daily gain from birth to weaning, indicating that calves performed the
same, regardless of diarrheal disease manifestation. Sayers et al. (2016)
reported that treating neonatal calf diarrhea with oral rehydration
solution (electrolytes), as were the calves in the current study,
enhances calf recovery, suggesting that the appropriate use of
supportive therapies enable diarrheic calves to recover without an
effect on performance.

4.2 Effects on the fecal microbiota

4.2.1 Temporal development

In the current study, the temporal development of the fecal
microbiota observed during the pre-weaning period is in agreement
with the findings reported by Song et al. (2018), Hennessy et al.
(2020), and Massot et al. (2020), such that overall diversity of the fecal
microbiota increased with time, supporting the assertion that
microbial colonization of the lower gastrointestinal tract of calves
occurs sequentially and progressing rapidly from birth to weaning as
has been reported by Alipour et al. (2018).

4.2.2 Colostrum management

Neonatal calves are pseudo-monogastric, relying on a milk-
based diet, with the main site of digestion, via microbial
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TABLE 6 Spearman rank-test correlation coefficients (r,) for ASVs and calf performance, immune status, and fecal scores.

Average daily gain

Serum total protein

Serum IgG concentration

Fecal score

Diarrheic Healthy Diarrheic Healthy All Diarrheic Healthy All Diarrheic Healthy

Bifidobacterium NS NS NS NS NS NS NS NS NS —0.58*#* | NS NS
Escherichia-Shigella NS NS NS NS NS NS NS NS NS 0.31 NS NS
Alloprevotella NS NS NS NS NS NS —0.35% NS NS 0.61 7% NS NS
Collinsella NS NS NS NS NS NS NS NS NS —0.43* NS NS
Peptostreptococcus NS NS —0.47 —0.45%* —0.42 —0.57* —0.35% —0.43 NS 0.39% NS NS
Prevotella NS NS NS —0.37%* NS —0.46 —0.37% —0.38 NS 0.33 NS NS
Prevotella_9 NS NS NS NS NS NS —-0.27 NS NS 0.52%## NS NS
Ligilactobacillus NS NS NS NS NS NS —-0.28 NS NS 0.567%%# NS NS
Phascolarctobacterium NS NS NS NS NS NS NS NS NS 0.38* NS NS
ASV 25 (Family-Prevotellaceae) NS NS NS NS NS NS NS NS NS 0.42% NS NS
Prevotella_7 NS NS NS 0.37% 0.43 0.47 0.46%* 0.51% NS —0.57%%* NS NS
Lachnospiraceae UCG-004 NS NS NS NS NS NS NS NS 0.40 0.36%* NS NS
Faecalicoccus NS NS NS 0.31 0.45 NS 0.40%* 0.49% NS —0.54%** | NS NS
ASV 58 NS NS 0.42 0.27 NS NS 0.35% 0.44 NS —0.58%#%* NS NS
(Family Ruminococcaceae)

Erysipelatoclostridium NS NS NS NS NS 0.42 NS NS NS —0.45%% NS NS
Desulfovibrio NS 0.55* NS NS NS NS 0.32 0.43 NS —0.34 NS NS
Akkermansia NS NS NS NS NS NS 0.30 0.43 NS —0.41% NS NS
Flavonifractor NS NS NS 0.31 NS NS NS NS NS —0.54%*% | NS NS
ASV 91 NS NS NS 0.37% NS 0.59% 0.33 0.40 NS —0.46%* NS NS
(Phylum: Bacillota)

Allisonella NS NS NS NS NS NS NS NS NS 0.50%% NS NS
Dialister NS NS NS NS NS NS NS NS NS —0.40%* NS NS
Lachnospiraceae FCS020 group NS NS 0.53%* 0.38* NS 0.49° NS NS NS 0.38* NS NS
Intestinibacter NS NS NS NS NS NS NS NS NS —0.50%* NS NS
Butyricimonas NS NS NS NS NS NS 0.30 NS NS —0.37% NS NS

NS; Not statistically significant (P> 0.05); No annotation-p <0.05. *p <0.01. *¥p <0.001.

#5%p < 0.0001.
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TABLE 7 Spearman rank-test correlation coefficients (r,) inter-ASVs.
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Bifidobacterium NS —035% | —0.50%F |0.58%%% | —0.45%% |—0.47%* NS —0.53%%% —028 | —0.36*  0.62%%* NS 0.56%% 0.39% 031 NS 033 0.52%%% NS NS 052555 10.32 042  |NS
Escherichia-Shigella | ~035* NS NS —031  |052%%% NS NS NS NS NS —0.49%% NS —041% |-038% |-030 NS NS —043%% |-0.39% NS —032  |-044%* |NS NS
Alloprevotella —0.50%* |NS NS NS 043% |0.57%FF 0.64%FE 0585k (0,635 71FEE 0585k (036  —0.60%FF —0.58%5F —049%F —028 | —0.68%%F —045% |-039% 0.35%  |—040* |NS —0.61%%% | —0.35%
Collinsella 0.58% —031 NS NS —029 NS NS —041% |NS NS 040%  |NS 029 033 NS NS NS 039* NS NS NS NS NS NS
Peptostreptococcus | 045" 052555 J0.43F =029 NS 043 NS 042* NS NS —0.61%%* |NS —0.52%%% | —0,67%% | ~0.30 NS —043% | —0.63%7% | —0.66%F 0.46%* =033 | —0.70%F* —0.37% | —0.34*
Prevotella —047%* |NS 0.57%%% |NS 043 NS 034*  |0.36*  0.36* 051 |—0.62%5% NS —059%+% | ~0.39% | -0.28 NS —0.50%* |NS 027 |NS —040% =027  |-0.64%** NS
Prevotella 9 NS NS 0.64%%% NS NS 034* NS 0.77%%5% |0.45%F 0.74%%% | -039% |NS —0.55%%% | —0.41% | -0.35% NS NS NS NS NS NS NS -029 NS
Ligilactobacillus —0.53%#% NS 0.58%% | —041% 042%  036% 0778 NS 0.49%#% 0,615 | —0.54%%% NS —0.61%% —0.46%% | —0.36* NS —0.50%* |-0.30 NS 030 —0.42% NS —037% |NS
Phascolarctobacterium —028 NS 0.63%%% NS NS 036*  0.45%% 049+ NS 0.62%%% | -033  039% NS NS NS NS —042% NS NS NS —0.44%% NS —0.38% |NS
ASV 25 —036* |NS 0.71%%% |NS NS 05155 074755 0.61%5F 0625 NS —0.40% NS —0.59%%% | ~0.34% | -0.37% NS —0.64%%* |NS NS NS -029 |NS —039% NS
Prevotella 7 0.62%%% | —0.49%F | —0.58%5 0.40% | —0.61%FF —0.62%F% —039%  —0.54%%F |-033 | -0.40* NS NS 0.69%% 0,61 0.41% NS 0445 0.56%F (0570 029 [0.70%FF 0554 0,33 NS
Lachnospiraceae NS NS 036*  |NS NS NS NS NS 039* NS NS NS NS NS NS NS NS NS NS NS 032 NS NS NS
UCG-004
Faccalicoccus 0.56%%% | —0.41% | —0.60%** 0.29 —0.52%%% | —0,59%4% | 0,554 | 0,614 NS —0.59%* 0.69%%% |NS NS 0.62%%% [0.42%  |0.41%  0.62%%F 050 0.29 —033 048 0.42%  0.49%F 0470
ASV 58 039%  |-0.38% |-0.58%** 0.33 —0.67%%% |~0.39% | —0.41% | —0.46** |NS —0.34% 061 |NS 0.62%%% |NS 0.29 032 0.52%55% (0,520 0.50%% | —052%5 037F  0.55%FF  0.39%  0.49%
Frysipelatoclostridium| 031 —030  |-0.49%* NS —030 —028 |-0.35% —036* NS —037% [041* NS 042%  0.29 NS 035%  0.36*  |043** NS NS 029 038*% 0510 031
Desulfovibrio NS NS —028 |NS NS NS NS NS NS NS NS NS 041%  [032 035%  |NS 041% NS NS NS NS NS NS 0.75%%%
Akkermansia 033 NS —0.68%** |NS —043* |-0.50%* NS —0.50%% |—0.42% | —0.64%% 0.44%% NS 0.62%% 0525 |0.36%  0.41%  |NS NS NS NS 036* NS 048%* 0.41%
Flavonifractor 0.52%% | —0.43%% | —0.45%F 0.39% | —0.63%% NS NS 030 NS NS 0.56%*% NS 0.50%% 0.52%%% 0.43%% NS NS NS 060 —0.51%% 0,31 07175 [0.41% 0.39%
ASV 91 NS —0.39% |-0.39% NS —0.66*** |-027 NS NS NS NS 0.57%%% NS 0.29 0.50%* NS NS NS 0.60%* NS —0.37% 1033 0.74%%% 030 NS
Allisonella NS NS 035%  |NS 046%* NS NS 030 NS NS —029 032 —033  |-0.52%%% NS NS NS —0.51%% [~0.37% NS NS —043% | —038*%  —031
Dialister 0.52%%% | —032  —0.40% NS 033 |-040* NS —0.42%  —044%* =029  070%** NS 048+ 037%  0.29 NS 036* 031 033 NS NS 032 039* |NS
Lachnospiraceae 0.32 —0.44%% NS NS —0.70%*%% | =027 NS NS NS NS 0.55%%% NS 042% 0554 038 NS NS 0715 0.74%%% | _0.43%5 [0.32 NS NS NS
FCS020 group
Intestinibacter 042%  |NS —0.61%%* |NS —037% |—0.64%% 029 |—0.37% |-038% |—0.39% 0.33 NS 049%% 0.39%  0.51%% NS 048%  041%  [030 —0.38% 1039* NS NS 0.28
Butyricimonas NS NS —-035% |NS —034* |NS NS NS NS NS NS NS 047+ 0497 031 0754 |041%  039%  |NS 031 |NS NS 028 NS

