% UNIVERSITY OF HELSINKI

https://helda.helsinki.fi

Faecal microbiota in two-week-old female dairy calves during
acute cryptosporidiosis outbreak-Association with systemic
inflammatory response

Dorbek-Kolin, Elisabeth

2022-12-10

Dorbek-Kolin , E , Husso , A, Niku, M, Loch , M, Pessa-Morikawa , T , Niine , T, Kaart, T

, livanainen , A & Orro , T 2022 , ' Faecal microbiota in two-week-old female dairy calves

during acute cryptosporidiosis outbreak-Association with systemic inflammatory response ',
Research in Veterinary Science , vol. 151, pp. 116-127 . https://doi.org/10.1016/j.rvsc.2022.07.008

http://hdl.handle.net/10138/355590
https://doi.org/10.1016/j.rvsc.2022.07.008

cc_by nc_nd
publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Research in Veterinary Science 151 (2022) 116-127

Contents lists available at ScienceDirect

Research in Veterinary Science

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/rvsc

Check for

Faecal microbiota in two-week-old female dairy calves during acute S|
cryptosporidiosis outbreak — Association with systemic
inflammatory response

Elisabeth Dorbek-Kolin >, Aleksi Husso ”, Mikael Niku ”, Marina Loch ¢, Tiina Pessa-Morikawa ”,
Tarmo Niine ?, Tanel Kaart d, Antti livanainen b, Toomas Orro ©

2 Veterinary Biomedicine and Food Hygiene, Institute of Veterinary Medicine and Animal Sciences, Estonian University of Life Sciences, Kreutzwaldi 62, 51006 Tartu,
Estonia

Y Veterinary Biosciences, Faculty of Veterinary Medicine, University of Helsinki, Agnes Sjobergin katu 2, P.O. Box 66, Helsinki, Finland

¢ Clinical Veterinary Medicine, Institute of Veterinary Medicine and Animal Sciences, Estonian University of Life Sciences, Kreutzwaldi 62, 51006 Tartu, Estonia

4 Animal Breeding and Biotechnology, Institute of Veterinary Medicine and Animal Sciences, Estonian University of Life Sciences, Kreutzwaldi 62, 51006 Tartu, Estonia

ARTICLE INFO ABSTRACT

Keywords: In the present study, relationships between the intestinal microbiota and innate immunity response, acute
Acute phase proteins cryptosporidiosis, and weight gain in female dairy calves were investigated. A total of 112 calves born during a
Cryptosporidium

natural outbreak of cryptosporidiosis on one dairy farm was included in the study. Microbiota composition was
analysed by means of 16S ribosomal RNA gene amplicon sequencing from faecal samples collected during the
second week of life, while the status of Cryptosporidium spp. infection was determined using immunofluores-
cence. Serum samples from the second week of life were colourimetrically analysed for the following markers of
acute inflammation: acute-phase proteins (serum amyloid A and haptoglobin) and pro-inflammatory cytokines
(interleukin-1 beta, interleukin-6, and tumour necrosis factor-alpha). Statistical analyses were performed using
random forest analysis, variance-partitioning, and negative binomial regression. The faecal microbiota of the
two-week old calves was composed of the phyla Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, and Acti-
nobacteria (in order of decreasing abundance). Microbial diversity, measured in terms of the Shannon index,
increased with the age of the calves and decreased if a high count of Cryptosporidium spp. oocysts was found in
the faeces. Fusobacterium was positively associated with Cryptosporidium spp. oocyst count and serum amyloid A
concentration. Peptostreptococcus was positively associated with haptoglobin and serum amyloid A concentra-
tions, and negatively associated with average daily weight gain at 9 months of age. The markers of innate im-
munity, in combination with age, explained 6% of the microbial variation. These results suggest that some
components of the intestinal microbiota may have a long-lasting negative effect on animal growth through the
stimulation of the systemic innate immune response.

Faecal microbiota
Innate immunity
Neonatal calves
Peptostreptococcus

1. Introduction

Every dairy farmer's dream is to have a farm full of productive and
healthy animals (Hansson and Lagerkvist, 2016). The neonatal period is
critical because it is during this time that the immune system interacts
with the outside world for the first time, and these early responses of the
immune system may have long-term effects on future weight gain,
production, and health (Seppa-Lassila et al., 2018). The development of
the neonate's immune system depends on microbial stimulation, as well
as parasitic and viral stimulation (Chase et al., 2008; Ianiro et al., 2022;
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Kelly and Coutts, 2000). The gastrointestinal and respiratory tracts are
predominant sites of microbial contact (Renz et al., 2012). To the au-
thors' knowledge, the development of intestinal microbiota in neonatal
calves has not been thoroughly studied. In a recent study carried out in
Finland, small amounts of microbial DNA were observed in the rectums
of newborn calves, and the rectal microbiota changed rapidly during the
first week of life (Alipour et al., 2018). It has been found that in beef
cattle, taxonomic groups belonging to the phyla Firmicutes and Bacter-
oidetes are dominant in the gastrointestinal tract in general, as well as in
the colon (Jami et al., 2013; Myer et al., 2017). The highest species
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richness and diversity have been detected at weaning (Klein-Jobstl et al.,
2014). One genus, Faecalibacterium spp., has been found to be positively
associated with weight gain and negatively associated with diarrhoea in
dairy calves during the first week of life (Oikonomou et al., 2013). This
indicates that Faecalibacterium may be beneficial for neonatal calves.

Cryptosporidiosis, caused by the zoonotic protozoan parasite Cryp-
tosporidium spp., is a common clinical problem in calves. It has been
demonstrated that calves in their second week of life have the highest
number of Cryptosporidium spp. oocysts (Santin et al., 2008). Crypto-
sporidium parvum (C. parvum) is associated with clinical diseases,
although other Cryptosporidium species are also found in cattle (Thom-
son et al., 2017). The worldwide prevalence of C. parvum varies from
3.4% to 96.6% (Thomson et al., 2017), whereas in Estonia, 66% of the
investigated farms had at least one calf shedding Cryptosporidium spp.
oocysts (Santoro et al., 2018). It has been suggested that the ability of
Cryptosporidium spp. to infect the gut may be affected by the age-related
changes in the gut microbiota or changes in the diet of calves (Thomson
et al., 2017). As Cryptosporidium spp. infects intestinal epithelial cells
(McDonald et al., 2000), I-FABP (intestinal fatty acid binding protein)
can be a good biomarker for evaluating the intestinal epithelial damage
and permeability in calves (Ok et al., 2020).

