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Coutinho LL, Matukumalli LK, Sonstegard TS, Van Tassell
CP, Gasbarre LC, Capuco AV, Smith TP. Discovery and profiling
of bovine microRNAs from immune-related and embryonic tissues.
Physiol Genomics 29: 35–43, 2007. First published November 14,
2006; doi:10.1152/physiolgenomics.00081.2006.—MicroRNAs are
small �22 nucleotide-long noncoding RNAs capable of controlling
gene expression by inhibiting translation. Alignment of human mi-
croRNA stem-loop sequences (mir) against a recent draft sequence
assembly of the bovine genome resulted in identification of 334
predicted bovine mir. We sequenced five tissue-specific cDNA librar-
ies derived from the small RNA fractions of bovine embryo, thymus,
small intestine, and lymph node to validate these predictions and
identify new mir. This strategy combined with comparative sequence
analysis identified 129 sequences that corresponded to mature mi-
croRNAs (miR). A total of 107 sequences aligned to known human
mir, and 100 of these matched expressed miR. The other seven
sequences represented novel miR expressed from the complementary
strand of previously characterized human mir. The 22 sequences
without matches displayed characteristic mir secondary structures
when folded in silico, and 10 of these retained sequence conservation
with other vertebrate species. Expression analysis based on sequence
identity counts revealed that some miR were preferentially expressed
in certain tissues, while bta-miR-26a and bta-miR-103 were prevalent
in all tissues examined. These results support the premise that species
differences in regulation of gene expression by miR occur primarily at
the level of expression and processing.

small RNA; microRNA; embryo; immune

MICRORNAS ARE SMALL MOLECULES (�22 nucleotides in length)
that influence the expression of hundreds of genes (24) and
have a role in regulation of gene expression for numerous
biological processes including brain morphogenesis (17, 24),
cardiomyocyte proliferation and differentiation (41), insulin
secretion (32), tumorogenesis, viral defense (23), and hemato-
poietic lineage differentiation (12). Mature microRNAs (miR)
in animals interact mostly with the 3�-untranslated region
(UTR) of targeted mRNA and modulate gene expression (3, 4,
7, 19, 20, 30, 31, 40).

miR have been identified by sequence and expression anal-
yses (5). Genome sequence analysis algorithms based on phy-
logenetic conservation (10) and RNA folding (27) have iden-

tified potential stem-loop structures containing microRNAs
(mir) in many species with available genome sequence. How-
ever, validation of these predictions has required detection of
miR transcripts by Northern blot or by sequencing of cDNA
libraries derived from size-fractioned RNA (5). The latter
approach has also identified miR not predicted by in silico
methods.

There are currently 4,039 mir described for primates, ro-
dents, birds, fish, worms, flies, plants, and viruses. A total of
462 mir have been described for humans (18) (release 8.2).
Genomic scans and cloning results have indicated that the
actual total number of human mir may be closer to 800 (9).
Some mir maintain conservation across vertebrate species,
while others have a more limited species distribution (9).
Probably the most interesting observations pertain to variation
in miR abundance and expression among different tissues (6,
15, 24, 25, 35). Elucidation of the differences in miR and target
mRNA expression between species and tissues will continue to
be valuable in understanding the gene expression regulatory
networks underlying biological differences between organ-
isms.

Cattle have tremendous importance not only for food pro-
duction but as a mammalian model organism for comparative
genomics and biological studies (16). Despite the recognized
importance of miR in regulating gene expression during de-
velopment and other biological processes, there has been little
information about miR expression in cattle. Thus, the main
objective in this study was to identify conserved and novel miR
present in cattle and to evaluate specific expression patterns in
embryo and tissues that are important for immune responses.