NS, Not statistically significant (P>0.05); No annotation, P<0.05. *P<0.01. **P<0.001. ***P <0.0001.
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fermentation, occurring in the small and large intestines (Amin and
Seifert, 2021). Inoculation of the hindgut comes from a variety of
sources including the placenta and other maternal factors, as well as
initial diet and feeding regime (Amin and Seifert, 2021; Du et al,,
2023). Milk oligosaccharides are a critical energy source for the
initial microbial community (Boudry et al., 2017). The feeding of
colostrum has been reported to influence the initital colonization of
the hindgut, in that calves that were fed colostrum (fresh and heat-
treated) had an increased presence of Bifidobacterium in the first 12h
of life, and feeding heat-treated colostrum may be even more
beneficial, even though Bifidobacterium was not present in the
colostrum fed (Song et al., 2019). Calves are relied on high-quality
colostrum for successful passive transfer of immunity from the dam
(McGee and Earley, 2019). The combination of immunoglobulins,
antimicrobial factors, growth factors, anti-inflammatories, and
nutrients in colostrum are essential for calf health and development
(Carter et al,, 2021). The nutrients and other bio-active compounds,
e.g., lactoferrin, present in colostrum are important for pioneering
bacteria that are colonizing the hindgut (Fischer-Tlustos et al., 2021).
The feeding of colostrum helps to inhibit pathogen growth, stimulate
colonization of the small intestine with commensal microbes,
increased weight gain, improved development and function of the
gastrointestinal tract, and reduce the risk of diarrhea (Song et al.,
2019; Amin and Seifert, 2021; Carter et al., 2021; Fischer-Tlustos
etal, 2021). It has been suggested that bacteria found in colostrum
may influence the colonization and proliferation of early life
microbial communities in the calf hindgut (Gomez et al., 2019). In
the current study, calves were handfed colostrum collected using
different management practices, colostrum that was collected
directly from the calf’s own dam and fed to the calf or colostrum that
was sourced from one to two donors, refrigerated and re-heated.
Colostrum from a refrigerated, mixed source is at higher risk of
environmental contamination (Godden et al., 2019). Increased
environmental contamination with microbes could possibly lead to
increased risk of disease (Godden et al.,, 2019) but also increased
number of microbes inoculating the hindgut. Thus, one could
hypothesize that these different management practices may have had
an effect on disease incidence and the composition of the fecal
microbiota of the calf. However, the different colostrum sources had
neither an effect on diarrheal disease manifestation nor an effect on
the diversity or composition of the fecal microbiota at any of the
sampling time-points during the pre-weaning period. This may
be related to multiple factors in the animal model of the current
study. First, if fed quality colostrum, the source of the colostrum
(own dam, different dam, pooled) has no effect on serum IgG and
passive transfer of immunity, as was reported by King et al. (2020).
There was little variation in immune status between diarrheic and
healthy calves, and any effect of colostrum source on serum IgG,
implying that any changes observed in the fecal microbiota, is
neither associated with diarrheal disease manifestation nor poor
passive transfer of immunity. Second, the mixed colostrum that was
stored in a refrigerator, was collected from the dam and stored as
quickly as possible, had been refrigerated for no more than 24h and
was heat-treated, according to best practices prior to feeding. These
practices are in line with best practices for minimizing bacterial
contamination as suggested by Godden et al. (2019). Additionally, as
has been previously discussed, Song et al. (2019) have reported that
the feeding of heat-treated colostrum (60°C for 60 min) increases the
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abundance of beneficial genera such as Bifidobacterium. Lastly, from
second feed to d14 all calves were fed re-heated, pooled-transition
milk sourced from the maternal herd.