In Europe, halofuginone lactate (HL) has been approved as a pro-
phylactic and therapeutic treatment for calf cryptosporidiosis. HL is
used to prevent and reduce diarrhoea caused by C. parvum, and in both
indications, the oocyst excretion has been demonstrated to be reduced
(European Medicines Agency, 2019).

Tissue damage (e. g trauma or infection) initiates a host inflamma-
tory response called the acute phase response (APR) (Baumann and
Gauldie, 1994). This response is a vital part of innate immunity and is an
important protective mechanism in neonatal infections. Acute phase
proteins (APPs) are produced by the liver, induced by proinflammatory
cytokines such as interleukin-1 beta (IL-1f), interleukin-6 (IL-6), and
tumour necrosis factor-alpha (TNF-a) (Baumann and Gauldie, 1994). In
cattle, the two major APPs are haptoglobin (Hp) and serum amyloid A
(SAA) (Eckersall and Bell, 2010). The concentration and kinetics of
systemic APPs during the inflammatory response are related to the
severity of tissue damage and the time-course of the inflammation
process (Baumann and Gauldie, 1994; Kent, 1992; Petersen et al., 2004).
Thus, measuring the circulating levels of APPs provides valuable infor-
mation about the ongoing APR and can be used as non-specific disease
markers (Thompson et al., 1992; Van Leeuwen and Van Rijswijk, 1994;
Petersen et al., 2004). In general, changes in APPs after birth reflect the
physiological adaptation of the newborn to extrauterine life (Orro et al.,
2008).

In humans, it has been shown that the immunity effects of early-life
microbial exposure are durable and persist into later life (von Mutius,
2007; Ege et al., 2011). Immunological maturation may have a long-
term impact on an animal's success as a production animal (Chester-
Jones et al., 2017). High SAA concentrations in studies with 2-3-week-
old beef calves (Seppa-Lassila et al., 2017), rearing calves (Seppa-Lassila
et al., 2018), reindeer calves (Orro et al., 2006), and lambs (Peetsalu
et al., 2019) predict lower long-term weight gain up to the age of
slaughter. These observations suggest that early factors activating an
APR can have a long-term negative impact on an animal's life, including
lower weight gain. To the authors' knowledge, the relationships of
neonatal infections with APR and the development of the immune sys-
tem have not yet been thoroughly addressed.

The main aim of this study was to investigate the relationship be-
tween faecal microbiota and systemic innate immunity response in 2-
week-old calves, as measured in terms of the APP and pro-
inflammatory cytokine concentrations in the serum. Genera associated
with the systemic innate immunity response were further analysed to
explore the potential relationship between microbiota and growth rate
during the first 9 months of life. In addition, we investigated the rela-
tionship between acute cryptosporidiosis and the intestinal microbiota
and measured I-FABP concentration in blood as it is a marker of
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intestinal permeability.
2. Materials and methods

The present study is a part of a large-scale study, the previous parts of
which have been published by Niine et al. (2018a) — APR of calves up to
6 weeks of age during an acute cryptosporidiosis outbreak; and Peetsalu
et al. (2022) — association of colostrum cytokine and APP concentrations
with APR of calves during the first 3 weeks of life.

2.1. Animals

The calves included in this study were all from the same large dairy
farm located in Jarva County in Central Estonia. At the time of the study,
there were approximately 1800 Estonian Holstein dairy cows on the
farm. All the included calves (n = 112) were females born between 21
January and 16 March 2015. Twins and male calves were excluded from
the study. For this study, we analysed faecal and serum samples taken
during the second week of the calves' lives.

The calves were separated from their mothers immediately after
birth and weighed on a digital scale. They received three litres of
colostrum from their dams once within 2 h after birth. Colostrum quality
was determined by means of visual examination and a Kruuse colostrum
densimeter (Jgrgen Kruuse A/S, Langeskov, Denmark). If the specific
gravity of the colostrum was <1035 or total protein was <50 g/1, deep
frozen colostrum from another dam was provided to the calf. At 9
months of age, the calves were weighed again. A more detailed
description of the management of farm and veterinary services provided
to calves is presented in Niine et al. (2018a). Briefly, after the onset of an
acute cryptosporidiosis outbreak, treatment with HL (Halocur, Intervet
International B.V., Boxmeer, Netherlands) was initiated. The calves
were retrospectively allocated into three groups, based on the HL
treatment regimen they received: 1) not treated, 2) treated incorrectly
(treatment started >48 h after birth and lasted <7 d), and 3) treated
correctly (treated according to manufacturer's instructions; started <48
h after birth and lasted >7 d).

2.2. Feeding

Twice a day, the calves were fed 2-3 kg of warmed unpasteurised
milk, in addition to free access to hay and prestarter feed (Prestarter,
Agrovarustus OU, Estonia). This feeding regimen was maintained until
the age of 15-17 d, after which the calves received milk powder (Josera
GoldenSpezial, Josera GmbH & Co. KG, Germany) solution (140 g of
milk powder diluted in 1 | of warm water) twice a day (3 1/day) and
continued free access to prestarter feed.

2.3. Sample collection

Serum and faecal samples were ethically collected from calves during
their second week of life. Serum samples (n = 112) were taken from the
jugular vein using an 18-G needle into sterile evacuated tubes (VACU-
ETTE® TUBE 9 ml CAT Serum Clot Activator). The samples were then
transported to the laboratory and centrifuged (1800 xg for 10 min).
Serum samples were stored at —20 °C until analysis. Faecal samples (n =
112) were collected directly from the rectum using disposable gloves.
The collected faecal samples were stored at 4 °C for up to 48 h until
further analysis (detection of Cryptosporidium spp. oocysts and DNA
extraction).

