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ORIGINAL ARTICLE

Differential expression of microRNAs in the caecal content and faeces of broiler
chickens experimentally infected with Eimeria
Jonathan Williams , Francesca Soutter, Caela Burrell, Shayara Fernando, Dong Xia, Jennifer Irving,
Sarah Williams-McDonald, Sungwon Kim and Damer P. Blake

Pathobiology and Population Sciences, The Royal Veterinary College, Hatfield, UK

ABSTRACT
Coccidiosis caused by Eimeria spp. incurs significant morbidity and mortality in chickens, and is
thus of great economic importance. Post-mortem intestinal lesion scoring remains one of the
most common means of diagnosis; therefore alternative, non-invasive methods of diagnosis
and monitoring would be highly desirable. Micro-RNAs (miRNAs) have been shown to be
stable in faeces of human and animal species with expression altered in gastrointestinal
disease. We hypothesized that miRNA is stable in caecal content of chickens, and that
differential miRNA expression patterns would be seen in Eimeria-infected versus uninfected
individuals. Initially, RNA was extracted from Eimeria tenella-infected (n = 3; 7 days post
infection) and uninfected (n = 3) chicken caecal content to demonstrate miRNA stability.
Subsequently, next-generation miRNA sequencing was performed on caecal content from
E. tenella-infected chickens with high (lesion score (LS) 3–4; n = 3) or low (LS1; n = 3) levels of
pathology, and uninfected controls (n = 3). Comparative analysis identified 19 miRNAs that
exhibited significantly altered expression in the caecal content of E. tenella, infected
chickens versus uninfected chickens (t-test, False Discovery Rate (FDR) < 0.05). Eight of these
miRNAs showed significant up-regulation in infection (fold change of 9.8–105, FDR <0.05).
Quantitative PCR was performed using separate biological replicates to confirm differential
regulation in eight of these miRNA candidates in caecal and faecal content. This work has
identified a panel of miRNA candidates which may be appropriate for use as non-invasive
faecal markers of active caecal coccidiosis without the need for culling.
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. E. tenella induced differential miRNA expression in caecal content and faeces.
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Introduction

Coccidiosis is a serious intestinal disease in chickens
(Gallus gallus domesticus) caused by protozoan para-
sites of the genus Eimeria, incurring significant mor-
bidity, mortality, and economic losses (Blake et al.,
2020; Chapman et al., 2013). Management and che-
moprophylaxis remain the most important forms of
anticoccidial control for broiler chickens, sup-
plemented by a significant role for live vaccines in
layer and breeding stock (Elwinger et al., 2016).
Unfortunately, resistance develops rapidly for every
anticoccidial drug currently available and has become
widespread, compromising economic productivity
and bird welfare (Chapman, 1999). Live wild-type
(non-attenuated) and attenuated vaccines are highly
effective and increasingly popular (Chapman &
Jeffers, 2014), but difficult to scale up for mainstream
application in broiler production. Eimeria tenella is
among the most common species to induce

coccidiosis, is highly pathogenic and colonizes the
chicken caecum, causing haemorrhage, oedema,
necrosis, and anaemia (Györke et al., 2013).

Diagnosis of coccidiosis in broiler chickens and
identification of causative Eimeria species is commonly
achieved by post-mortem examination of dead or culled
chickens, and/or euthanasia of a representative group of
sentinel chickens. Differentiation of different Eimeria
species involvement is commonly difficult, time-con-
suming, and expensive (Carvalho et al., 2011). Other
approaches to detect Eimeria infection include micro-
scopic examination of faecal or litter samples to detect
shed oocysts, although this is ineffective during the pre-
patent period and shows poor correlation with control
strategies (Jenkins et al., 2017). Qualitative and quanti-
tative polymerase chain reaction (PCR) assays are avail-
able for parasite detection from faecal or litter samples
(Peek et al., 2017), but offer similarly limited diagnostic
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value during the pre-patent period. An alternative and
simpler molecular form of diagnosis to monitor the
occurrence of infection (or disease) and inform preven-
tion and control methods would therefore be highly
desirable; for example, screening from faecal material.
Previous studies have shown differential expression of
micro-RNAs (miRNAs) in chicken intestinal tissue
during infection with Campylobacter jejuni (Liu et al.,
2016), as well as E. acervulina, E. maxima, and
E. necatrix (Giles et al., 2020; Liu et al., 2020), requiring
collection of diagnostic samples post-mortem. Here, we
critically assess miRNA profiles in intestinal (caecal)
content and faeces with a view to diagnostic test devel-
opment appropriate for use with live chickens.