4.2.3 Calf breed

Host genetics has previously been suggested to influence the
composition of the hindgut microbiota (Paz et al., 2016; Fan et al,,
20205 Slanzon et al., 2022). However, in contrast to the findings by
Slanzon et al. (2022), there was no effect of calf breed on the diversity
and overall composition of the fecal microbiota in the current study.
The calves enrolled in the study by Slanzon et al. (2022) were of similar
breeds to those of the present study (Holstein, Jersey, and Jersey-cross)
with the exception of beef-crosses and were 4-21days of age.
Differences between the present study and others may be due to a
variety of factors, such as multiple sampling time-points vs. singular
ones, calf age and life stage, or calf-farm origin and other
environmental factors. The difference in the findings between the
present study and the study by Slanzon et al. (2022) could be due to
calf origin and different diets. Slanzon et al. (2022) found that breed
had an effect on the fecal microbiome of calves, all of which originated
on different farms and were then reared indoors together. The
differences, however, were most evident in calves with or without
gastrointestinal disease rather than between breeds (Slanzon et al.,
2022). The calves enrolled in the study by Slanzon et al. (2022) were
administered two different milk diets depending on enrollment date,
which included pasteurized waste milk, whereas calves in the present
study were home bred and fed colostrum artificially from within the
maternal herd. Additionally, calves were fed transition milk sourced
from the maternal herd until d14 when they were transitioned to milk
replacer. This difference in management may suggest that breed
differences detected in early life may in fact be related to differences
in environment and feeding strategies. The lack of effect of breed on
diversity and composition in the present study may also be due to age.
All calves were enrolled, and all sampling time-points occurred during
the pre-weaning period. Fan et al. (2020) found that host genetics did
have an effect on composition in animals at 3 months of age, while no
differences were detected in calves at a similar age (d83) in the present
study. However, Fan et al. (2020) examined the effect of species and
crossbreeding on the early gut microbiota of calves ranging from 100%
Angus to 100% Brahman, with varying degrees of cross-breeding
between the two mid-points. While there were two different breeds
(Holstein x and Jersey x) enrolled in the present study, they were of
the Bos Taurus species, suggesting that at the species level, host-
genetics may have an effect on the composition of the fecal microbiota.
At maturity, an effect of breed has been observed in the composition
of the rumen bacterial community, such that the composition of the
rumen microbiota varied between lactating Holstein and Jersey cows
(Paz et al,, 2016) reflecting the findings reported by Fan et al. (2020),
regarding the relationship between age, host-genetics, and
composition. However, even with a period of acclimation, the Jersey
cows sampled by Paz et al. (2016) were from a different farm origin
than the Holstein cows that were used for comparison. The lack of
breed effect on composition and diversity in the present study may
be related to age, although no breed effect was observed at post-
disease, where calves were approximately 3 months old. The findings
of the current study, however, suggest that in the aforementioned
studies, an effect of farm origin may be coming as an apparent effect
of breed and host genetics.
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4.3 The fecal microbiota at disease
manifestation

Similar to other studies (Gomez et al., 2017, 2022; Slanzon et al.,
2022), at disease manifestation, a reduction in the diversity of the
bacterial community in diarrheic calves was observed. Of the 24
genera found to be significant at disease manifestation, Bifidobacterium
spp. was significantly associated with health status, with a higher
relative abundance in healthy calves, which was similar to previous
findings (Gomez et al., 2017; Slanzon et al., 2022). However, the
species identified, differed in the study by Slanzon et al. (2022), who
found Bifidobacterium longum to be associated with gastrointestinal
health, while in the present study, B. breve and B. pseudolongum were
present. This difference could be due to environmental factors
associated with the calf rearing environment, as it has previously been
reported that farm environment influences the composition of
microbial communities (Gomez et al., 2017; O'Hara et al., 2020).

The role of Bifidobacterium in the hindgut, regardless of species,
remains the same. Bifidobacterium has been recognized for its
probiotic effect, since Abe et al. (1995) associated it with decreased
diarrheal disease. This genus, a known “milk-user,” appears in high
relative abundance in the hindgut of neonatal calves (Gomez et al.,
2019). The oligosaccharides present in bovine milk promote the
proliferation of this genus (Boudry et al, 2017) when milk
consumption supersedes solid feed intake. Bifidobacterium promotes
the production of butyrate by producing acetate which is then used by
butyrate-producing bacteria (Riviere et al., 2016). Butyrate is critical
in the development and maintenance of the lower GIT, the epithelial
lining, and mucosal immune response and modulation (Wang et al.,
2012; Arpaia et al., 2013; Gomez et al., 2019; Fischer-Tlustos et al.,
2021). Bifidobacterium has also been observed to inhibit the growth
and proliferation of enteric pathogens by outcompeting them for
epithelial binding sites (Picard et al., 2005; Aw and Fukuda, 2019;
Fischer-Tlustos et al., 2021). In this study, Escherichia-Shigella, a genus
commonly associated with pathogenic microbes, was found to
be higher in diarrheic calves at the time of disease. The lower relative
abundance of this genus observed in healthy calves could be associated
with the higher relative abundance of Bifidobacterium; however, after
correlation analysis, only a weak negative association was observed
between the two bacteria.

While it can be described as a commensal microbe in the GIT,
Peptostreptococcus has pathogenic potential (Murdoch, 1998). It has
been previously associated with calf diarrhea (Hennessy et al., 2021),
gastrointestinal disease (Tang et al, 2023), and increasing
antimicrobial resistance in humans (Tang et al., 2022). In this study;, it
was also associated with neonatal calf diarrhea, being higher in relative
abundance at the time of disease in diarrheic calves. It could
be suggested that dysbiosis that occurs in the gut prior to diarrheal
disease may allow for this microbe to transit from beneficial to
detrimental. However, in order to fully understand how
Peptostreptococcus changes its role within the gut, further knowledge
is needed regarding its function before and during disease. As
Peptostreptococcus produces lactic acid, Gomez et al. (2022) similarly
associated the increase in lactate-producing microbes with diarrheal
disease at the time of disease manifestation. Increased lactic acid
production results in acidemia, and increased anion gap acidosis,
which has been associated with diarrheal disease (Gomez et al., 2022).
The diarrheic calves in this study not only had a higher relative
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abundance of Peptostreptococcus, but also saw an increase in RA of
Ligilactobacillus (Gomez et al., 2022) and Faecalicoccus (De
Maesschalck et al., 2014) both known to be lactate producers.

Many of the microbes associated with health status in the current
study have been identified in other studies focusing on the time of
disease incident. However, the fecal microbiome of diarrheic calves at
disease manifestation was dominated by the genus Alloprevotella. This
genus is an obligate anaerobe (Downes et al., 2013), and its appearance
in high relative abundance contradicts the findings by Gomez et al.
(2022) that the fecal microbiomes of diarrheic calves are characterized
by a shift from obligate to facultative anaerobes. In humans, it has
been found as a normal gut microbe and has been shown to decrease
in the relative abundance during disease (Tian et al., 2021). However,
Tang et al. (2023) found that Alloprevotella was enriched in patients
with irritable bowel syndrome and suggested that this microbe may
produce a diarrheal incident by promoting the formation of certain
short chain fatty acids and inflammation. In a study performed in
mice, Alloprevotella was positively correlated with the production of
tumor necrosis factor (TNF) a (Yang et al., 2021). TNF a is a powerful
pro-inflammatory cytokine associated with immune response (Idriss
and Naismith, 2000). This may suggest that the increased relative
abundance of Alloprevotella in the fecal microbiota of diarrheic calves
is linked to the inflammatory and immune response occurring at the
but without further through
metatranscriptomics; the potential association between this genus and

mucosal level, investigation
diarrheal disease in pre-weaned calves is unclear.