2.4. Laboratory analysis

The SAA concentration was measured using a commercial ELISA kit
(Phase BE kit, Tridelta Development Ltd., Dublin, Ireland). The con-
centration of Hp was measured using a method defined by Makimura
and Suzuki (1982), with alterations of using tetramethylbenzine (0.06
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mg/ml) as a substrate and using microtitration plates (Alsemgeest et al.,
1994). The detection limits were 0.3 mg/1 for SAA and 60 mg/1 for Hp.
The concentrations of interleukin-1 beta (IL-1p), interleukin-6 (IL-6),
and tumour necrosis factor-alpha (TNF-a) were measured using com-
mercial ELISA kits from Cusabio Biotech (Wuhan, Hubei, China). The
detection limits for IL-1f, IL-6, and TNF-a were 15.6 ng/1, 2.5 ng/1, and
50.0 ng/], respectively. The concentration of intestinal fatty acid bind-
ing protein (I-FABP), a marker of intestinal permeability, was measured
using a commercial ELISA kit (bovine I-FABP ELISA kit (MBS035016);
MyBiosource Inc., San Diego, CA, USA). The results were read using a
spectrophotometer (Magellan Sunrise™, Tecan Group Ltd., Mannedorf,
Switzerland). The inter- and intra-assay coefficients of variability for all
protein detection methods were < 15%.

Faecal samples were prepared for the detection of Cryptosporidium
spp. using an immunofluorescence staining method, as described by
Niine et al. (2018a). The results were measured as the approximate
number of oocysts per gram of faecal matter (opg). Faecal DNA was
extracted from approximately 200 pg of faeces using the PSP® Spin Stool
DNA Kit (Stratec Biomedical AG, Birkenfeld, Germany) and the bead
beating process, according to the manufacturer's instructions.

2.5. Microbiota analysis

The hypervariable regions V3-V4 of the 16S ribosomal RNA (rRNA)
genes were sequenced using the Illumina MiSeq platform in the DNA
core facility of the University of Helsinki, as described previously (Ali-
pour et al., 2018; Husso et al., 2020). Samples and controls were first
amplified using 1x Phusion Hot Start II High-Fidelity PCR Master Mix
(Thermo Scientific), 2.5% DMSO (Thermo Scientific), 500 nM of 16S
rRNA V3 and V4 gene primers (341F and 785R; Metabion), and 1.25 pl
of DNA extract, in 25 pl total volume. The thermal cycling conditions
included an initial denaturation step at 98 °C for 30 s, and 12 cycles of
denaturing at 98 °C for 10 s, annealing at 56 °C for 30 s and extension at
72 °C for 20 s. The final extension step was at 72 °C for 5 min. T100™
Thermal Cycler (Bio-Rad Laboratories) was used.

The 2nd round PCR amplifications were performed using an Illumina
forward and reverse primer set, Phusion Hot-Start II polymerase (Finn-
zymes/Thermo Scientific), High Fidelity buffer and 2.5% DMSO. The
following thermal cycling conditions were applied with an Arktik ther-
mal cycler (Finnzymes/Thermo Scientific): initial denaturation at 98 °C
for 30 s, 17 cycles at 98 °C for 10s, 65 °C for 30s, 72 °C for 10s, and a
final extension at 72 °C for 5 min. The final 16S rRNA gene amplicons
were sequenced on an Illumina MiSeq sequencer using the v2 600 cycle
kit paired-end (325 bp + 285 bp).

In addition to calf faecal samples, we sequenced no template con-
trols, a ZymoBIOMICS Microbial Community Standard (Zymo Research,
USA), and an in-house adult cow faecal standard. The observed
composition of the commercial standard matched the expected compo-
sition provided by the manufacturer (data not shown).

The detailed bioinformatics pipeline is described in the Supple-
mentary Materials. Briefly, the read quality was first inspected using
FastQC and MultiQC (Andrews et al., 2015; Ewels et al., 2016). Leftover
primes and spacers were then trimmed using Cutadapt version 1.10
(Martin, 2011). A mapping file was created for QIIME2 and validated
using Keemei (Rideout et al., 2016). The FASTQ- files were imported
into QIIME2 version 2018.4, where the DADA2 plugin was used to de-
noise and filter the reads, call amplicon sequence variants (ASVs), and
generate a feature table (Callahan et al., 2016; Bolyen et al., 2019). A
naive Bayes classifier was trained in QIIME2 against the SILVA v132
97% database, extracted to only include the V3-V4 reference region,
and used to assign taxonomy to ASVs (Quast et al., 2013; Bokulich et al.,
2018). Singleton sequences and sequences derived from chloroplasts or
mitochondria were removed.
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2.6. Statistical analysis

We used variance partitioning analysis to investigate how the sys-
temic innate immunity response markers, Cryptosporidium spp. infec-
tion, and age explain faecal microbiota variability on the genus level.
This analysis partitions the variation in faecal microbiota data into
components with respect to different tables of exploratory variables and
their combinations using adjusted R-squares in redundancy analysis
ordination (Borcard et al., 1992). Continuous variables were used for
variance partitioning (except HL treatment).

Random forest analysis was used to investigate how well faecal
microbiota explain our chosen parameters — cytokines, APPs, Crypto-
sporidium spp. infection, HL treatment, and I-FABP. For random forest
analysis, continuous variables (except IL-18) were divided into low,
moderate, and high concentration groups of similar size, based on the
concentration levels from lowest to highest in serum. Based on the
concentration of IL-1p, the calves were divided into two groups: low
(below the detection level of the assay) and high (above the detection
level of the assay). Calves were also divided into groups based on the
amount of Cryptosporidium spp. oocysts shed in their faeces (opg); these
groups were: no oocysts found, low oocyst count, and high oocyst count.
The division into low- and high oocyst groups was based on the median
value of oocysts found. For treatment of HL, the calves were divided into
three groups: not treated, treated incorrectly, and treated correctly. All
the categorical variables and their values are presented in Table 1.
Genus-level microbiota data were used for the statistical analysis. All
genera with a prevalence of >10% in 112 calves were included (n =
102).