MATERIALS AND METHODS

In silico mir predictions. Three data sets were used for mir
identification in the bovine genome (Btau_2.0, July 2005). Basic local
alignment search tool (BLAST) alignments (1) requiring at least 90%
of mir length were generated by comparison to: 1) a data set obtained
from mirBase (version 8.2) (set 1; Ref. 18) contained confirmed
sequences from different species, including both the mature
and stem-loop sequences, 2) a second data set contained 975 mir
predicted from human/mouse phylogeny and secondary structure
analyses (10), and 3) a third data set contained the miRNAMap
database (21) with 2,681 human mir predicted using RNAz software
(38) that considers both sequence and RNA secondary structure
conservation.

miR cloning. Day 30 (d30) bovine embryos (gestation period 280
days) were snap-frozen in liquid nitrogen immediately after removal
from the reproductive tract of slaughtered cows. Immune and gut
tissue samples were obtained from 8-mo-old Holstein steers raised in
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concrete stalls. Approximately 200–300 mg of tissue from mesenteric
(MLN) and abomasal (ALN) lymph nodes, thymus (THY), small
intestine (SI), and whole embryos (EMB) were processed with TRIzol
(Invitrogen, Carlsbad, CA) for RNA extraction according to manu-
facturer’s instruction. Single insert cDNA libraries corresponding to
expressed miR were constructed as described by Lu et al. (26) with the
following modifications. In brief, RNA at each stage was separated by
size on denaturing acrylamide gels, stained with Syber Gold (Molec-
ular Probes, Eugene, OR), and eluted by FlashPAGE electrophoresis
(Ambion, Austin, TX). PCR-amplified cDNA was cloned using Topo
TA cloning (Invitrogen). Individual clones from the transformation
were transferred into 384-well plates and sequenced with DYEnamic
ET terminator (Amersham, Piscataway, NJ) on an ABI 3730 instru-
ment (Applied Biosystems, Foster City, CA). All animal care and
protocols were reviewed and approved by the Beltsville Agricultural
Research Center’s Animal Care and Use Committee (protocol number
05-013).

Sequence, quantitative RT-PCR and statistical analyses. Chro-
matograms were analyzed with Phred (14), and resulting sequences
were screened for vector and linker sequences. Sequences were
oriented based on the 3�- and 5�-end specific linker sequences and
were used only if the inserts were 17–34 bases with a minimum base
quality of 20 for all bases. Distinct clone sequences were clustered and
assembled to obtain the longest sequence, along with member counts
within the cluster. Some of the clusters were further collapsed by
manual intervention that allowed for single base mismatches, espe-
cially toward the ends of a cloned sequence. The reduced set of
sequences from the above analysis was annotated by matching against
miRBase for known miR. Sequences not having matches to miRBase
were screened against rRNA, tRNA (http://lowelab.ucsc.edu/
GtRNAdb/Hsapi/Hsapi-summary.html) and snoRNAs (http://www.
snorna.biotoul.fr/browse.php) to remove contaminating sequences
that could interfere with identification of novel bovine miR. Bases
flanking the bovine miR were obtained by BLAST analysis (1) against
the bovine genome and were used to check for hairpin conformation
using mfold (27). Human matches and conservation of bases across
different species was determined using UCSC genome browser
(http://genome.ucsc.edu). Those sequences identified as mir were
submitted to the miRBase registry web site for official annotation.
Statistical analysis of miR expression was conducted using �2 analysis
to compare global and individual miR abundance among the libraries.
MicroRNA expression was defined as the number of sequences for
each miR in a library, divided by the total number of sequences for
that library (Supplemental Table S2). (The online version of this
article contain supplemental material.) Quantitative RT-PCR was
conducted using human TaqMan miR probes that had the exact same
sequence as the bovine miR. Reactions were conducted following
manufacturer’s recommendations (Applied Biosystems). Hierarchical
clustering of miR expression was performed on data from miR
sequenced at least four times and with the program GeneSpring
version 7.2 (Agilent, Foster City, CA) and Pearson correlation.