It is possible that the higher relative abundance of certain
commensal microbes observed in diarrheic calves at disease
manifestation may reflect the microbial community attempting to
resolve the dysbiotic episode. To better understand the presence and
function of these microbes at the time of disease, and their potential

to become pathogenic, further investigation is required.

4 .4 Illustrating the changing composition
preceding diarrheal disease

No ASVs were associated with health status pre-diarrheal disease
or post-disease. This suggests that prior to diarrheal disease
manifestation, there were no differences in the fecal microbiota of
calves, and that following diarrheal disease, the fecal microbiota were
able to “recover” and re-establish an equilibrium. There were, however,
changes in the relative abundance of certain ASVs that occurred in
between sampling time-points were significantly associated with
health status. Examining the progression of these ASVs alongside the
correlations observed between them may allow for the characterization
of the dysbiosis that occurs prior to diarrheal disease. This information
may prove useful for the development of more targeted preventative
measures and treatments at the time of disease, such as probiotics,
prebiotics, and feed additives.

From pre-disease to disease manifestation, the relative abundance
of Bifidobacterium in both cohorts increased and decreased as calves
aged. This is expected as the calf transitions from a liquid diet to a
solid-feed diet (Amin and Seifert, 2021). In diarrheic calves, the
decrease appears to be more marked than healthy calves. Escherichia-
Shigella has previously been observed at high abundance during the
first week of life (Song et al., 2018). It has been suggested that as
Bifidobacterium becomes prevalent, it

more outcompetes
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Escherichia-Shigella (Picard et al., 2005; Aw and Fukuda, 2019). The
weak negative correlation observed in the current study, however,
suggests that this relationship is not as strong as it appears. Healthy
calves did experience a steeper decline in the relative abundance of
Escherichia-Shigella than diarrheic calves, and the inverse was true for
Bifidobacterium, which supports the benefits of using Bifidobacterium
preventatively as a probiotic, or even as a treatment at the time of
disease, but also suggests that the proliferation of these two genera
within the hindgut are not as closely linked as previously thought.

Prevotella is a part of the normal flora of the GIT and has been
associated with healthy calves (Chen et al., 2022; Gomez et al,, 2022).
It has been suggested to be a part of the core microbiota during the
pre-weaning period (Chen et al, 2022). In this study, however,
Prevotella was present in higher relative abundance in diarrheic calves.
Both cohorts started with a similar relative abundance, yet over the
same time frame, a greater increase was observed in diarrheic calves
than in healthy calves. A similar pattern was observed for Alloprevotella.

In a recent study carried out by Chen et al. (2022), examining the
dynamics of the fecal microbiome over the pre-weaning period in
Clostridium_sensu_stricto_I was suggested as a potential biomarker
for risk of diarrheal disease. It was also negatively associated with
various members of Prevotella and Alloprevotella genera. Clostridium_
sensu_stricto_l was not significantly associated with health status in
the current study, which may lend some explanation to the
proliferation of Alloprevotella and Prevotella identified in the feces of
calves. The findings of the current study do not support the suggestion
of Chen et al. (2022) to use Clostridium_sensu_stricto_1I as a biomarker
for risk of diarrhea, but this does highlight the variations observed in
the literature across farms and environments. With this in mind, the
development of diagnostic tools using microbes as biomarkers to
determine the risk of diarrheal disease would need to be tested or
validated across breeds and environments or designed in a way that it
detects the decline of known commensals that are common, regardless
of environmental factors, which can be used as indicators of
oncoming dysbiosis.

Upon examining the ASVs significantly associated with health
status as the calf transitions from pre-disease to disease manifestation,
what is notable is not necessarily an increase in the relative abundance
of potentially pathogenic microbes, but the change in abundance of
commensal microbes. Ma et al. (2020) suggest that dysbiosis is the
result of diarrheal incidence; however, the findings in the current
study suggest that diarrheal incidence is the result of fecal bacterial
dysbiosis. The correlations observed between these ASVs at disease
manifestation provide an insight into the way bacterial genera interact
with one another, as dysbiosis and the reduction in microbial diversity
occurs. The strong and moderate negative correlations observed
Bifidobacterium,
Erysipelatoclostridium and unclassified Ruminococcaceae help depict

between  Alloprevotella, Faecalicoccus, and
the genera that were lost, which allowed the proliferation of other
microbes that resulted in diarrhea. The loss or lack of abundance of
Bifidobacterium is regularly associated with neonatal calf diarrhea
(Gomez et al., 2017; Slanzon et al., 2022; Cui et al., 2023). The ASVs
that were significantly positively correlated to this genus may provide
insight into relationships between bacteria that may be beneficial to
the development of the hindgut microbiome and the prevention of
diarrhea. In a recent study by Cui et al. (2023), a reduction in
Bifidobacterium, Colinsella, Erysipelatoclostridium, and Faecalicoccus
was associated with viral diarrhea in neonatal calves. Ma et al. (2020)
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also found Erysipelatoclostridium to be a potential microbial marker
for diarrheal disease, such that it appeared in higher relative
abundance in healthy calves, which was also observed in the current
study. The correlations observed in the current study support the
findings by Cui et al. (2023) and Ma et al. (2020) and add strength to
the potential relationships observed between these genera during
pre-weaning development of the hindgut microbiome. Revealing the
correlations between these genera could allow for the development of
probiotics containing diverse communities of bacteria that could help
prevent dysbiosis and the resulting diarrheal disease.

5 Conclusion

Diarrheal disease is complex, multifactorial and is associated with
dysbiosis of the GIT microbiome. The factors that influence the
development of the GIT microbiome are equally complex and
multifactorial. To better understand the different facets of diarrheal
disease and microbiome development, it was essential to analyze fecal
samples collected during the pre-weaning period. In this study,
colostrum source and calf breed had no effect on the composition of the
fecal microbiome in healthy and diarrheic home bred calves. Time-
point and health status and the interaction between the two did
significantly impact the composition and the progression of the fecal
microbiota. Examination of microbes associated with health status
before, during, and after disease created a visualization of the dysbiosis
that may occur leading to diarrheal incident. Correlations between
ASVs at the time of diarrhea demonstrated the loss of commensal
bacteria in the fecal microbiome, which resulted in dysbiosis and lead
to diarrheal disease. However, investigation of the functional role of
these microbes within the gut before, during, and after disease is
required potentially through metatranscriptomics. The decreased
microbial diversity at disease manifestation, the correlations between
genera, and significant changes in the abundance of commensal
microbes leading to disease may highlight the need to focus not only on
pathogenic microbes within the microbiome but also the commensals
and the associated changes within these communities. This information
may allow for the development of better diagnostic and preventative
tools and potentially alternative treatments for diarrheal disease.