Table 1
Categorical variables used in the statistical analysis.
Variable Group Value n
SAA (mg/1) Low 34.0-101.2 38
Moderate 102.1-153.2 37
High 154.3-487.9 37
Hp (mg/1) Low 95-218 38
Moderate 221-884 37
High 891-2830 37
IL-1p (ng/1) Low <15.6* 99
High 16.9-207.4 13
IL-6 (ng/D) Low <2.5%*-4.2 38
Moderate 4.3-8.6 37
High 9.3-130.7 37
TNF-a (ng/1) Low <50%-221 38
Moderate 230-396 37
High 429-4205 37
I-FABP (ng/1) Low 63-234 38
Moderate 236-303 37
High 308-1797 37
ADWG (g/d) Low 406-646 34
Moderate 648-741 33
High 750-982 33
Cryptosporidium spp. (opg) No oocysts found 0 54
Low oocyst count 208-399,910 29
High oocyst count 475,293-5,764,653 29
HL treatment group Not treated n/a 21
Treated incorrectly n/a 39
Treated correctly n/a 52

Continuous variables from calves (n = 112) were categorised into three similar
sized groups based on the concentrations, from lowest to highest (low, moderate,
and high). Average daily weight gain data from 100 calves were available. The
median value of oocysts found in Cryptosporidium-positive samples was used to
categorise them into low and high oocyst groups. Calves treated with hal-
ofuginone lactate (HL) were divided into groups treated incorrectly (treatment
started >48 h after birth and lasted <7 d), and correctly (treatment started <48
h after birth and lasted >7 d).

SAA - serum amyloid A, Hp — haptoglobin, IL-1p - interleukin 1-beta, IL-6 —
interleukin 6, TNF-o - tumour necrosis factor alpha, I-FABP — intestinal fatty acid
binding protein, HL - halofuginone lactate, n/a — not applicable, ADWG —
average daily weight gain. * Under the detection limit of the ELISA kit.
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The 30 most influential genera in the random forest analysis, as
measured by mean decrease in model accuracy, were further analysed
using negative binomial regression, to investigate the associations of
microbial genera with Cryptosporidium spp. and marker variables. Genus
was always included as a response variable. Age at sampling and Cryp-
tosporidium spp. oocyst count were included as categorical explanatory
variables in all models. The abundance of all the bacteria in the sample
was included as an exposure variable. Wald test p-values were calculated
for categorical variables, and Holm-Sidék adjusted p-values were
calculated to account for multiple comparisons (out of 30 Wald test p-
values). For pairwise comparisons between 3-level categorical variables
after a significant Holm-Sidak corrected Wald test, Bonferroni correction
was used. Graphs of the observed proportions of negative binomial
probabilities along with the Poisson model were used to evaluate how
negative binomial distribution suited to the models used. Association
with average daily weight gain (ADWG) was investigated for all genera
(n = 5) that were significantly associated with I-FABP or any systemic
innate immunity response marker. ADWG at 9-months of age (low,
moderate, and high; n = 34, 32, and 34, respectively) was used as an
explanatory categorical variable. To control for possible confounding
factors, age at sampling and Cryptosporidium spp. oocyst counts in faeces
were included as categorical explanatory variables, and calf birth weight
was included as a continuous explanatory variable. Bonferroni correc-
tion was used for pairwise comparison of p-values for categorical
variables.

Linear regression models were used to evaluate the associations be-
tween microbial diversity (Shannon index) and age, innate immunity
response marker variables, Cryptosporidium spp. infection, and HL
treatment. The Shannon index was a response variable; age (continuous
variable), protein groups, Cryptosporidium spp. infection groups, and HL
treatment groups were explanatory variables. Stepwise backward
elimination procedure was used to select the final models. The linearity
assumption between the response and continuous explanatory variables
was evaluated using Lowess smoothing curve graphs. Interactions and
confounders (change in coefficient of over 10% after variable elimina-
tion) were controlled for. Residual plots were used to evaluate the
overall model assumptions.

For variance partitioning analysis package ‘vegan’ (Oksanen et al.,
2019) and for random forest analysis package ‘randomForest’ (Liaw and
Wiener, 2002) with R version 4.0.1 (http://www.R-project.org/) were
used. For negative binomial regression models and linear regression
model, STATA/IC 14.2 for Windows (StataCorp LP, College Station, TX,
USA) was used. Excel 2016 (Microsoft, Redmond, WA, USA) was used
for the initial data management.

3. Results
3.1. Microbiota composition on phylum level

The most prevalent phylum in all 2-week-old calves in our study (n =
112) was Firmicutes, with a mean relative abundance (+SD) 50.9 +
26.8%. This was followed by Bacteroidetes (28.6 + 25.8%), Proteobac-
teria (8.4 & 12.4%), Fusobacteria (7.9 & 15.9%), and Actinobacteria (3.9
+ 9.0%) (Fig. 1A). These five phyla contributed to 99.7% of all bacterial
taxa found in the faecal samples. Age-related changes were observed in
the composition of the microbiota, as shown in Fig. 1A. The overall trend
of Bacteroidetes increased, whereas the relative abundances of Firmicutes,
Actinobacteria, and Fusobacteria declined. Bacterial diversity, as
measured using the Shannon index, increased with age (p = 0.001)
(Fig. 2A).

As seen in Fig. 1B, the mean relative abundance of Firmicutes was the
highest in the group with high Cryptosporidium spp. oocyst counts. The
relative abundances of Bacteroidetes and Actinobacteria were, on average,
lower in the high oocyst count group. A high count of Cryptosporidium
spp. oocysts was negatively associated with Shannon's diversity index (p
= 0.007) (Fig. 2B).
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Fig. 1. Microbiota composition at phylum level in calves based on days of age
(A), Cryptosporidium spp. infection status and halofuginone lactate (HL) treat-
ment groups (B), and serum amyloid A (SAA) and haptoglobin (Hp) concen-
trations groups (C). The small numbers given in italics under the columns
indicate the number of calves in that group. Column ‘all’ shows the composition
of microbiota in all calves included in this study. The three groups of Crypto-
sporidium spp. infection status were: no — no oocysts found, low — low oocyst
count (below the median of the same week), and high — high oocyst count
(above the median of the same week). HL treatment groups were: no — no
treatment received, incorrect — treatment started >48 h after birth and lasted
<7 d, correct — treatment started <48 h after birth and lasted >7 d.