Complex biologicalmolecules such as highmolecular
weight nucleic acids are often not recoverable from
intestinal contents or faeces due to digestive processes
and microbial degradation in the gastrointestinal tract.
However, miRNAs are short non-coding genetic
sequences that are highly stable in faeces and are pro-
duced by both hosts and their parasites (Link et al.,
2012). We hypothesized that miRNAs are also stable in
avian caecal and faecal content, that faecal miRNAs
reflect caecal content miRNAs, and are produced by
the host and influenced by E. tenella infection, poten-
tially modifying local tissue defence mechanisms and
the intestinal microbiome. We further hypothesized
that miRNA signatures may also reflect caecal inflam-
mation due to the presence or absence ofE. tenella infec-
tion, and may be influenced by the severity of parasite-
associated pathology (e.g. caecal lesion score). An ability
to detect E. tenella infection and quantify the severity of
disease offers value to routine flock surveillance, with
specific applications in resource-intensive processes
such as in vivo anticoccidial susceptibility testing
(AST) (Peek & Landman, 2003).

MiRNA can be extracted from a wide range of tis-
sues and bodily fluids, using a variety of commercially
available kits. Different methods of extraction, includ-
ing phenol-based, column-based, and combinations of
these can be used (Lekchnov et al., 2016). Two such
extraction kits are the “Norgen Stool RNA Purifi-
cation Kit” and the “MirVana miRNA Isolation Kit”.
This study aimed to test the hypotheses that the stab-
ility of miRNA will enable its extraction and amplifica-
tion from chicken caecal content, and that variation in
a subset of the miRNAs produced by the host associ-
ates with the presence/absence and/or severity of
E. tenella infection.

Materials and methods

Animal ethics statement

The work described was conducted in accordance with
UK Home Office regulations under the Animals
(Scientific Procedures) Act 1986 (ASPA). Protocols

were approved by the Royal Veterinary College Ani-
mal Welfare and Ethical Review Body (AWERB).
Study birds were observed twice per day for signs of
illness and/or welfare impairment and were sacrificed
under Home Office licence by cervical dislocation.
Throughout the study, all chickens had access to
feed and water ad libitum.

Parasite propagation

Sporulated E. tenella parasites of the Houghton refer-
ence strain (Aunin et al., 2021) were propagated and
maintained as described previously (Long et al.,
1976) using specific pathogen-free (SPF) Lohmann
Valo chickens accommodated in ammonia-fumigated
facilities. Chickens were received when 21 days old,
infected 7 days later by oral gavage and culled for para-
site harvest when 35 days old.

Chicken studies

Caecal content samples for initial qPCR
validation of miRNA recovery and quality
Lohmann Valo chickens (28 days of age) reared under
SPF conditions were infected by oral inoculation of
4000 E. tenella oocysts or sham inoculated as part of
a separate study. Caecal contents were collected 7
days after inoculation from infected (n = 6) and
sham (n = 3) chickens during post-mortem examin-
ation, immediately after cervical dislocation. Samples
were stored at −80°C.

Caecal content samples for miRNA sequencing
Samples were taken as part of a larger study where
2501-day-old, Cobb500 broiler chickens were housed
in coccidia-free conditions (Macdonald et al., 2017).
At 21 days of age, 25 chickens in group 1 (uninfected
control group) received a single inoculum of 1 ml of
DNase/RNase-free water. In parallel, 225 broilers in
group 2 (infected group) were inoculated with
35,000 sporulated E. tenella oocysts in 1 ml of water.
Four and a half days (108 h) post-infection all birds
were culled (26 days old). Post-mortem, caecal tissue
was assessed immediately for lesions and scored fol-
lowing an established method (Johnson & Reid,
1970). Lesions were scored from 0 to 4: 0 (no lesions),
1 (mild lesions), 2 (moderate lesions), 3 (high lesions),
4 (severe lesions). Caecal contents were collected and
snap-frozen in liquid nitrogen. All samples were
stored at −80°C until further processing. Caecal con-
tent samples were selected from female chickens that
were uninfected controls (n = 3), infected lesion
score 0 (n = 3) and infected lesion score 4 (n = 3).
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Caecal content samples for qPCR of selected
miRNA targets: validation of RNAseq data in
biological replicates
The second set of samples was collected from a dupli-
cate experiment run 20 months after the first, provid-
ing independent biological replication. Nine samples
were chosen, including uninfected controls (n = 3),
infected lesion score 0/1 (n = 3) and infected lesion
score 4 (n = 3). All samples were stored at −80°C
until further processing.

