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a  b  s  t  r  a  c  t

MicroRNAs  (miRNAs)  are  important  regulators  of  gene  expression  and  are  known  to play
a  key  role  in regulating  both  adaptive  and  innate  immunity.  Bovine  alveolar  macrophages
(BAMs)  help  maintain  lung  homeostasis  and  constitute  the  front  line  of  host  defense  against
several  infectious  respiratory  diseases,  such  as bovine  tuberculosis.  Little  is  known,  how-
ever, about  the  role miRNAs  play  in  these  cells.  In  this  study,  we used  a high-throughput
sequencing  approach,  RNA-seq,  to determine  the  expression  levels  of  known  and  novel
miRNAs in  unchallenged  BAMs  isolated  from  lung  lavages  of  eight  different  healthy
Holstein–Friesian  male  calves.  Approximately  80 million  sequence  reads  were  generated
from  eight  BAM  miRNA  Illumina  sequencing  libraries,  and  80  miRNAs  were  identified  as
being  expressed  in  BAMs  at a threshold  of  at least  100 reads  per million  (RPM).  The  expres-
sion levels  of  miRNAs  varied  over  a large  dynamic  range,  with  a few  miRNAs  expressed
at  very  high  levels  (up to 800,000  RPM),  and  the  majority  lowly  expressed.  Notably,  many
of the  most  highly  expressed  miRNAs  in  BAMs have  known  roles  in  regulating  immunity
in  other  species  (e.g.  bta-let-7i,  bta-miR-21,  bta-miR-27,  bta-miR-99b,  bta-miR-146,  bta-
miR-147,  bta-miR-155  and bta-miR-223).  The  most  highly  expressed  miRNA  in  BAMs  was
miR-21, which  has  been  shown  to  regulate  the  expression  of  antimicrobial  peptides  in
Mycobacterium  leprae-infected  human  monocytes.  Furthermore,  the  predicted  target  genes
of  BAM-expressed  miRNAs  were  found  to be  statistically  enriched  for  roles  in innate  immu-
nity. In  addition  to  profiling  the  expression  of  known  miRNAs,  the  RNA-seq  data  was  also
analysed  to identify  potentially  novel  bovine  miRNAs.  One  putatively  novel  bovine  miRNA
was identified.  To  the  best  of  our  knowledge,  this  is  the first RNA-seq  study  to  profile
miRNA  expression  in  BAMs  and  provides  an  important  reference  dataset  for  investigating
the  regulatory  roles  miRNAs  play  in  this  important  immune  cell  type.

© 2013 Published by Elsevier B.V.

Abbreviations: BAM, bovine alveolar macrophage; HBSS, Hank’s balanced salt solution; MDS, multidimensional scaling; miRNA, microRNA; mRNA,
messenger RNA; mtRNA, mitochondrial RNA; ncRNA, non-coding RNA; RIN, RNA integrity number; RISC, RNA-induced silencing complex; RPM, reads per
million; rRNA, ribosomal RNA; RT-qPCR, quantitative reverse transcription PCR; snoRNA, small nucleolar RNA; snRNA, small nuclear RNA; TLR, Toll-like
receptor; tRNA, transfer RNA; UTR, untranslated region.
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1. Introduction

MicroRNAs (miRNAs) are an approximately 22
nucleotide (nt) long subset of non-coding RNAs, which
post-transcriptionally regulate gene expression by base-
pairing with target messenger RNAs (mRNAs). miRNAs
are transcribed as pri-miRNAs in the nucleus and are
then processed into pre-miRNAs. After export to the
cytoplasm, a mature 22 nt duplex is formed. One miRNA
strand is then incorporated into the RNA-induced silencing
complex (RISC), and interacts with its target mRNA via
base-pairing at binding sites usually located within 3′

untranslated regions (UTRs), meanwhile the other strand
is usually degraded (Holley and Topkara, 2011). Depend-
ing on the level of miRNA-mRNA complementarity, the
target mRNA can be degraded or its translation repressed
(Bartel, 2009). Several diseases and conditions have been
linked to abnormal expression of miRNAs (Alvarez-Garcia
and Miska, 2005; Bushati and Cohen, 2007), as they
have a regulatory role in most biological processes, such
as differentiation, apoptosis, and development (Ivey and
Srivastava, 2010; O’Connell et al., 2010; Xiao and Rajewsky,
2009).