The mean relative abundances of Actinobacteria were the highest in
the HL treatment groups that did receive treatment (incorrect or cor-
rect), and Fusobacterium was the highest in the not treated group
(Fig. 1B). Cryptosporidium spp. infection and HL treatment groups
correlated with each other: correct HL treatment and Cryptosporidium
spp. negative results; incorrect HL treatment and low Cryptosporidium
spp. oocyst counts; and no HL treatment and high Cryptosporidium spp.
oocyst counts mirrored each other.

The mean relative abundance of the phyla was similar in all three
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Fig. 2. Faecal microbiota diversity by age (days) (A) and Cryptosporidium spp.
infection group (B), as evaluated using linear regression model. The three
groups of Cryptosporidium spp. infection status were: no — no oocysts found, low
— low oocyst count (below the median of the same week), and high - high
oocyst count (above the median of the same week). The small numbers given in
italics under the columns indicate the number of calves in that group.

* Significant difference, Bonferroni-corrected p < 0.05.

groups of SAA and Hp (Fig. 1C). The higher the SAA and Hp concen-
trations, the greater the relative abundance of Fusobacteria and lower the
relative abundance of Bacteroidetes.

3.2. Variance-partitioning analysis

The variation in intestinal microbiota at the genus level explained by
the study variables is shown in Fig. 3. As seen in this figure, most of the
variation was explained by factors other than APPs, Cryptosporidium spp.
infection, HL treatment, cytokines, or age; a total of 6.0% of microbial
variation was explained by these variables. However, it should be noted
that APPs (SAA and Hp) independently explain half (3.0%) of the
explainable microbial variation, and cytokines (IL-1p, IL-6, TNF-a) were
completely overlapped by the APP explanation. In other words, cyto-
kines did not explain the variability in microbiota more than the APPs.
The combined APP group and the combined Cryptosporidium spp.
infection and HL treatment group overlapped with each other for 1.2%
of the explained microbiota genus variation. Age was more independent
and explained approximately 1.4% of the 6.0% microbial variation.

When Cryptosporidium spp. infection and HL treatment groups were
added separately to the variance partitioning analysis, all microbial
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variation explained by HL treatment overlapped with the Cryptospo-
ridium spp. infection group. Therefore, Cryptosporidium spp. infection
and HL treatment groups were added as a combined explanatory vari-
able. When SAA and Hp were included separately in the model, 1.0%
(together 1.16%; Fig. 3) of the explained microbiota variations over-
lapped with each other.

3.3. Random forest analysis

Random forest analysis classified the calves' faecal samples (n = 112)
into SAA, Hp, Cryptosporidium spp. infection, and HL treatment groups.
The relative importance of the 30 most influential genera (out of 102) is
shown in Fig. 4. The proportion of groups that were classified correctly
by this random forest analysis based on bacterial genera was 42.9% for
SAA, 43.7% for Hp, 45.5% for Cryptosporidium spp. infection, and 46.2%
for HL treatment. The 30 most influential genera by group were further
analysed using negative binomial models, to investigate associations
with variable groups (Holm-Sidak corrected Wald test p-values). In these
models, we also accounted for the possible confounding factors age and
Cryptosporidium spp. infection in the APPs.

Fusobacterium was the most influential genus for SAA, and the fourth
most influential genus for Hp. The most influential genus for Hp was
[Ruminococcus] torques group, but it was not found to be associated with
SAA. Ruminiclostridium 9 was the most influential genus for Cryptospo-
ridium spp. infection, and it was ranked 16th for HL treatment. Erysi-
pelotrichaceae UCG-009 was the most influential genus for HL treatment,
but it was not found to be associated with Cryptosporidium spp. infection.

3.4. Negative binomial models

The association between Cryptosporidium spp. infection and the
presence of Ruminiclostridium 9 was negative (Fig. 5A). The abundance
of Ruminiclostridium 9 was higher in the no Cryptosporidium spp. oocysts
group than in the low and high oocyst count groups (Bonferroni cor-
rected p = 0.039 and p < 0.001, respectively). This bacterial genus was
found in 59% of the calves studied (n = 112). We also found other
bacterial genera (Alistipes, Parasutterella, and Faecalibacterium) with a
similar association, except that both the no and low Cryptosporidium spp.
oocyst count groups had significantly higher abundances than the high
oocyst count group (Fig. 5B-D). The 30 most influential genera did not
show any statistically significant associations with the HL treatment
groups in the negative binomial models.

The Fusobacterium genus was positively associated with SAA
(Fig. 6A), and was found in 83% of the calves (n = 112). The moderate
and high SAA groups had significantly higher Fusobacterium abundance
than the low SAA group (Bonferroni corrected p = 0.027 and p < 0.001,
respectively). The Collinsella genus was found to be associated with SAA
and found in 99% of the faecal samples. The association was found to be
non-linear, since in the moderate SAA group, abundance of Collinsella
was lower than in the low or high SAA groups. However, the distribution
of Collinsella abundance did not follow a negative binomial distribution;
thus, the models (for SAA and Cryptosporidium spp. infection groups)
were not validated (data not shown).

The high Hp concentration group had a positive association with
genus [Ruminococcus] torques group abundance (Fig. 6B) and a negative
association with Flavonifractor abundance (Fig. 6C).