Faecal samples for qPCR of selected miRNA
targets: validation of miRNAs differentially
expressed in caecal content
Faecal material characteristic of caecal droppings (i.e.
brown, sticky; differentiated from more solid small
intestinal droppings that were rich in uric acid) was
collected from five Lohmann Valo chickens 4.5 days
after oral infection with 4000 E. tenella sporulated
oocysts. All five chickens were euthanized for parasite
harvest 7 days post-infection, presenting with high
pathology (lesion score 3). Equivalent caecal drop-
pings were also collected in parallel from four unin-
fected, age-matched chickens. All samples were
stored at −80°C until further processing.

RNA extraction and preparation

RNA was extracted from caecal content samples using
the Norgen Stool Total RNA Purification Kit (Cat. No.
49500, Biotek, Thorold, ON, Canada) as per the man-
ufacturer’s instructions. Briefly, 200 mg of caecal con-
tent from each sample was homogenized using a
Minibead Beater, (Biospec, Bartlesville, OK, USA) at
3.5 × 1000 oscillations per minute for 1 min, and a
rapid spin column procedure was then used to extract
and purify total RNA. An additional step of on-col-
umn DNA removal was conducted as per the manu-
facturer’s instructions. The extracted total RNA
samples were analysed using a Nanodrop spectropho-
tometer (NanoDrop, ND-1000 Spectrophotometer,
Wilmington, NC, USA). Data were analysed and
plotted using GraphPad Prism 7 software, Python
(Version 3.9.5), and plotnine (Version 0.8.0).

RNA extraction for method development was
additionally performed using the Mirvana miRNA
Isolation Kit (Mirvana, ThermoFisher Scientific, Wal-
tham, MA, USA) following the kit protocol, with
minor modifications. For each sample, 1 ml of Mir-
vana Lysis/Binding Solution was used. Then 500 µl
of bead beaten caecal contents were transferred to an
RNase-free microcentrifuge tube with 50 µl of
miRNA Homogenate Additive. At the total RNA iso-
lation stage, 500 µl of 100% (v/v) ethanol was added to
the separated aqueous phase. Sample mixtures were
added to the filter cartridge in two aliquots of 450 µl
and centrifuged at 10,000 × g for 15 s between each

addition. The filter cartridge and collection tube
were centrifuged twice further, for 15 s both times.
Samples were centrifuged for 10 s following the
addition of both Wash Solution 1 and Wash Solution
2/3, and for 30 s following the Elution Solution. RNa-
seZAP (Merck, Gillingham, UK), an RNase deconta-
mination solution, was used on equipment and work
areas prior to experimentation with extracted RNAs
to reduce RNase-dependent RNA degradation.

Bioanalyzer

An Agilent RNA 6000 Nano Kit was used with an Agi-
lent 2100 Electrophoresis Bioanalyzer to analyse the
RNA samples. All sample concentrations were diluted
to the recommended range of 25–500 ng/µl. The chip
priming station, gel-dye mix preparation and marker,
ladder and sample loading were performed following
manufacturer’s instructions.

Polyadenylation and reverse transcription

cDNA was prepared using a Mir-X miRNA First-
Strand Synthesis Kit (Clontech, Saint-Germain-en-
Laye, France). The RNA samples were diluted using
bottled ultrapure diethylpyrocarbonate (DEPC)-trea-
ted water to a standard concentration of 0.28 µg/µl.
Appropriate reagents from the kits were added follow-
ing the protocol and the mixtures were incubated in a
thermocycler (G Storm Thermal Cycler with GS0096
96 well block, GT 11584) for 1 h at 37°C, then for
5 min at 85°C. The product was made up to a final
volume of 100 µl and used in qPCR.