It is also becoming increasingly clear that both adaptive
and innate immunity are finely regulated by miRNAs. In
the adaptive immune system, the differentiation of B cells,
antibody generation, and T cell development and func-
tion, are all influenced by miRNAs (Belver et al., 2011).
Innate immune cell activation is also regulated by miR-
NAs, including miR-155, miR-146a, miR-21, and miR-9
(Gantier, 2010). For example, miR-155 is a positive regu-
lator of Toll-like receptor (TLR) signalling, and is induced
upon stimulation of murine macrophages with interferon
beta (IFN-�) or TLR ligands (Liston et al., 2010; O’Connell
et al., 2007).

Furthermore, tumour necrosis factor (TNF) biosynthe-
sis has been shown to be inhibited by Mycobacterium
tuberculosis, an intracellular mycobacterial pathogen that
infects alveolar macrophages, by regulating levels of a
human macrophage miRNA, miR-125b (Rajaram et al.,
2011). Alveolar macrophages have important roles in lung
homeostasis and in many respiratory diseases, such as
asthma in humans (Peters-Golden, 2004), and are the first
cells to encounter several respiratory pathogens during
the early stages of infection (Lambrecht, 2006; Marriott
and Dockrell, 2007). In cattle, bovine alveolar macrophages
(BAMs) are the major target cell type infected by Mycobac-
terium bovis, the causative agent of bovine tuberculosis
(BTB) (Pollock et al., 2006), which results in losses of
approximately US$3 billion to global agriculture annually
(Garnier et al., 2003).

Currently, 755 bovine miRNAs are annotated in miR-
Base (version 19, http://www.mirbase.org) (Kozomara
and Griffiths-Jones, 2011), of which only 22 have been
shown to be expressed in BAMs (Xu et al., 2009).
In this study, we present the first next-generation
sequencing approach to profile miRNA expression in
unchallenged BAMs, providing an important reference
atlas for further elucidating the role miRNAs play in reg-
ulating immune networks in this important immune cell
type.

2. Materials and methods

2.1. Ethics statement

All animal procedures were performed according to the
provisions of the Irish Cruelty to Animals Act, and ethical
approval for the study was obtained from the University
College Dublin (UCD) Animal Ethics Committee (protocol
number AREC-13-14-Gordon).

2.2. Animals

Eight unrelated Holstein–Friesian male calves (aged
between 7 and 12 weeks old) were used in this study. All
animals were maintained under uniform housing condi-
tions and nutritional regimens at the UCD Lyons Research
Farm (Newcastle, County Kildare, Ireland). The animals
were selected from a herd without a recent history of
bovine tuberculosis infection.

2.3. Lung lavages, alveolar cell preparation and storage

BAMs were harvested by pulmonary lavage of lungs
obtained post-mortem from eight animals. Lungs were
washed using a total of 3 L of calcium- and magnesium-
free sterile Hank’s Balanced Salt Solution (HBSS, Invitrogen,
Life Technologies Ltd., Paisley, UK); HBSS was infused into
the lungs (500 ml  per infusion) via the trachea. After each
500 ml  infusion of HBSS, the lungs were gently massaged
and resulting HBSS-cell suspension was  collected into ster-
ile beakers. All lung washes were performed in a laminar
flow hood.

50 ml  of HBSS-cell suspension collected from the first
500 ml  wash was  centrifuged (200 × g for 10 min  at room
temperature) and the resulting cell pellet was resuspended
in 10 ml  HBSS and screened for microbial contamina-
tion by incubation on agar plates using the following
conditions: Columbia blood agar with 5% defibrinated
sheep blood (aerobic and CO2-enriched atmosphere, 37 ◦C,
36 h); Chocolate agar (CO2-enriched atmosphere, 37 ◦C,
36 h); Columbia-colistin-nalidixic acid agar (aerobic, 37 ◦C,
36 h); MacConkey agar number 2 (aerobic, 37 ◦C 36 h);
Sabouraud dextrose agar (aerobic, 37 ◦C, 5 days); and
Mycoplasma agar (CO2-enriched atmosphere, 14 days).
All media was  obtained from Oxoid Ltd. (Basingstoke,
Hampshire, UK). All animals were negative for microbial
contamination.