Data availability statement

The datasets presented in this study can be found in online
repositories. Additional supplementary material can be accessed
through Open Science Framework at: https://doi.org/10.17605/OSE
10/U624N. The names of the repository/repositories and accession
number(s) can be found at:
PRJNA1018835.

https://www.ncbi.nlm.nih.gov/,

Ethics statement

The animal studies were approved by the Teagasc Animal Ethics
Committee (TAEC2021-327). All animal procedures used in the study
and conducted using procedures consistent with the experimental
license (AE19132/P148) issued by the Irish Health Products
Regulatory Authority in accordance with European Union legislation

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1359611
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.17605/OSF.IO/U624N
https://doi.org/10.17605/OSF.IO/U624N
https://www.ncbi.nlm.nih.gov/

Scully et al.

(Directive 2010/63/EU) for the protection of animals used for
scientific purposes. The studies were conducted in accordance with
the local legislation and institutional requirements. Written informed
consent was obtained from the owners for the participation of their
animals in this study.

Author contributions

SS: Writing - review & editing, Writing - original draft,
Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. BE: Writing - review & editing, Writing - original
draft, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. PS:

Supervision, Project administration,

Writing - review & editing, Writing - original draft, Methodology,
Formal analysis, Data curation, Conceptualization. CM: Writing —
review & editing, Writing - original draft, Supervision, Methodology,
Formal analysis, Data curation. SW: Writing - review & editing,

Writing - original draft, Supervision, Resources, Project

administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study was

References

Abe, E, Ishibashi, N., and Shimamura, S. (1995). Effect of administration of
bifidobacteria and lactic acid bacteria to newborn calves and piglets. J. Dairy Sci. 78,
2838-2846. doi: 10.3168/jds.S0022-0302(95)76914-4

Abuelo, A., Cullens, F, and Brester, J. L. (2021). Effect of preweaning disease on the
reproductive performance and first-lactation milk production of heifers in a large dairy
herd. J. Dairy Sci. 104, 7008-7017. doi: 10.3168/jds.2020-19791

Alipour, M. ], Jalanka, J., Pessa-Morikawa, T., Kokkonen, T., Satokari, R., Hynénen, U.,
et al. (2018). The composition of the perinatal intestinal microbiota in cattle. Sci. Rep.
8:10437. doi: 10.1038/s41598-018-28733-y

Amin, N, and Seifert, J. (2021). Dynamic progression of the calf's microbiome and
its influence on host health. Comput. Struct. Biotechnol. J. 19, 989-1001. doi: 10.1016/j.
¢sbj.2021.01.035

Arpaia, N., Campbell, C., Fan, X, Dikiy, S., van der Veeken, J., de Roos, P, et al. (2013).
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell
generation. Nature 504, 451-455. doi: 10.1038/nature12726

Aw, W, and Fukuda, S. (2019). Protective effects of bifidobacteria against
enteropathogens. J. Microbial. Biotechnol. 12, 1097-1100. doi: 10.1111/1751-7915.13460

Bi, Y., Tu, Y., Zhang, N., Wang, S., Zhang, F, Suen, G., et al. (2021). Multiomics
analysis reveals the presence of a microbiome in the gut of fetal lambs. Gut 70, 853-864.
doi: 10.1136/gutjnl-2020-320951

Boudry, G., Hamilton, M. K., Chichlowski, M., Wickramasinghe, S., Barile, D.,
Kalanetra, K. M., et al. (2017). Bovine milk oligosaccharides decrease gut permeability
and improve inflammation and microbial dysbiosis in diet-induced obese mice. J. Dairy
Sci. 100, 2471-2481. doi: 10.3168/jds.2016-11890

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W,, Johnson, A. J., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon
data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A.,
Turnbaugh, P. J,, et al. (2011). Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proc. Natl. Acad. Sci. U. S. A. 108, 4516-4522. doi:
10.1073/pnas.1000080107

Carter, H. S. M., Renaud, D. L., Steele, M. A., Fischer-Tlustos, A. J., and Costa, J. H.
C. (2021). A narrative review on the unexplored potential of colostrum as a preventative
treatment and therapy for Diarrhea in neonatal dairy calves. Animals 11:2221. doi:
10.3390/ani11082221

Frontiers in Microbiology

10.3389/fmicb.2024.1359611

funded by the European Union Horizons 2020 “HoloRuminant” grant
(grant agreement number: 101000213). SS was funded by a Teagasc
Walsh Scholarship (RMIS 1286).

Acknowledgments

The authors would like to acknowledge Ricki Fitzgerald, Willie
Hennessy, and the Dairygold farm staff for all their help during the
sample collection period. We would like to thank Aisling O” Mahoney
for her help during her time with us as a work placement student.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Chase, C., and Kaushik, R. S. (2019). Mucosal immune system of cattle: all immune
responses begin here. Vet. Clin. North Am. Food Anim. Pract. 35, 431-451. doi: 10.1016/j.
cvfa.2019.08.006

Chen, H,, Liu, Y., Huang, K., Yang, B., Zhang, Y,, Yu, Z., et al. (2022). Fecal microbiota
dynamics and its relationship to diarrhea and health in dairy calves. J. Anim. Sci.
Biotechnol. 13:132. doi: 10.1186/s40104-022-00758-4

Cho, Y. I, and Yoon, K. J. (2014). An overview of calf diarrhea—infectious etiology,
diagnosis, and intervention. J. Vet. Sci. 15, 1-17. doi: 10.4142/jvs.2014.15.1.1

Conneely, M., Berry, D. P, Murphy, J. P, Lorenz, L., Doherty, M. L., and Kennedy, E.
(2014). Effect of feeding colostrum at different volumes and subsequent number of
transition milk feeds on the serum immunoglobulin G concentration and health status
of dairy calves. J. Dairy Sci. 97, 6991-7000. doi: 10.3168/jds.2013-7494

Cui, S., Guo, S., Zhao, Q,, Li, Y., Ma, Y., and Yu, Y. (2023). Alterations of microbiota
and metabolites in the feces of calves with diarrhea associated with rotavirus and
coronavirus infections. Front. Microbiol. 14:1159637. doi: 10.3389/fmicb.2023.1159637

DAFM. (2021). All-Island Animal Disease Surveillance Report, 2020.

De Maesschalck, C., Van Immerseel, E, Eeckhaut, V., De Baere, S., Cnockaert, M.,
Croubels, S., et al. (2014). Faecalicoccus acidiformans gen. Nov., sp. nov., isolated from
the chicken caecum, and reclassification of Streptococcus pleomorphus (Barnes et al.
1977), Eubacterium biforme (Eggerth 1935) and Eubacterium cylindroides (Cato et al.
1974) as Faecalicoccus pleomorphus comb. nov., Holdemanella biformis gen. Nov.,
comb. nov. and Faecalitalea cylindroides gen. Nov., comb. nov., respectively, within the
family Erysipelotrichaceae. Int. J. Syst. Evol. Microbiol. 64, 3877-3884. doi: 10.1099/
ijs.0.064626-0

Downes, J., Dewhirst, E E., Tanner, A. C. R., Wade, W. G., and Wade, W. G. (2013).
Description of Alloprevotella rava gen. Nov., sp. nov., isolated from the human oral
cavity, and reclassification of Prevotella tannerae Moore et al. 1994 as Alloprevotella
tannerae gen. Nov., comb. nov. Int. J. Syst. Evol. Microbiol. 63, 1214-1218. doi: 10.1099/
ijs.0.041376-0