Quantitative PCR (qPCR)

qPCR was performed using the SYBR Advantage qRT-
PCR Kit (Clontech) following the given protocol. Each
sample well contained 9 µl of RNase-free water, 12.5 µl
SYBR Advantage Premix, 0.5 µl ROX dye, 0.5 µl
miRNA-specific primer, 0.5 µl mRQ 3ʹ primer and
finally 2 µl of cDNA, to give a total volume of 25 µl
per well. Primers specific to mapped miRNA
sequences were designed using miRbase (University
of Manchester) and synthesized by Merck Life Science
UK Limited, Gillingham, UK. The entire sequence of
each miRNA was used as the miRNA-specific, 5ʹ pri-
mer (Table 1). For relative quantification, U6 snRNA
supplied with the kit was used as a positive control
with the universal primer U6 using the ΔΔCt method.
A non-target negative control sequence (cel-miR-39)
derived from Caenorhabditis elegans was included in
the qPCR assay as a negative control. All samples, con-
trols, and no template controls (NTC) were run in
duplicate. Amplification was performed on a real-
time qPCR instrument (CFX-96 new generation
Real-Time PCR detection, C-1000 Thermal Cycler).
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Reactions were denatured for 10 s at 95°C, followed by
40 qPCR cycles consisting of 95°C for 5 s and 60°C for
20 s. Finally, a dissociation curve of 95°C for 60 s, 55°C
for 5 s and 95°C for 5 s was performed. Statistical com-
parisons were made by ANOVA with Tukey’s post hoc
analysis.

Data analysis

qPCR data were analysed using the Delta-Delta
Method (ΔΔCt) (Livak & Schmittgen, 2001) and
GraphPad Prism 7 software.

miRNA sequencing, read processing, and
quality control

RNA samples were processed by LC Sciences, Hous-
ton, TX, USA to generate a small RNA library using
the Illumina Truseq™ Small RNA Preparation kit
according to manufacturer protocols. Purified cDNA
libraries were used for cluster generation on an Illu-
mina Cluster Station and then sequenced on an Illu-
mina HiSeq X Ten platform. Raw sequencing reads
(50 nt) were obtained using Illumina’s Sequencing
Control Studio software version 2.8 (SCS v2.8) follow-
ing real-time sequencing image analysis and base-call-
ing by Illumina’s Real-Time Analysis version 1.8.70
(RTA v1.8.70).

A proprietary pipeline script, ACGT101-miR v4.2
(LC Sciences), was used for sequencing data analysis.
After the raw sequence reads, sequences were extracted
from image data, and a series of digital filters were
applied to exclude various un-mappable sequencing
reads. During data combination and analysis, low
read sequences were removed. The small RNA
sequences generated were mapped against pre-
miRNA (mir) and mature miRNA (miR) sequences
listed in miRBase (ftp://mirbase.org/pub/mirbase/
CURRENT/, version 21) based on the public releases
for Gallus gallus and other listed avian species.

Sequences were also mapped against the G. gallus gen-
ome (ftp://ftp.ncbi.nlm.nih.gov/genomes/Gallus gallus/,
version 4). Normalization of sequence counts in each
sample (or data set) was achieved by dividing the
counts by a library size parameter from the correspond-
ing sample. The library size parameter was a median
value of the ratio between the counts of a specific
sample and a pseudo-reference sample. A count num-
ber in the pseudo-reference sample was the count geo-
metric mean across all samples. Raw reads have been
deposited with the European Bioinformatics Institute
(www.ebi.ac.uk) under study accession PRJEB48934.

Results

Extraction methods

To assess our ability to recover miRNAs from intestinal
contents, we compared the concentration and quality of
RNA extracted from chicken caecal contents after sto-
rage for approximately 16 months at −80°C using two
commercially available RNA extraction kits (Norgen
Stool Total RNA Extraction Kit and Mirvana miRNA
Isolation Kit). The concentrations and optical densities
of the extracted samples were analysed using spectro-
photometry. Concentration analysis produced a mean
of 131.62 ng/µl ± 51.74 (SD) using the Norgen kit and
a mean of 264.04 ng/µl ± 147.69 (SD) with the Mirvana
kit (Figure 1). The Mirvana kit demonstrated a wider
range of concentrations than the Norgen kit. Samples
extracted by the Mirvana kit yielded a 44% mean
increase in concentration compared to the Norgen kit.