The remaining HBSS-cell suspension (∼2 L) was  trans-
ferred to 50 ml  sterile tubes and centrifuged (200 × g for
10 min  at room temperature). After centrifugation, the
supernatants were discarded and the resulting cell pel-
lets were pooled and resuspended in 50 ml  cold R10
media (RPMI 1640 medium [Invitrogen], supplemented
with 10% foetal bovine serum [FBS; Sigma–Aldrich, Dublin,
Ireland], 2.5 �g/ml amphotericin B [Sigma–Aldrich], 2 mM
l-glutamine [Sigma–Aldrich]). The cell suspension was
repelleted (200 × g for 10 min  at room temperature) and
resuspended in 10 ml  R10+ media (RPMI 1640 medium
supplemented with 10% FBS, 2.5 �g/ml amphotericin B,
2 mM  l-glutamine, 100 �g/ml ampicillin [Sigma–Aldrich]
and 25 �g/ml gentamycin [Sigma–Aldrich]). Cells were
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then counted using a haemocytometer, recentrifuged at
200 × g for 10 min  and re-suspended in freezing solution
(10% DMSO [Sigma–Aldrich], 90% FCS) at a density of
2.5 × 107 cells/ml. 1 ml  cell aliquots were made in 2 ml  ster-
ile cryovials (Sarstedt Ltd., Wexford, Ireland) and placed
into Mr.  Frosty® Cryo 1 ◦C Freezing Containers (Nalgene®,
Thermo Fisher Scientific, Waltham, MA,  USA) containing
100% isopropanol. Cryovials were stored at −80 ◦C for a
period of 18 h after which they were removed from the
freezing containers and transferred to −140 ◦C storage con-
ditions until required for further use.

2.4. Alveolar cell culture

Cells were thawed and incubated in a 175 cm2 flask
(Cellstar, Greiner Bio-One Ltd., Stonehouse, UK) in R10+

media for 24 h at 37 ◦C, 5% CO2. After incubation, media was
removed together with nonadherent cells, and replaced
with HBSS. After removing HBSS, adherent cells were dis-
sociated with 15 ml  1× non-enzymatic cell dissociation
solution (Sigma–Aldrich). Collected cells were pelleted
at 400 × g for 5 min, then resuspended in 10 ml  sterile
PBS (Invitrogen). Cells were counted with a haemocy-
tometer (BRAND, Wertheim, Germany), and then 4 × 106

cells were pelleted and lysed for each RNA extrac-
tion, except for sample BAM-8 which had a cell count
of 0.8 × 106.

2.5. Small RNA

In total, eight RNA-seq libraries were prepared for
sequencing. Eight small and total RNA fractions were
prepared from the pelleted cells, using the RNeasy Plus
Mini kit and RNeasy MinElute Cleanup Kit (Qiagen Ltd.,
Manchester, UK), according to the appendix E part of
the manufacturer’s protocol. The quality and quantity of
the prepared total and small RNA were assessed using
an Agilent 2100 Bioanalyzer (Agilent Technologies Ireland
Ltd., Cork, Ireland) with the 6000 Nano and small RNA
LabChip kits (Agilent Technologies). Total RNA had RIN
values of 9.4–9.8 and 28S/18S rRNA ratios of 1.5–1.9.
Small RNA concentrations were 10,000–25,000 pg/�l, and
miRNA concentrations were ≈660–1900 pg/�l  (Supple-
mentary Table S1). Samples were stored at −80 ◦C until
further use.

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetimm.2013.08.004.

2.6. RNA-seq libraries

Illumina RNA-seq libraries were prepared with the
Epicentre Scriptminer multiplex kit (Epicentre Biotech-
nologies, Illumina Inc., Madison, WI,  USA), according to the
manufacturer’s protocol, using 8 �l of the prepared small
RNA. The Epicentre FailSafeTM Enzyme mix  was  used in
the PCR amplification step, and Epicentre RNA-Seq bar-
code primers (Epicentre Biotechnologies) were used for
indexing. Libraries were sequenced (50 bp single-end) on

one lane with an Illumina HiSeq 2000 machine (Norwegian
Sequencing Centre, Oslo, Norway).