Peptostreptococcus was found in 44% (n = 49) of the calves, and its
abundance was positively associated with high concentrations of both
SAA and Hp (Fig. 7A-B). All genera that were significantly associated
with inflammatory markers were further analysed for possible associa-
tions with nine-month weight gain (n = 100), using similar negative
binomial models. These five genera were Fusobacterium, Peptos-
treptococcus, Collinsella, [Ruminococcus] torques group, and Flavoni-
fractor. The association between weight gain at the age of 9 months and
Peptostreptococcus was negative (Fig. 7C). The high ADWG group had a
lower abundance of Peptostreptococcus than the low and moderate
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Fig. 3. Variance partitioning analysis of the calves' (n = 112)
intestinal microbiota at the genus level (n = 102). Results are
represented as percentiles of the 6.0% of microbial variance
explained by these variables. The continuous variables
included in the analysis were age at sampling in days (‘Age’),
cytokines in ng/l (including interleukin-1f, interleukin-6,
tumour necrosis factor-a) (‘Cytokines’), serum amyloid A
(SAA) and haptoglobin (Hp) together in mg/1 (‘SAA + Hp’),
and Cryptosporidium spp. infection (opg) and halofuginone
lactate (HL) treatment groups together (‘Cryptosporidium + HL
treatment’).

Residuals = 94.0%

ADWG groups (Bonferroni corrected p < 0.01 and p = 0.030). No sta-
tistically significant associations were found between cytokines, I-FABP,
HL treatment groups, and genera (data not shown).

4. Discussion

Infection with enteric pathogens can alter the composition of
microbiota, and alterations in the composition of microbiota can confer
or promote infection by pathogens (Laurent and Lacroix-Lamande,
2017). The present study shows that there are some genera that have the
potential to trigger the inflammatory response, but on a larger scale,
microbiota seems to influence the innate immunity response only
slightly. For example, Peptostreptococcus was positively associated with
both APPs investigated (SAA and Hp) and negatively associated with
long-term ADWG. Higher oocyst shedding of Cryptosporidium spp. is
associated with decreased microbial diversity of faecal microbiota of
neonatal calves, as was also reported by Rahman et al. (2022); age has
the opposite effect.

The rectal microbial 16S rRNA gene profile of 2-week-old calves was
dominated by Firmicutes, followed by Bacteroidetes, Proteobacteria,
Fusobacteria, and Actinobacteria, all of which constituted 99.7% of the
microbiota. We found that microbial diversity increased with age, as
demonstrated in a previous study (Dill-Mcfarland et al., 2017), and that
a high Cryptosporidium spp. oocyst count was negatively associated with
diversity (Fig. 2). In negative binomial models of Cryptosporidium, the
four genera associated with Cryptosporidium spp. infection (Ruminiclos-
tridium 9, Alistipes, Parasutterella, and Faecalibacterium) decreased in
abundance, the more oocysts were found. Carey et al. (2021) found that
a low abundance of Megasphaera was associated with diarrhoeal symp-
toms during cryptosporidiosis in human infants. They also found that the
microbiome of these children was predictive of diarrhoea prior to and at
the time of Cryptosporidium spp. infection. In mice, Cryptosporidium spp.
infection has been associated with an increase in the relative abundance
of Bacteroidetes and a decrease in that of Firmicutes (Mammeri et al.,
2019). These findings indicate that the presence of Cryptosporidium spp.
may steer the intestinal bacterial environment to a less favourable di-
rection for some bacterial species. Alternatively, a high abundance of
some bacterial species may inhibit or reduce Cryptosporidium spp.

121

infection. As this was a cross-sectional study, we can only speculate
about the causal relationships.

However, there have been studies suggesting that Fusobacterium and
C. parvum have a synergistic effect (Ichikawa-Seki et al., 2019). Previous
studies have hinted to the fact that some specific microbial phyla (indole
producing bacteria) may modulate the immune response against Cryp-
tosporidium spp. infections in humans (Laurent and Lacroix-Lamande,
2017). The fact that Cryptosporidium spp. influences the microbial
composition of calf faeces, or vice versa, needs to be considered when
conducting field studies, so that the results of these studies can accu-
rately represent the current situation in farms. Cryptosporidium spp. are
widespread worldwide (O'Handley and Olson, 2006), and their influ-
ence on the host should not be ignored. This study is a field cohort study
that reflects this situation.

HL is used as the standard care, as there are no alternatives in the
European market. HL is used as a prophylactic treatment for Crypto-
sporidium spp. infection, which functions by reducing the excretion of
oocysts (Silverlds et al., 2009), delaying shedding, and improving the
survival of calves (Niine et al., 2018a). This treatment needs to be
considered as a possible confounder of the objectives of this study. As-
sociations between microbiota and innate immunity response in the
present study were obtained from statistical analyses, where the influ-
ence of HL treatment and Cryptosporidium spp. infection have been
accounted for, and should thus not be biased by them. In some countries,
HL is so widely used that having a non-treatment control group in field
studies is considered unethical (Seale et al., 2019); thus, HL treatment
should always be considered when studying the effects of Cryptospo-
ridium spp. and microbiota of calves in field studies.

We found that HL treatment was associated with increased faecal
microbial diversity. It should be noted that the effects of Cryptosporidium
spp. infection and HL treatment on faecal microbiota cannot always be
differentiated, as they are 100% overlapping in variance partitioning
analysis. However, in the negative binomial models, four genera were
negatively associated with Cryptosporidium spp. infection, and no genera
were associated with the HL treatment groups. This indicates that
Cryptosporidium spp. infection may modulate the faecal microbiota more
than HL treatment.