Comparing uninfected and infected samples for both
kits gave ranges of 73.68–342.35 ng/µl (with a mean of
191.81 ng/µl) and 73.71–554.71 ng/µl (with a mean of
203.84 ng/µl), respectively (Figure 1). When the Norgen
uninfected and infected samples were compared, the
uninfected samples gave a range of 73.68–213.08 ng/µl
whilst the infected samples gave a range of 73.71–
176.39 ng/µl. When theMirvana uninfected and infected
samples were compared, the uninfected samples gave a
range of 201.78–342.35 ng/µl whilst the infected samples
gave a range of 111.57–554.71 ng/µl (Figure 1).

The Norgen kit gave a 260/280 absorbance ratio
range of 1.87–2.01 and a mean of 1.95, whilst the
Mirvana kit gave a range of 1.33–1.96 and a mean
of 1.73 (Figure 2) suggesting that samples extracted
using the Norgen kit resulted in lower levels of
protein contamination overall (Figure 2). The Nor-
gen kit gave a 260/230 ratio range of 1.14–2.24 and
mean of 1.58, whilst the Mirvana kit gave a range
of 0.6–1.77 and a mean of 1.0, inferring that samples
extracted using the Norgen kit also resulted in lower
levels of organic contamination overall. Norgen
samples produced higher RIN values with a range
of 1.2–2.4 (mean 2.2) with the Mirvana samples giv-
ing a range of 1–1.9 (mean 1.4).

Table 1. Sequences of selected miRNAs identified in this study
and used as primers for validation qPCR. Note, the reverse
primer used in validation for all target miRNAs was the
Universal mRQ 3ʹ primer supplied with the Mir-X™ miRNA
First-Strand Synthesis and SYBR® qRT-PCR kit. cel-miR-39
represents a non-target sequence from C. Elegans used as a
negative control.
miRNA (miRBase ID) Forward primer sequence

gga193b-3p_R-2 AACTGGCCCACAAAGTCCCGCT
gga2188-5p AAGGTCCAACCTCACATGTCCT
gga140-3p_L + 1R + 1 ACCACAGGGTAGAACCACGGACT
gga146c-5p_R-1 TGAGAACTGAATTCCATGGACT
gga19a-3p_1ss11TC TGTGCAAATCCATGCAAAACTGA
tgu425-5p_R + 3 AATGACACGATCACTCCCGCTGAGC
gga22-3p AAGCTGCCAGTTGAAGAACTGT
gga7_R + 2 TGGAAGACTAGTGATTTTGTTGTT
cel39-3p TCACCGGGTGTAAATCAGCTTG
U6 (POSITIVE CONTROL) GGC CAA GGA TGA CAC GCA AA
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miRNA sequencing

Following validation of RNA extraction methods, we
proceeded to sequence miRNA extracted from caecal
content samples collected from 26-day-old Cobb500
broiler chickens, using the Norgen kit.

Sequencing generated 181,950,730 raw reads, of
which 81,013,797 were mappable against pre- and/or
mature miRNAs in miRbase following exclusion of
adapter and contaminant reads, reads that were <15
or >32 bases in length after removal of the 3′ adapter
(3ADT), or where the 3′ adapter was not present. Ident-
ified miRNAs represented by 82,755 reads could be
mapped to known G. gallus mature miRNAs, with a
further 1,395,452 reads mapped directly to the
G. gallus genome when the associated pre-miRNA
identified in miRbase was also mapped to an avian
species other than G. gallus (Table 2, groups 1a and

2a+2b, respectively). A further 57,917 reads were
mapped in miRbase to avian mature and/or pre-miR-
NAs, but did not map to G. gallus miRNAs or genome
(Table 2, group 3a). From the remaining reads,
9,669,508 did not map tomiRbase but could be mapped
to the G. gallus genome (16.3%), while 43,867,841 reads
had no hit in any of the databases (54.1%). All remain-
ing reads mapped to mRNAs or other RNAs.