Du, Y, Gao, Y., Hu, M., Hou, J,, Yang, L., Wang, X,, et al. (2023). Colonization and
development of the gut microbiome in calves. J. Anim. Sci. Biotechnol. 14:46. doi:
10.1186/540104-023-00856-x

Dunn, A., Welsh, M., Gordon, A., Arguello, A., Morrison, S. J., and Earlery, B. (2018).
Effect of passive transfer status on response to glycoprotein E (gE)-negative bovine
herpesvirus type 1 (BoHV-1) and bovine respiratory syncytial virus (BRSV) vaccine and

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1359611
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3168/jds.S0022-0302(95)76914-4
https://doi.org/10.3168/jds.2020-19791
https://doi.org/10.1038/s41598-018-28733-y
https://doi.org/10.1016/j.csbj.2021.01.035
https://doi.org/10.1016/j.csbj.2021.01.035
https://doi.org/10.1038/nature12726
https://doi.org/10.1111/1751-7915.13460
https://doi.org/10.1136/gutjnl-2020-320951
https://doi.org/10.3168/jds.2016-11890
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.3390/ani11082221
https://doi.org/10.1016/j.cvfa.2019.08.006
https://doi.org/10.1016/j.cvfa.2019.08.006
https://doi.org/10.1186/s40104-022-00758-4
https://doi.org/10.4142/jvs.2014.15.1.1
https://doi.org/10.3168/jds.2013-7494
https://doi.org/10.3389/fmicb.2023.1159637
https://doi.org/10.1099/ijs.0.064626-0
https://doi.org/10.1099/ijs.0.064626-0
https://doi.org/10.1099/ijs.0.041376-0
https://doi.org/10.1099/ijs.0.041376-0
https://doi.org/10.1186/s40104-023-00856-x

Scully et al.

weaning stress in pre-weaned dairy calves. . Appl. Anim. Res. 46, 907-914. doi:
10.1080/09712119.2017.1422257

Fan, P, Bian, B., Teng, L., Nelson, C. D, Driver, J., Elzo, M. A,, et al. (2020). Host
genetic effects upon the early gut microbiota in a bovine model with graduated spectrum
of genetic variation. ISME J. 14, 302-317. doi: 10.1038/s41396-019-0529-2

Fischer-Tlustos, A. J., Lopez, A., Hare, K. S., Wood, K. M., and Steele, M. A. (2021).
Effects of colostrum management on transfer of passive immunity and the potential role
of colostral bioavtive components on neonatal calf development and metabolism. Can.
J. Anim. Sci. 101: 405-426. doi: 10.1139/cjas-2020-0149

Godden, S. M., Lombard, J. E., and Woolums, A. R. (2019). Colostrum Management
for Dairy Calves. Vet. Clin. North Am. Food Anim. Pract. 35, 535-556. doi: 10.1016/j.
cvfa.2019.07.005

Gomez, D. E., Arroyo, L. G., Costa, M. C,, Viel, L., and Weese, J. S. (2017).
Characterization of the Fecal bacterial microbiota of healthy and diarrheic dairy calves.
J. Vet. Intern. Med. 31, 928-939. doi: 10.1111/jvim.14695

Gomez, D. E,, Galvao, K. N., Rodriguez-Lecompte, J. C., and Costa, M. C. (2019). The
cattle microbiota and the immune system: an evolving field. Vet. Clin. North Am. Food
Anim. Pract. 35, 485-505. doi: 10.1016/j.cvfa.2019.08.002

Gomez, D. E,, Li, L., Goetz, H., Mac Nicol, ., Gamsjaeger, L., and Renaud, D. L. (2022).
Calf Diarrhea is associated with a shift from obligated to facultative anaerobes and expansion
of lactate-producing bacteria. Front. Vet. Sci. 9:846383. doi: 10.3389/fvets.2022.846383

Guzman, C. E, Wood, J. L., Egidi, E., White-Monsant, A. C., Semenec, L.,
Grommen, S. V. H,, et al. (2020). A pioneer calf foetus microbiome. Sci. Rep. 10:17712.
doi: 10.1038/s41598-020-74677-7

Hennessy, M., Indugu, N., Vecchiarelli, B., Bender, J., Pappalardo, C., Leibstein, M.,
etal. (2020). Temporal changes in the fecal bacterial community in Holstein dairy calves
from birth through the transition to a solid diet. PLoS One 15:¢0238882. doi: 10.1371/
journal.pone.0238882

Hennessy, M., Indugu, N., Vecchiarelli, B., Redding, L., Bender, J., Pappalardo, C., et al.
(2021). Short communication: comparison of the fecal bacterial communities in
diarrheic and nondiarrheic dairy calves from multiple farms in southeastern
Pennsylvania. J. Dairy Sci. 104, 7225-7232. doi: 10.3168/jds.2020-19108

Hulbert, L. E., and Moisa, S. J. (2016). Stress, immunity, and the management of calves.
J. Dairy Sci. 99, 3199-3216. doi: 10.3168/jds.2015-10198

Idriss, H. T., and Naismith, J. H. (2000). TNF alpha and the TNF receptor superfamily:
structure-function relationship(s). Microsc. Res. Tech. 50, 184-195. doi:
10.1002/1097-0029(20000801)50:3<184::AID-JEMT2>3.0.CO;2-H

Johnston, D., Kenny, D. A., McGee, M., Waters, S. M., Kelly, A. K., and Earley, B.
(2016). Electronic feeding behavioural data as indicators of health status in dairy calves.
Irish J Agri Food Res 55, 159-168. doi: 10.1515/ijafr-2016-0016

Junior, G. E. V,, and Bittar, C. M. M. (2021). Microbial colonization of the gastrointestinal
tract of dairy calves—a review of its importance and relationship to health and
performance. Anim. Health Res. Rev. 22, 97-108. doi: 10.1017/51466252321000062

King, A., Chigerwe, M., Barry, J., Murphy, J. P, Rayburn, M. C., and Kennedy, E.
(2020). Short communication: effect of feeding pooled and nonpooled high-quality
colostrum on passive transfer of immunity, morbidity, and mortality in dairy calves. J.
Dairy Sci. 103, 1894-1899. doi: 10.3168/jds.2019-17019

Lahti, L., and Shetty, S. (2017). microbiome R package. Bioconductor. doi: 10.18129/
B9.bioc.microbiome

Li, M., Wang, Z., Wang, L., Xue, B., Hu, R., Zou, H,, et al. (2022). Comparison of
changes in fecal microbiota of calves with and without dam. Peer/. 10:e12826. doi:
10.7717/peer;j.12826

Lorenz, 1., Mee, J. E, Earley, B., and More, S. J. (2011). Calf health from birth to
weaning. I. General aspects of disease prevention. Ir. Vet. ] 64:10. doi:
10.1186/2046-0481-64-10