RESULTS AND DISCUSSION

Identification of bovine mir by database searches. The
bovine genome draft sequence provided a resource to generate
in silico mir predictions for comparison to experimental re-
sults. Analysis of the current bovine genome draft sequence
(August 2006) was performed by comparison with experimen-
tally observed and predicted data sets from other species.
Pair-wise comparison of the bovine genome to either hairpin
sequences of mirBase (set 1; Ref. 18) or two alternative mir
prediction data sets (sets 2 and 3; Refs. 10 and 21, respectively)
resulted in 334, 908 and 2,076 alignments, respectively (Sup-
plemental Table S1). The number of matches to the bovine
genome for these data sets can be improved by homology base

method that takes into account sequence divergence between
species. Combining all data sets resulted in 2,793 nonoverlap-
ping unique putative bovine mir with 131 mir shared by all
three data sets. Pairwise comparison yielded 182, 168, and 306
common predictions between sets 1 and 2, 1 and 3, and 2 and
3, respectively. Prediction set 3 may have overestimated the
number of mir, because it yielded more putative mir but fewer
matches to known mir than did set 2 and contained several
putative mir that mapped to the same bovine locus. Consider-
ing that mirBase contains validated mir and that the overlaps
for the bovine genome matches between sets 2 and 3 to
mirBase were only �50%, comparison against mirBase ap-
pears to be the most conservative way to identify mir in an
unannotated genome. A count of matches between predicted
bovine mir and mir from other species was also determined
(Supplemental Table S2). As in other species (8, 34), some mir
were found clustered in specific genomic regions, suggesting
potential coexpression or coregulation. A large cluster with 38
mir was observed from BLAST alignment in Chr21 (59.4- to
59.6-Mb region). A comprehensive list of clusters is presented
in Supplemental Table S2. Full-scale genomic inferences about
mir clusters in cattle is still incomplete, as the current genome
sequence assembly has assigned 80% of the scaffolds to
chromosomes, and some of these have not been oriented.
Further comparison of mir conserved across different species
will also be useful in understanding common regulation of
gene expression among species.

Identification of expressed bovine miR. To validate predicted
mir and begin characterizing the miR portion of the transcrip-
tome, five cDNA libraries were constructed from size-frac-
tioned bovine RNA (15–30 bases). A library from early em-
bryo (d30) RNA was constructed to capture the presumed
diversity of miR expression during somite differentiation, and
four libraries were constructed from tissues of the immune-gut
axis. These latter libraries represent tissues important to current
animal health and food safety studies.

A total of 3,209 clones were processed to yield 2,617
sequences. These sequences collapsed into 412 clusters that
represented potential unique small RNAs and yielded an over-
all novelty index of 15.7% (Table 1). The 412 unique se-
quences were evaluated by several criteria (described below) to
better determine if these sequences actually represented ex-
pression of bovine miR.

Comparative analyses of bovine miR. BLAST analysis of the
412 small RNA-derived sequences against mirBase (18) iden-
tified 100 sequence clusters with high or perfect homology to

Table 1. Description of the small RNA libraries

Library
Quality

Sequence
Unique

Sequence
Novelty

(%)
Sequence of
Known miR

Known
miR (%)

Unique
Known miR

THY 579 100 17.3 525 90.7 54
MLN 542 91 16.8 495 91.3 48
ALN 540 94 17.4 492 91.1 47
SI 559 187 33.5 399 71.4 64
EMB 397 131 33.0 317 79.8 54
Overall 2,617 412 15.7 2,228 85.1 100

Tissues used for library construction: THY, thymus; MLN, mesenteric
lymph node, ALN, abomasum lymph node; SI, small intestine; and EMB,
embryo. Novelty was calculated as a percentage of unique sequences from the
valid sequences obtained. Known microRNAs were determined by comparison
against the miRBase data set (15). miR, mature microRNA.

36 BOVINE microRNA
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miR from other species (Table 1), indicating that library
construction had successfully cloned mature miR. A perfect
alignment with human miR was observed for 96 of the 100
sequences, while four had one or two bases altered in the center
of the sequence for the mature transcript (bta-miR-20b, bta-
miR-34b, bta-miR-140 and bta-miR-380-3p). Positions in the
bovine genome assembly were determined for 98 of the 100
sequences (Supplemental Table S2). The genomic DNA se-
quences flanking the miR were obtained from the bovine
genome assembly and aligned against human mir for further
validation. All bovine miR with flanking sequence were found
to have a potential fold-back precursor structure typical of
known mir transcripts. These 100 sequences representing con-
served miR accounted for 24% of the sequence diversity and
85% (2,228 sequences) of the total count of sequences from the
libraries (Table 1). This is the first report of successful cloning
of bovine miR.