Differentially expressed miRNAs

Comparison of sequence datasets identified 95 miR-
NAs that were differentially regulated between indi-
vidual samples and groups (Figure 3). Statistical
analysis indicated that 19 miRNAs exhibit signifi-
cantly altered expression in the caecal content of
E. tenella-infected chickens, irrespective of lesion

Figure 1. Box-and-whisker plots of spectrophotometry and bioanalyser data to assess the quality and purity of RNA extracted
from caecal content using Norgen or Mirvana kits. (A) RNA concentration in Norgen and Mirvana extraction kits. (B) RIN values
for each extraction method in all samples. (C) RNA concentration in the uninfected population for each extraction kit. (D) RNA
concentration in the infected population for each extraction kit. Whiskers represent minimum and maximum, box represents
25th and 75th centiles and line represents median.
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score, when compared to uninfected controls (16
upregulated, three down-regulated; Figure 4; t-test,
False Discovery Rate (FDR) < 0.05). Eight miRNAs
defined by significant up-regulation in infection were
selected for further validation, including MiRNA
gga-miR-7* (15-fold increase), gga-miR-2188-5p
(105-fold increase), gga-miR-193b-3p* (78 fold
increase), gga-miR-146c-5p* (51-fold increase), gga-

miR-19a-3p* (39-fold increase), gga-miR-140-3p*
(26-fold increase) and gga-miR-22-3p (10-fold
increase) from group 2a, and MiRNA tgu-miR-425-
5p* (18-fold increase) from group 3a.

Functional interpretation

Following identification of 19 miRNAs that were signifi-
cantly differentially expressed in E. tenella-infected/unin-
fected chickens, we queried the miRNet (https://www.
mirnet.ca), gene ontology resource (http://
geneontology.org/) and Database for Annotation, Visu-
alization and Integrated Discovery (DAVID) (https://
david.ncifcrf.gov/) databases to identify predicted gene
targets and subsequent downstream proteins, pathways,
and biological processes which may be affected. Query-
ing the gene ontology database, we found that predicted
targets for these miRNAs included 384 genes. While the
gene ontology database and DAVID did not identify
statistically significantly altered pathways, hypergeo-
metric testing of the KEGG database via miRNet (miR-
nada database) showed significant over-representation of
the mucin type O-glycan biosynthesis pathway (adjusted
P-value of 0.0016), showing six hits for gene targets
GALNT16, GALNT6, GALNT12, GALNT14,
GALNT5, and GCNT4. Of these differentially regulated
genes, GALNT5 showed co-regulation by more than one
miRNA (namely gga-miR-193b and gga-miR-128-3p).

qPCR validation of miRNA targets differentially
expressed in the caecal contents of E. tenella-
infected and uninfected chickens

In order to test the reproducibility of differentially
expressed miRNAs in E. tenella infection, a second

Table 2. Read numbers from sequencing of RNA extracted
from chicken caecal contents separated by mapping to
known chicken (Gallus gallus domesticus) or other avian
miRNAs, the chicken genome, and the presence or absence
of predicted hairpins. The numbers of known and predicted
unique miRNAs are identified within each group.

Group description
No. of reads (% of

total)

Unique
miRNAs
identified

1a: Mapped to known mature
miRNAs of G. gallus

82,755 (0.1%) 64

2a: Mapped to known avian pre-
miRNAs and G. gallus genome;
predicted to form hairpins

1,202,120 (1.5%) 287

2b: Mapped to known avian
pre-miRNAs and G. gallus
genome; not predicted to
form hairpins

193,332 (0.2%) 318

3a: Mapped to known avian pre-
and mature miRNAs, but not
mapped to G. gallus genome

57,917 (0.1%) 628

3b: Mapped to known avian
pre-miRNAs but not mapped
to G. gallus genome

849 (0.0%) 130

4a: Mapped to G. gallus genome
but not mapped to known
avian pre-miRNAs, predicted
to form hairpins

197,761 (0.2%) 766

4b: Mapped to G. gallus genome
but not mapped to known
avian pre-miRNAs, not
predicted to form hairpins