Ma, T., Villot, C., Renaud, D., Skidmore, A., Chevaux, E., Steele, M., et al. (2020).
Linking perturbations to temporal changes in diversity, stability, and compositions of
neonatal calf gut microbiota: prediction of diarrhea. ISME J. 14, 2223-2235. doi:
10.1038/5s41396-020-0678-3

Mallick, H., Rahnavard, A., Mclver, L. ]., Ma, S., Zhang, Y., Nguyen, L. H,, et al. (2021).
Multivariable association discovery in population-scale meta-omics studies. PLoS
Comput. Biol. 17:€1009442. doi: 10.1371/journal.pcbi.1009442

Malmuthuge, N., and Guan, L. L. (2017). Understanding the gut microbiome of dairy
calves: opportunities to improve early-life gut health. J. Dairy Sci. 100, 5996-6005. doi:
10.3168/jds.2016-12239

Malmuthuge, N., Liang, G., Griebel, P. J., and Guan, L. L. (2019). Taxonomic and
functional compositions of the small intestinal microbiome in neonatal calves provide
a framework for understanding early life gut health. Appl. Environ. Microbiol. 85,
€02534-e02518. doi: 10.1128/AEM.02534-18

Massot, M., Haenni, M., Nguyen, T. T., Madec, J. Y., Mentré, F,, and Denamur, E.
(2020). Temporal dynamics of the fecal microbiota in veal calves in a 6-month field trial.
Anim. Microbiome. 2:32. doi: 10.1186/s42523-020-00052-6

McGee, M., and Earley, B. (2019). Review: passive immunity in beef-suckler calves.
Animal 13, 810-825. doi: 10.1017/S1751731118003026

Frontiers in Microbiology

10.3389/fmicb.2024.1359611

McGovern, E., Kenny, D. A., McCabe, M. S., Fitzsimons, C., McGee, M., Kelly, A. K.,
et al. (2018). 16S rRNA sequencing reveals relationship between potent cellulolytic
genera and feed efficiency in the rumen of bulls. Front. Microbiol. 9:1842. doi: 10.3389/
fmicb.2018.01842

McGuirk, S. M., and Peek, S. E (2014). Timely diagnosis of dairy calf respiratory
disease using a standardized scoring system. Anim. Health Res. Rev. 15, 145-147. doi:
10.1017/51466252314000267

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:¢61217. doi:
10.1371/journal.pone.0061217

Murdoch, D. A. (1998). Gram-positive anaerobic cocci. Clin. Microbiol. Rev. 11,
81-120. doi: 10.1128/CMR.11.1.81

O'Hara, E., Kenny, D. A., McGovern, E., Byrne, C. J., McCabe, M. S., Guan, L. L., et al.
(2020). Investigating temporal microbial dynamics in the rumen of beef calves raised on
two farms during early life. FEMS Microbiol. Ecol. 96:£iz203. doi: 10.1093/femsec/fiz203

Oikonomou, G., Teixeira, A. G., Foditsch, C., Bicalho, M. L., Machado, V. S., and
Bicalho, R. C. (2013). Fecal microbial diversity in pre-weaned dairy calves as described
by pyrosequencing of metagenomic 16S rDNA. Associations of Faecalibacterium species
with health and growth. PLoS One 8:63157. doi: 10.1371/journal.pone.0063157

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P,, Minchin, P. R, O'Hara, R. B., et al.
(2019). Vegan: Community ecology package. R package.

Oren, A., and Garrity, G. M. (2021). Valid publication of the names of forty-two phyla
of prokaryotes. Int. J. Syst. Evol. Microbiol. 71:5056. doi: 10.1099/ijsem.0.005056

Paz, H. A., Anderson, C. L., Muller, M. J., Kononoff, P. J., and Fernando, S. C. (2016).
Rumen bacterial community composition in Holstein and Jersey cows is different under
same dietary condition and is not affected by sampling method. Front. Microbiol. 7:1206.
doi: 10.3389/fmicb.2016.01206

Picard, C., Fioramonti, J., Francois, A., Robinson, T., Neant, E, and Matuchansky, C.
(2005). Review article: bifidobacteria as probiotic agents—physiological effects and clinical
benefits. Aliment. Pharmacol. Ther. 22, 495-512. doi: 10.1111/j.1365-2036.2005.02615.x

Riviére, A., Selak, M., Lantin, D., Leroy, E, and De Vuyst, L. (2016). Bifidobacteria and
butyrate-producing colon bacteria: importance and strategies for their stimulation in
the human gut. Front. Microbiol. 7:979. doi: 10.3389/fmicb.2016.00979

Sayers, R. G., Kennedy, A., Krump, L., Sayers, G. P,, and Kennedy, E. (2016). An
observational study using blood gas analysis to assess neonatal calf diarrhea and
subsequent recovery with a European Commission-compliant oral electrolyte solution.
J. Dairy Sci. 99, 4647-4655. doi: 10.3168/jds.2015-10600

Slanzon, G. S., Ridenhour, B. J., Moore, D. A., Sischo, W. M., Parrish, L. M.,
Trombetta, S. C., et al. (2022). Fecal microbiome profiles of neonatal dairy calves with
varying severities of gastrointestinal disease. PLoS One 17:€0262317. doi: 10.1371/
journal.pone.0262317

Smith, P. E., Waters, S. M., Gémez Exp6sito, R., Smidt, H., Carberry, C. A., and
McCabe, M. S. (2020b). Synthetic sequencing standards: a guide to database choice for
rumen microbiota amplicon sequencing analysis. Front. Microbiol. 11:606825. doi:
10.3389/fmicb.2020.606825

Smith, P. E., Waters, S. M., Kenny, D. A., Boland, T. M., Heffernan, J., and Kelly, A. K.
(2020a). Replacing barley and soybean meal with by-products, in a pasture based diet, alters
daily methane output and the rumen microbial community in vitro using the rumen
simulation technique (RUSITEC). Front. Microbiol. 11:1614. doi: 10.3389/fmicb.2020.01614

Smith, P. E., Waters, S. M., Kenny, D. A, Kirwan, S. E, Conroy, S., and Kelly, A. K.
(2021). Effect of divergence in residual methane emissions on feed intake and efficiency,
growth and carcass performance, and indices of rumen fermentation and methane
emissions in finishing beef cattle. J. Anim. Sci. 99:275. doi: 10.1093/jas/skab275

Song, Y., Malmuthuge, N., Li, F,, and Guan, L. L. (2019). Colostrum feeding shapes
the hindgut microbiota of dairy calves during the first 12 h of life. FEMS Microbiol. Ecol.
95:fiy203. doi: 10.1093/femsec/fiy203

Song, Y., Malmuthuge, N., Steele, M. A., and Guan, L. L. (2018). Shift of hindgut
microbiota and microbial short chain fatty acids profiles in dairy calves from birth to
pre-weaning. FEMS Microbiol. Ecol. 94:fix179. doi: 10.1093/femsec/fix179

Swinscow, T. (1997). Statistics at square one; (9th Edn.), BMJ Publishing Group,
London