2.7. Analysis of RNA-seq data

The quality and number of the reads for each sam-
ple were assessed using FASTQC v0.10.0 (http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc/). Cutadapt v1.0
(http://code.google.com/p/cutadapt/) was  used to trim 3′

Illumina adapter sequences from reads. Reads which were
less than 18 nt after trimming and all untrimmed reads
were discarded. The remaining reads were then further fil-
tered using FASTQ Quality Filter (FASTX Toolkit v0.0.13;
http://hannonlab.cshl.edu/fastx toolkit/). Reads where at
least 50% of the bases had a Phred score <20 were
removed. Finally, reads passing all the above filters were
also trimmed at their ends using FASTQ Quality Trimmer
(FASTX Toolkit v0.0.13) to remove low quality bases (Phred
score <20), and reads less than 18 nt after the trimming
were discarded.

Reads which passed all quality control steps were
aligned to the bovine genome (UMD3.1 assembly (Zimin
et al., 2009)) using Novoalign (Novocraft Technologies, ver-
sion 2.07.11) in ‘miRNA’ mode. HTSeq-count (part of the
HTSeq framework, version 0.5.3p3) in ‘union’ mode was
then used to count aligned reads that overlapped with
known miRNA gene annotation from Ensembl version 66
(www.ensembl.org). To investigate the proportion of reads
sequenced from non-miRNA genes, HTSeq-count was  also
separately used to count aligned reads that overlapped
with all bovine gene annotations from Ensembl. A graphical
depiction of the analysis pipeline is shown in Supplemen-
tary Fig. 1.

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetimm.2013.08.004.

Customised Perl scripts were also written in house
to examine the miRDeep2 output for the presence of
miRNA isomiRs as described recently by us (Lawless et al.,
2013). The Perl code is available upon request from the
authors.

Target genes that are potentially regulated by expressed
miRNAs were predicted using the consensus of two  com-
putational approaches, miRanda v3.3a (Betel et al., 2008)
and TargetScan v6.2 (Friedman et al., 2009; Grimson et al.,
2007; Lewis et al., 2005). Given the high false positive
rates for miRNA target prediction, we  identified only those
potential target genes that were predicted by both methods
as described in detail previously (Lawless et al., 2013). The
InnateDB (www.innatedb.com) (Lynn et al., 2008) pathway
analysis tool was used to identify potential pathways that
were statistically overrepresented among predicted tar-
gets. Predicted target genes with a role in innate immunity
were also identified using InnateDB and a hypergeometric
test was used to investigate whether innate immune genes
were statistically overrepresented.

R (v2.14.0, http://cran.r-project.org) was  used to create
the boxplot showing the miRNA expression levels, and the
scatter plots showing the correlation between samples. The
RNA-seq fastq files have been uploaded to the NCBI Gene
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Expression Omnibus (GEO) database (Barrett et al., 2011)
with experiment series accession number GSE41138.

2.8. RT-qPCR validation

The relative expression of three miRNAs (bta-miR-21,
bta-miR-148a, and bta-miR-708) in BAM-5 and BAM-7
was also determined by quantitative reverse transcription
PCR (RT-qPCR), using the Taqman MicroRNA Reverse Tran-
scription Kit (Applied Biosystems, Life Technologies Ltd.),
according to the manufacturer’s protocol, and using 5 �l
of 1:30 dilution of the prepared small RNA fraction, in
15 �l reverse transcription reaction (30 min  16 ◦C, 30 min
42 ◦C, 5 min  at 85 ◦C, and then maintained at 4 ◦C). Taq-
man  MicroRNA Assays (Applied Biosystems) with TaqMan
Universal Master Mix  II (no UNG) (Applied Biosystems),
were used according to the manufacturer’s protocol. A
4-point 1:10 serial dilution of miR-21 and a 1:10 dilution of
miR-148a was also measured. Additionally, the expression
of miR-21 and miR-148a were also measured in BAM-3 and
BAM-4.

RT-qPCR was performed on a 7500 Fast Real-Time PCR
System (Applied Biosystems) with 7500 Software (ver-
sion 2.0.6), using MicroAmp Fast optical 96-well plate and
Optical Adhesive Film (Applied Biosystems). 20 �l reaction
volumes were used for each well and amplification was
performed using the following thermal cycle: 95 ◦C 10 min,
and 40 cycles: 95 ◦C for 15 s, 60 ◦C for 1 min. Technical repli-
cation was performed in triplicate. Non-template controls
had no amplification.