9,471,747 (11.7%) N/A

Other (mapped to mRNA, RFam,
or repbase)

25,939,470 (32.0%) N/A

No hit 43,867,841 (54.1%) N/A

Figure 2. Box-and-whisker plots of spectrophotometry data to to assess the quality and purity of RNA extracted from caecal con-
tent using Norgen and Mirvana kits. (A) 260/280 ratio in Norgen and Mirvana extraction kits. (B) 260/230 ratio in Norgen and
Mirvana extraction kits. Whiskers represent minimum and maximum, box represents 25th and 75th centiles and line represents
median.
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set of samples were collected from a duplicate exper-
iment run 20 months after the first, providing inde-
pendent biological replication. Samples used
included caecal content from uninfected control
chickens (n = 3), and E. tenella-infected chickens
with no/low pathology (lesion scores 0 or 1, n = 3)
or severe pathology (lesion score 4, n = 3).

qPCR corroborated significant differential
expression of five of the eight upregulated miRNAs
identified from sequencing (Figure 5). This demon-
strated significant differential expression in caecal con-
tents collected from infected chickens with high lesion
scores (H) compared to infected birds with low lesion
scores (L) and uninfected control birds (C). This
included a 292-fold increase of gga2188-5p in the H

group (P < 0.001, relative expression of 1.75+/−0.01
compared to 0.01+/−0.01 in controls, and 0.01
+/−0.01 in the L group), a 16-fold increase of
gga146c-5p_R-1 in the H group (relative expression
of 1.77+/−0.31 compared to 0.11+/−0.01 in the C
group, and 0.11+/−0.06 in the L group), 15-fold
increase of gga19a-3p_1ss11TC in H group (relative
expression of 1.72+/−0.14 compared to 0.12+/−0.12
in C group, and 0.28+/−0.14 in L group), 22-fold
increase in gga22-3p in H group (relative expression
of 1.94+/−0.19 compared to 0.09+/−0.06 in C group,
and 0.21+/−0.21 in L group) and 14-fold increase in
gga7 in H group (relative expression of 1.98+/−0.90
compared to 0.15+/−0.15 in C group, and 0.11
+/−0.0.07 in L group).

Figure 3. Heatmap showing hierarchical clustering of miRNAs differentially expressed in caecal contents collected from chickens
that were uninfected (control, X1-3), E. tenella-infected with no pathology (lesion score 0, X4-6) or E. tenella-infected with high
pathology (lesion score 4, X7-9).
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Validation in faecal samples

To demonstrate that miRNAs could also be extracted
and amplified from faecal samples, and are reflective of
differentially regulated miRNAs in caecal contents, we
performed qPCR assays for six differentially regulated
miRNAs using RNA extracted from caecal droppings
(Figure 6). This showed that three of the six miRNAs
were also significantly upregulated in faecalmaterial col-
lected from infected high lesion score chickens com-
pared to uninfected controls. These included gga2188-
5p (1.6 fold increased expression, P < 0.01), gga19a-
3p_1ss11TC (1.3 fold increased expression, P < 0.01),
and gga22-3p (1.4 fold increased expression, P < 0.01).

Discussion

Detection of Eimeria infection in poultry commonly
relies on microscopy or post-mortem examination of
dead or culled individuals. Recognition of infection
prior to oocyst excretion is especially challenging, as
is differentiation of severe from low-level disease.
Timely awareness of Eimeria occurrence and the risk
of clinical coccidiosis can improve productivity and
welfare, informing on variables such as vaccine uptake
and efficacy, as well as scheduling of anticoccidial drug
use and rotation. Identification of robust biomarkers
for Eimeria infection and/or increasing intestinal