Tang, B., Hu, Y., Chen, J,, Su, C., Zhang, Q., and Huang, C. (2023). Oral and fecal
microbiota in patients with diarrheal irritable bowel syndrome. Heliyon. 9:e13114. doi:
10.1016/j.heliyon.2023.e13114

Tang, H., Zhou, H., and Zhang, R. (2022). Antibiotic resistance and mechanisms of
pathogenic bacteria in Tubo-ovarian abscess. Front. Cell. Infect. Microbiol. 12:958210.
doi: 10.3389/fcimb.2022.958210

Tian, T., Zhang, X., Luo, T., Wang, D., Sun, Y., and Dai, J. (2021). Effects of short-term
dietary Fiber intervention on gut microbiota in young healthy people. Diabetes Metab.
Syndr. Obes. 14, 3507-3516. doi: 10.2147/DMS0.S313385

Todd, C. G., McGee, M., Tiernan, K., Crosson, P,, O'Riordan, E., McClure, J., et al.
(2018). An observational study on passive immunity in Irish suckler beef and dairy
calves: tests for failure of passive transfer of immunity and associations with health and
performance. Prev. Vet. Med. 159, 182-195. doi: 10.1016/j.prevetmed.2018.07.014

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1359611
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1080/09712119.2017.1422257
https://doi.org/10.1038/s41396-019-0529-2
https://doi.org/10.1139/cjas-2020-0149
https://doi.org/10.1016/j.cvfa.2019.07.005
https://doi.org/10.1016/j.cvfa.2019.07.005
https://doi.org/10.1111/jvim.14695
https://doi.org/10.1016/j.cvfa.2019.08.002
https://doi.org/10.3389/fvets.2022.846383
https://doi.org/10.1038/s41598-020-74677-7
https://doi.org/10.1371/journal.pone.0238882
https://doi.org/10.1371/journal.pone.0238882
https://doi.org/10.3168/jds.2020-19108
https://doi.org/10.3168/jds.2015-10198
https://doi.org/10.1002/1097-0029(20000801)50:3<184::AID-JEMT2>3.0.CO;2-H
https://doi.org/10.1515/ijafr-2016-0016
https://doi.org/10.1017/S1466252321000062
https://doi.org/10.3168/jds.2019-17019
https://doi.org/10.18129/B9.bioc.microbiome
https://doi.org/10.18129/B9.bioc.microbiome
https://doi.org/10.7717/peerj.12826
https://doi.org/10.1186/2046-0481-64-10
https://doi.org/10.1038/s41396-020-0678-3
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.3168/jds.2016-12239
https://doi.org/10.1128/AEM.02534-18
https://doi.org/10.1186/s42523-020-00052-6
https://doi.org/10.1017/S1751731118003026
https://doi.org/10.3389/fmicb.2018.01842
https://doi.org/10.3389/fmicb.2018.01842
https://doi.org/10.1017/S1466252314000267
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1128/CMR.11.1.81
https://doi.org/10.1093/femsec/fiz203
https://doi.org/10.1371/journal.pone.0063157
https://doi.org/10.1099/ijsem.0.005056
https://doi.org/10.3389/fmicb.2016.01206
https://doi.org/10.1111/j.1365-2036.2005.02615.x
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.3168/jds.2015-10600
https://doi.org/10.1371/journal.pone.0262317
https://doi.org/10.1371/journal.pone.0262317
https://doi.org/10.3389/fmicb.2020.606825
https://doi.org/10.3389/fmicb.2020.01614
https://doi.org/10.1093/jas/skab275
https://doi.org/10.1093/femsec/fiy203
https://doi.org/10.1093/femsec/fix179
https://doi.org/10.1016/j.heliyon.2023.e13114
https://doi.org/10.3389/fcimb.2022.958210
https://doi.org/10.2147/DMSO.S313385
https://doi.org/10.1016/j.prevetmed.2018.07.014

Scully et al.

Wang, H. B., Wang, P. Y., Wang, X., Wan, Y. L., and Liu, Y. C. (2012). Butyrate enhances
intestinal epithelial barrier function via up-regulation of tight junction protein
Claudin-1 transcription. Dig. Dis. Sci. 57, 3126-3135. doi: 10.1007/s10620-012-2259-4

Wilm, ], Costa, J. H. C., Neave, H. W,, Weary, D. M., and von Keyserlingk, M. A. G. (2018).
Technical note: serum total protein and immunoglobulin G concentrations in neonatal dairy

Frontiers in Microbiology

10.3389/fmicb.2024.1359611

calves over the first 10 days of age. J. Dairy Sci. 101, 6430-6436. doi: 10.3168/jds.2017-
13553

Yang, X., He, Z., Hu, R, Yan, J., Zhang, Q, Li, B., et al. (2021). Dietary p-carotene on
postpartum uterine recovery in mice: crosstalk between gut microbiota and
inflammation. Front. Immunol. 12:744425. doi: 10.3389/fimmu.2021.744425

21 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1359611
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s10620-012-2259-4
https://doi.org/10.3168/jds.2017-13553
https://doi.org/10.3168/jds.2017-13553
https://doi.org/10.3389/fimmu.2021.744425

	Health-associated changes of the fecal microbiota in dairy heifer calves during the pre-weaning period
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Animal management
	2.2.1 Dam management
	2.2.2 Colostrum management
	2.2.3 Calf management
	2.2.3.1 Clinical assessment
	2.3 Fecal and blood sample collection
	2.4 Serum total protein and IgG concentrations
	2.5 DNA extraction and sequencing
	2.5.1 Extraction and amplification
	2.5.2 Sequencing analysis
	2.6 Statistical analysis
	2.6.1 Calf performance and clinical assessment
	2.6.2 Sequencing data

	3 Results
	3.1 Clinical health
	3.1.1 Diarrheal disease incidence
	3.1.2 STP, IgG concentrations, and AEA
	3.1.3 Perinatal health scores
	3.1.4 Health scores pre-diarrheal disease—d7
	3.1.5 Health scores disease manifestation— d21/DM
	3.1.6 Health scores of post-diarrheal disease—d83
	3.2 Performance data—ADG
	3.3 Fecal microbiota, temporal development, and health status
	3.3.1 Characterization of the fecal microbiota during the pre-weaning period
	3.3.2 Temporal establishment of the fecal microbiota
	3.3.3 Effect of health status on the fecal microbiota
	3.3.3.1 Pre-diarrheal disease—d7
	3.3.3.2 Relationship of health status at d21/DM at the genus level
	3.3.3.3 Post-diarrheal disease—d83
	3.3.4 Comparison of the progression of the fecal microbiota between healthy and diarrheic calves
	3.3.4.1 Transition from pre-disease to disease manifestation
	3.3.4.2 Transition from disease manifestation to post-disease
	3.4 Correlations
	3.4.1 Calf performance, immune status, and ASVs
	3.4.2 Correlations between ASVs at disease manifestation

	4 Discussion
	4.1 Calf management and disease incidence
	4.2 Effects on the fecal microbiota
	4.2.1 Temporal development
	4.2.2 Colostrum management
	4.2.3 Calf breed
	4.3 The fecal microbiota at disease manifestation
	4.4 Illustrating the changing composition preceding diarrheal disease

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