3. Results and discussion

3.1. BAM-expressed miRNAs

The aim of this study was to identify, catalogue and
quantify the expression of all known and novel miRNAs
in non-activated BAMs using RNA-seq. In total, 86 million
reads were generated by sequencing the eight libraries.
After the sequence processing steps of quality control and
adapter removal, 62.5 million reads remained for further
analysis; 86% of these reads were 19–24 nt long, thus
validating the miRNA extraction and library preparation
procedure.

42.5 million reads aligned uniquely to the reference
genome. 96.6% of reads aligning to known gene annotations
from Ensembl (v66) aligned to miRNAs (Fig. 1), 2.1% to small
nucleolar RNAs (snoRNAs), 0.5% to small nuclear RNAs
(snRNAs), and the rest to other RNA species including mes-
senger RNAs (mRNAs), transfer RNAs (tRNAs), ribosomal
RNAs (rRNAs) and mitochondrial RNAs (mtRNAs). Approx-
imately one million reads aligned to unannotated regions
of the genome; these possibly include novel miRNAs, other
novel non-coding RNAs (ncRNAs), or mRNA degradation
products. Highly expressed miRNAs were distributed rela-
tively evenly across the genome (Supplementary Fig. 2).

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetimm.2013.08.004.

Recently, it has been reported that miRNAs expressed
below 100 reads per million (RPM) are unlikely to be

miRNA (96 .6%)

snoRNA (2.1%)

snRNA (0.5%)
protein coding (0.4%)protein coding (0.4%)
mt rRNA (0.3%)

misc RNA (0.1%)
m� RNA (<0.1%)

rRNA (<0.1%)
pseudogene (<0.1%)
retrotransposed (<0.1%)

Fig. 1. The proportion of reads aligning uniquely to annotated bovine
genes (averaged across eight samples). 96.6% percent of annotated reads
aligned to known miRNAs. snoRNA, small nucleolar RNA; snRNA, small
nuclear RNA; mt,  mitochondrial; rRNA, ribosomal RNA; tRNA, transfer
RNA.

functional (Mullokandov et al., 2012). Using 100 RPM
as a threshold for functional expression, we found that
more than 10% (80/755) of known bovine miRNAs were
expressed in BAMs. As has been previously reported in the
RAW 264.7 mouse macrophage cell line (Garmire et al.,
2010), there is a large dynamic range in the expression
of known miRNAs – a few miRNAs (bta-mir-21, miR-27a
and bta-let-7i) are expressed at very high levels (up
to 800,000 RPM), with the majority being expressed at
low levels (around 1000 RPM). Fig. 2 shows all miRNAs
expressed in BAMs above 100 RPM (the read counts for
all known bovine miRNAs can be found in Supplementary
Table S2). Read counts were highly correlated between bio-
logical replicates (Supplementary Fig. 3).

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetimm.2013.08.004.

Several of the miRNAs which we identified as expressed
in BAMs (>100 RPM) have been shown to have regulatory
roles in monocytes and macrophages of other species. The
most highly expressed BAM miRNA, miR-21, for example,
regulates the expression of antimicrobial peptides and was
found to be upregulated in M. leprae infected human mono-
cytes (Liu et al., 2012). miR-27, which was  also found to be
highly expressed in BAMs, has been shown to be involved in
the activation of human macrophages (Cheng et al., 2012;
Graff et al., 2012). The third mostly highly BAM-expressed
miRNA, bta-let-7i, belongs to the let-7 family, a family of
miRNAs that has several well-documented roles in immu-
nity (Androulidaki et al., 2009; Iliopoulos et al., 2009; Satoh
et al., 2012). For example, several let-7 family members,
including let-7i, were observed to be downregulated in
murine macrophages during Salmonella infection (Schulte
et al., 2011). Other BAM-expressed miRNAs identified in
our study, including miR-21, miR-27b, miR-146, miR-147,
miR-155, and miR-223, have all been found to be upregu-
lated by TLR signalling in other studies (Ghorpade et al.,
2012; Liu et al., 2009; O’Neill et al., 2011). In addition to reg-
ulation by the host’s immune system, miRNAs may  also be
regulated by pathogens to modulate the immune response
in a way  that is advantageous to the pathogen. For example,
miR-99b, another BAM-expressed miRNA, is upregulated
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Fig. 2. Box plot of miRNAs expressed in BAMs above a threshold of 100 RPM.

by M.  tuberculosis in infected murine dendritic cells, and
this inhibits the production of proinflammatory cytokines
(Singh et al., 2013).