The Fusobacterium genus includes several species of gram-negative
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Hp groups

low/moderate/high concentration

(n = 38/37/37)

Fusobacterium® - 93

] [Ruminococcus] torques group® - 100

Butynicicoccus - 20
Erysipelatclostndium — 88
Peptostreptococcus* — 49

Collinsella = 111

Anaerovibno - 33

Subdoligranulum - 82
Veillonella - 41

Bovine gut metagenome - 11

Succinivibrio - 30

Rikenellaceae RC9 gut group - 39

Phascolarctobacterium - 98

Bacteroides - 107

Alloprevotella - 72

Flavonifractor — 41

Parabacteroides - 75
Blautia - 62

Erysipelotrichaceae UCG-006 - 30

Senegalimassilia - 38

Tyzzerella 4 — 54

Bifidobacterium - 97
Muribaculaceae metagenome - 16
Akkermansia - 26
Ruminococcaceae UCG-004 - 34
Odoribacter - 53

Dorea - 93

Streptococcus — 74
Ruminiclostridium 9 - 66
Ruminococcaceae UCG-014 - 56

Allisonella - 69

OOOOOOOOOC

Cryptosporidium groups
no/low/high oocyst count

(n = 54/29/29)

Ruminiclostridium 9* - 66
Bacteroides - 107
Collinsella — 111

Lachnospiraceae NK4A136 group — 17
Tyzzerella - 89

Megamonas - 19

Bifidobactenum - 97

Coprobacter — 44

Parasutterella® - 57

Sharpea - 13

Holdemanella - 13
Mogibactenum - 21

Lachnospiraceae NK3A20 group — 18

Blautia - 62

Erysipelotrichaceae UCG-009 - 17

Ruminococcaceae — 106

GCA-900086225 - 29

Ruminococcaceae UCG-014 - 56
Desulfovibrio - 62
GCA-900066575 - 12

Alistipes* - 55

Bovine gut metagenome - 11
Slackia - 25

Faecalibacterium* - 99
Ruminococcaceae UCG-004 - 34
Catenisphaera — 84
Erysipelatoclostridium - 8
Prevotella 9 - 38
Senegalimassilia — 38

)

Lactobacillus — 112

Flavonifractor® - 41

Parasutterella = 57

Fusobacterium - 93
Negativibacillus - 14
[Ruminococcus) gnavus group — 85
Catenisphaera - 84
Parabacteroides - 75
Peptostreptococcus* - 49
Alloprevotella - 72
Ruminococcaceae UCG-004 - 34
Pasteurellaceae - 84
Enterococcus - 45

Blautia - 62

Bifidobacterium - 97
Lachnospiraceae - 38
GCA-900066575 - 12

Alistipes - 55
Phascolarctobacterium — 98
Lachnospiraceae NK4A136 group - 17
Ruminiclostndium 9 - 66
Oribacterium - 20

Butyricimonas - 41

[Eubacterium) coprostanoligenes group — 33
Tyzzerella 4 - 54

Faecalibacterium - 99
Akkermansia - 26

Bovine gut metagenome - 11
Coprococcus 3 - 51

Rikenellaceae RC9 gut group - 39

]

HL treatment groups
nofincorrect/correct treatment

(n = 21/39/52)

Erysipelotrichaceae UCG-009 - 17
Sharpea - 13

Ruminiclostridium 5 - 54
Acidaminococcus - 38
Megasphaera - 48

Comamonas - 42

Streptococcus - 74

Collinsella = 111

Fournierella - 75

Faecalibactenum - 99
Lachnospiraceae NK3A20 group - 18
Syntrophococcus - 11
Parabacteroides - 75
[Ruminococcus) gnavus group — 85
Prevotellaceae - 15
Ruminiclostndium 9 - 66
Howardella - 95

Butyricicoccus — 20

Ruminococcus 2 - 65

Tyzzerella - 89

Solobacterium - 13

Desulfovibrio — 62

Parasutterella - 57

Lactobacillus = 112
Ruminococcaceae UCG-014 - 56
Tyzzerella 4 - 54

Olsenella - 29

Oscillospira — 31

Bifidobacterium - 97

Allisonella - 69

s

Fig. 4. Random forest analysis results of the 30 most influential genera (out of 102) by groups of calves (n = 112). Lengths of the bars (mean decrease in accuracy)
show the relative importance of genera. Serum amyloid A (SAA) and haptoglobin (Hp) groups were defined according to concentrations, from lowest to highest.
Cryptosporidium spp. infection groups were defined according to faecal oocyst count (no oocyst and below or above the median of the same week), while halofuginone
lactate (HL) treatment groups were defined on the basis of the received treatment (incorrect — treatment started >48 h after birth and lasted <7 d, correct — treatment
started <48 h after birth and lasted >7 d). The number after the genus name represents the number of calves in which this genus was found.

* Genera with significant association with variable group (Holm-Sidék corrected Wald test), as analysed using negative binomial models.
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* Significant difference, Bonferroni-corrected p < 0.05.

** Significant difference, Bonferroni-corrected p < 0.01.
*** Significant difference, Bonferroni-corrected p < 0.001.

rods that are obligately anaerobic, non-spore forming, and can be motile
or non-motile (Hofstad, 2006). Fusobacterium is an opportunistic bac-
terium with pro-inflammatory effects, among other properties (Wong
and Yu, 2019). There are both pathogenic and non-pathogenic species of
Fusobacterium, and all known species affect both animals and humans,
with the two most common pathogenic species being opportunistic
F. necrophorum and F. nucleatum (Nagaraja et al., 2005). In our study, the
relative abundance of Fusobacterium (7.9%) was higher than reported
previously. Previous studies have found abundances of 0.76%-5.67% in
calves of up to 7 weeks of age (Oikonomou et al., 2013), and 2.0% from
birth to 15 d of age in pathogen-free calves (Ichikawa-Seki et al., 2019).
Fusobacterium abundance was positively associated with SAA concen-
tration (Fig. 6). High Cryptosporidium spp. oocyst counts were also
positively associated with SAA concentration in the second week of life
in these calves (Niine et al., 2018a), but as we controlled the Crypto-
sporidium spp. infection groups in the Fusobacterium and SAA model, this
means that Fusobacterium independently initiated the calves' APR. A
study by Ichikawa-Seki et al. (2019) showed an increase in Fusobacte-
rium in calf faecal matter to 14.1%, coinciding with infection with
C. parvum. They also found more severe diarrhoea in calves with con-
current Cryptosporidium spp. and Fusobacterium infections. The authors
of that study suggested that Fusobacterium can have an important
aggravating effect on Cryptosporidium spp. infections. Our study did not
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show a direct association between Cryptosporidium spp. infection and
Fusobacterium, but as SAA is directly related to the severity of clinical
disease, an additional positive association between SAA and Fusobacte-
rium supports the synergistic effect of these two infections with clinical
disease in calves.