pathology can be used to develop new diagnostic
tools to assist poultry husbandry. Faecal miRNAs
have been proposed for use as non-invasive bio-
markers of colonic and colorectal cancer (Yau et al.,
2019) and may offer similar utility for detection of
pathogens and host responses to infection, such as
enteric inflammation. Here, we have demonstrated
that it is possible to isolate and sequence miRNAs
from chicken caecal and faecal content, demonstrating
that faecal miRNAs could be used to non-invasively
assess avian intestinal disease in a diagnostic capacity.
Sequencing miRNAs in caecal contents collected from
chickens with or without E. tenella infection revealed a
panel of 95 differentially expressed miRNAs, 19 of
which were significantly up- or down-regulated by
infection regardless of severity (Figure 4). Biological
validation using qPCR to quantify expression levels
for a subset of eight miRNAs revealed a significant
association for five, with severity of disease (i.e. path-
ology, measured as intestinal lesion scores; Figure 5),
with little or no difference between uninfected and
apparently healthy infected chickens having little or
no pathology. Finally, we quantified these eight
miRNA candidates in the faeces of further biological
replicates, demonstrating that three miRNAs were sig-
nificantly upregulated in caecal faeces from infected
chickens with high levels of pathology. These data
suggest that the extraction techniques and qPCR

Figure 4. Box plot illustrating differential expression of miRNAs in caecal contents collected from chickens that were uninfected
(control), E. tenella-infected with no pathology (low, lesion score 0) or E. tenella-infected with high pathology (high, lesion score 4).
Whiskers represent minimum and maximum, box represents 25th and 75th centiles and line represents median.
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methodology can successfully be applied to chicken
faeces as a potential diagnostic for the onset of clinical
coccidiosis, differentiating from uninfected individ-
uals and those experiencing a low-level infection
such as that resulting from vaccination using an atte-
nuated vaccine.

One of the selected miRNA candidates (gga-miR-
2188-5p) has previously been shown to be upregulated
in the small intestinal tissue of chickens infected with
E. necatrix (T.L. Liu et al., 2020). Identification of a
panel of miRNAs that associate with pathology caused
by infection with one or more Eimeria species offers
opportunities for genus- and species-level diagnostics.
These miRNAs showed large fold changes in the caecal
content of infected birds, and may alone, or in combi-
nation with gga19a-3p or gga22-3p, form the basis of a
non-invasive diagnostic faecal test for active E. tenella
infection without the need for culling birds to perform
post-mortem diagnosis.

In silico functional analysis of the miRNAs identified
here revealed a significant over-representation of targets
within the mucin type O-glycan biosynthesis pathway
(adjusted P value of 0.0016), showing hits for six gene
targets: GALNT16, GALNT6, GALNT12, GALNT14,
GALNT5, GCNT4. Of these differentially regulated
genes, GALNT5 showed co-regulation by more than
one miRNA (namely gga-miR-193b and gga-miR-128-
3p). Interestingly, themucin type O-glycan biosynthesis
pathway has been shown to be differentially regulated by
miRNAs in the nasal mucosa of human patients with
chronic rhinosinusitis (Xuan et al., 2019). It was specu-
lated in this study that there was induction of goblet cell
hyperplasia with chronicity which increased mucus
layer production and exacerbated favourable growth
conditions for pathogens. Intestinal mucus plays an
important part in host–pathogen interactions. Intestinal
mucus is also rich inmucin-typeO-glycans andhas been
shown to form a critical protective layer between the

Figure 5. qPCR validation of candidate differentially expressed miRNAs in caecal contents from chickens that were uninfected
(control, C, n = 3), E. tenella-infected with high pathology (lesion score 4, H, n = 3), or E. tenella-infected with no/low pathology
(lesion scores 0 or 1, L, n = 3). Error bars represent standard deviation of biological replicates. *** = P < 0.0001, ** = P < 0.01, and
* = P < 0.05 compared to control. # = P < 0.05 and ### = P < 0.001 compared to high lesion score. Cel39-3p is a miRNA present in
C. elegans and represents a negative control.
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intestinal lumen and the epithelial monolayer (Berg-
strom&Xia, 2013). In the context of E. tenella infection,
it has been shown that there is adherence of chicken
intestinal mucins to the parasite which inhibits invasion
in vitro (Tierney et al., 2007). This suggests that possible
differential mucin synthesis would likely influence
E. tenella infection. Further studies may be able to
further elucidate the biological interactions of differen-
tially regulated miRNAs identified herein, further
refine their natural variation of expression in the faeces
of uninfected and Eimeria-infected birds for diagnostic
test development, and further define their sensitivity
and specificity for differentEimeria species and the path-
ology induced by intestinal infections.
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