3.2. Relative expression of miR-21, miR-148a and
miR-708

To assess reliability of the RNA-seq data presented in
this study and to confirm that the high relative expression
of miR-21 in BAMs is not an artefact of the sequenc-
ing technology, we measured the relative expression of
three miRNAs (miR-21, miR-148a, and miR-708) using
RT-qPCR, in two samples (BAM-5 and BAM-7). We  chose
these miRNAs for the following reasons: according to our
RNA-seq data, miR-21 was the highest expressed miRNA in
BAMs (Supplementary Table S2); miR-148a was  expressed
at a level approximately 100-fold less than miR-21; and
miR-708 was expressed at a very low level (only a few
reads mapped to it). RT-qPCR confirmed the same profile
of expression of these miRNAs. miR-148a was found to
be expressed two orders of magnitude less than miR-21
(Cq (quantification cycle) values for all four samples are
shown in Supplementary Table S3); while miR-708 was
observed to be very lowly expressed compared to miR-
21 (�Cq ≈ 16), which corresponds to the count numbers.
These data were further confirmed using serial dilutions
of the miRNA cDNA. We  have found that 100× dilution of
the miR-21 RT product cDNA used in the qPCR resulted in

approximately the same Cq values as undiluted miR-148a
(�Cq < 0.35) in both samples. We  had similar results for
1000× dilution of miR-21 and 10× dilution of miR-148a
cDNA (�CqBAM-5 = −1 and �CqBAM-7 = 0.1).

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetimm.2013.08.004.

3.3. Analysis of predicted miRNA target genes

To identify the genes and pathways that may  be under
miRNA control in BAMs, we performed target prediction on
the miRNAs which are expressed above 100 RPM. The tar-
gets that were predicted by both miRanda and TargetScan,
are listed in Supplementary Table S4. Using InnateDB, we
found that innate immunity related genes were overrep-
resented (P = 0.049) among predicted targets of miRNAs.
Pathway analysis of the predicted genes showed no path-
ways to be significantly overrepresented.

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetimm.2013.08.004.

3.4. IsomiR expression in BAMs

IsomiRs are isoforms of miRNAs that differ in a
few nucleotides from the canonical sequence, and may
have functional importance. Compared to the canonical
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sequence, isomiRs can be modified at either ends, with
modifications at the 3′ end being more common (Neilsen
et al., 2012). We  have found that isomiRs are commonly
expressed in BAMs. More than 100 miRNAs had isomiRs
that were expressed at >100 reads. Furthermore, over half
of these miRNAs had an isomiR more highly expressed than
the miRBase consensus sequence.

IsomiRs were generally a few nucleotides shorter than
the consensus miRNAs; in agreement with earlier findings
(Lee et al., 2010; Newman et al., 2011), modifications at the
3′ end were twice as common as at the 5′ end (Supplemen-
tary Table S5). This is in concordance with observations that
usually a short seed sequence at the 5′ end is responsible
for most of the miRNA target specificity (Brennecke et al.,
2005).

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.vetimm.2013.08.004.

3.5. Prediction of novel bovine miRNAs expressed in
BAMs

In comparison with miRBase version 19, we also identi-
fied five putatively novel bovine miRNAs in the RNA-seq
data. Four of these were also recently discovered by
us in bovine mammary epithelial cells (Lawless et al.,
2013). One putatively novel miRNA, bta-miR-8550, found
on chromosome 7, with a predicted mature sequence
‘caggcucuggaacacgggagc’, is entirely novel and showed no
homology to miRNAs in miRBase.

4. Conclusion

Here we have provided the first atlas of miRNA expres-
sion in unchallenged BAMs, which will serve as a reference
point for future functional studies or challenge experi-
ments directed to uncover the role of miRNAs in these
critical immune cells.
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