The gut microbiota is influenced by genetics (Fan et al., 2020), both
paternal and maternal (Amin and Seifert, 2021). The bacterial compo-
sition varies within the gastrointestinal tract of calves, and is influenced
by the colostrum and microbiota on the dam's skin, at both the udder
and vagina (Yeoman et al., 2018). However, the differences in the
overall microbial composition of calves in this study are probably
influenced by the acute outbreak of cryptosporidiosis and HL treatment,
or other factors leading to Cryptosporidium spp. infection, including
Fusobacterium overgrowth. Since this was a cross-sectional study, causal
relationships could not be proven.

Variance partitioning analysis (Fig. 3) showed that most of the mi-
crobial variation (residuals 94.0%) was not explained by the variables
investigated in this study. The cytokine group completely overlapped
with the larger APP group. We can, therefore, state that APPs reflect the
activation of cytokines (which have a shorter half-life than APPs) as
markers of inflammation. Cytokines are known to increase the levels of
APPs. It should be noted that since no associations were found in the
negative binomial model, the associations of cytokines with microbiota
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Fig. 6. Association of APPs with three genera, as assessed using negative
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columns represent the number of calves in that group.

* Significant difference, Bonferroni-corrected p < 0.05.

** Significant difference, Bonferroni-corrected p < 0.01.

*** Significant difference, Bonferroni-corrected p < 0.001.
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seem to be relatively negligible compared to those of APPs.

Fusobacterium was the most influential genus explaining SAA, and
the fourth most influential genus explaining Hp in the random forest
analysis. The positive association between Fusobacterium and SAA was
confirmed by a negative binomial model. However, Fusobacterium was
not associated with the calves' ADWG at 9 months. The genus that was
positively associated with SAA and Hp and negatively associated with
ADWG was Peptostreptococcus (Fig. 6). Peptostreptococcus spp. are
anaerobic, non-spore-forming, gram-positive cocci (Wanger et al.,
2017). In humans, an increase in P. anaerobius abundance in the faecal
and mucosal microbiota is associated with colorectal cancer (Cheng
et al., 2020). However, little is known about the effects of this genus in
ruminants or other animal species. SAA has been shown to increase in
response to microbial colonisation (Murdoch et al., 2019). This process
can trigger APR without manifesting as a clinical disease, but as a sub-
clinical infection, and microbiota composition itself might have a long-
lasting effect on an animal's weight gain and future immune response.
SAA is not simply a marker for inflammation and infection; it can also be
seen as a marker for the induction of an adaptive immune response, as it
attracts Th2 T-cells (Xu et al., 1995), and thus provides an indication of
the production of memory T-cells. The neonatal immune system is
biased toward a Th2-dominant response with minimal Thl activity
(Zaghouani et al., 2009), and SAA and IL-6 have been shown to be
related to this bias (Furuhashi et al., 2012; Schulte et al., 2008).
Furthermore, SAA has been shown to be a soluble pattern recognition
receptor related to Th2 immunity (Smole et al., 2020), and thus, SAA can
also be a marker for the Th2-bias. These findings suggest that some
factors initiating systemic APR affect overall health, and thus the future
weight gain of the animal, probably by inducing biased priming of the
immune system. We speculate that this is caused by subclinical rather
than clinical disease, as our previous studies have shown a negative
association between serum SAA concentrations during the second week
of life and further gain in clinically healthy ruminants (Orro et al., 2006;
Seppa-Lassila et al., 2017; Seppa-Lassila et al., 2018; Peetsalu et al.,
2019). In the same calves as in the present study, SAA, Hp, and IL-6
serum concentrations in the second week of life were also negatively
associated with ADWG at 9 months (Peetsalu et al., 2022 — submitted for
publication). Multiple studies in different species, namely beef calves
(Seppa-Lassila et al., 2017), dairy calves (Seppa-Lassila et al., 2018),
reindeer calves (Orro et al., 2006), and lambs (Peetsalu et al., 2019)
living under different conditions, have found this negative association,
which cannot be explained by management factors such as climate,
feeding, and colostrum intake. Peptostreptococcus may be one of the
factors behind this phenomenon of the neonatal period's long-term in-
fluence on weight gain.

Serum Hp concentrations were positively associated with [Rumino-
coccus] torques group and negatively associated with Flavonifractor
abundance (Fig. 5). Although controversial, these results support the
possible stimulatory effect of microbiota on the calves' inflammatory
responses. Studies in rearing calves (Seppa-Lassila et al., 2018) and
lambs (Niine et al., 2018b) also found a positive association between Hp
concentration in the second week and future weight gain. Mild inflam-
mation can also be associated with lower systemic Hp concentrations in
calves (Arthington et al., 2003; Seppa-Lassila et al., 2015). This can be
explained by the binding of blood Hp to free haemoglobin (Eaton et al.,
1982), resulting in a decrease in circulating Hp in the blood before the
inflammatory response initiates Hp production in the liver. The associ-
ations found in these previous studies support our hypothesis that there
are some early APR-activating factors that can have a negative long-term
impact on an animal's life, including lower weight gain.

5. Conclusions
The results of our study show that there are associations between

microbial composition and the systemic innate immune response,
mainly with respect to SAA and Hp, but not with pro-inflammatory
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cytokines. This indicates that the bacterial composition has a systemic
effect on neonatal calves. However, most of the variability in the in-
testinal microbiome does not affect the systemic innate immune
response, as only a fraction of all faecal microbial variability can be
accounted for by APR marker variation. The positive association of the
genus Peptostreptococcus and APPs, and the negative association of this
same genus and ADWG indicate that a high abundance of certain bac-
terial genera during early life may have long-term effects on the calf.
Cryptosporidium spp. infection is negatively associated with microbial
diversity. There is a need to further investigate the development and
composition of intestinal microbiota to better understand how altering
the microbial composition may benefit or harm the calf during the
neonatal period and in its future life.
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