The remaining 312 sequence clusters were aligned against
the bovine genome to detect potential cloning artifacts. A total
of 177 sequence clusters (sequence count of 190) did not
match, suggesting only a small percentage of the sequences
from the libraries were potential artifacts of small RNA cloning
(7%). Alternatively, some of these sequences may not yet be
represented in the current draft genome assembly. For the 135
sequence clusters that did match (sequence count of 199), 40
matched tRNA and snoRNA. These sequences along with
those not matching the genome sequence were discarded from
subsequent analyses.

Secondary structures that incorporated flanking genomic
sequence were generated from each of the remaining 95 po-
tential miR sequences. These folded structures were examined
for stem-loop motifs of an mir transcript capable of producing
an miR (some examples in Fig. 1). A total of 28 sequences
clusters could be identified as potentially novel miR (Table 2).
The miR-derived sequences that generated structure 7 (Table
2) probably represents a true miR, because this sequence was
observed in more than one tissue (Supplemental Table S2). The
other 27 miR sequences were only observed in one tissue.
These sequences were further characterized by analysis of miR
sequence conservation among other species. Such a compari-
son would be expected to yield several types of results. Those
miR sequences not residing within a region of conserved
genome sequence would be suggestive of mir loci unique to
cattle. This was the case for 12 of the potential 28 unique miR
sequences (Table 2). In contrast, the entire stem-loop sequence for
the other 16 putative mir were highly similar to sequences found
in other animal genomes supporting classification as probable
bovine orthologs to mir not yet identified (Table 2). This class of
sequences may also represent potential artifacts arising from
cloning degradation products of longer cellular RNAs.

Example alignments for two of the 17 miR whose mir
sequence aligned to the human genome are provided in Sup-
plemental Figs. S1 and S2. One of these examples, the miR
contained within structure 7 was near the previously described
hsa-miR-188 located in an intergenic region of human chro-
mosome X with relatively high sequence conservation between
the human, chimp, dog, mouse, and rat genomes. Since sub-
mission of this manuscript, this miR has been identified in
humans (hsa-miR-532)(33), thus confirming our prediction.
This miR and the miR representing structures 3 and 8 were
also predicted from the in silico comparative sequence analysis

against data sets 2 and 3 described above. A second novel miR,
structure 9 (Table 2), is located in a region on bovine chro-
mosome 19 sharing conserved synteny with human chromo-
some 17 (Supplemental Fig. S2). This miR resides in the third
intron of MAP2K4, a genomic region that is well conserved
across the human, chimp, dog, rat, and bovine genomes.
Furthermore, an miR with 100% identity to the one in structure
9 was observed in a library produced from a primary culture of
porcine myoblasts (R. Wiedmann, M. Doumit, L. Matukumalli,
T. Sonstegard, L. Coutinho, D. Nonneman, and T. Smith,
unpublished data). The MAP2K4 region of the porcine genome
has not been sequenced to permit evaluation of the entire mir
sequence, but detection of the miR in porcine cells was suffi-
cient to confirm its identity as a novel miR expressed in two
species. The results of comparative analysis for structures 7
and 9 underscore the utility of the direct sequencing approach
of miR detection in model organism tissues.

Seven of the 16 novel bovine miR that aligned to regions of
conserved genome actually matched stem-loop sequences of
previously identified human mir but did not match the corre-
sponding mature miR associated with that sequence (Fig. 2).
Our sequences were located on either the complementary 5�- or
the 3�-strand of the stem. An analysis of the abundance of these
miR across libraries (Fig. 2) revealed that in some cases only
the complementary strand to the known human miR was
cloned (bta-miR-455-3p, bta-miR-545-5p, and bta-miR-22-
5p), while in other cases both strands were observed (bta-miR-
21-5p, bta-miR-21-3p, bta-miR-425-5p, bta-miR-425-3p, bta-
miR-127-5p, bta-miR-127-3p bta-miR-193-5p, and bta-miR-
193-3p). Similar observations were made by Suh et al. (36) for
miR expressed in human embryonic stem cells. The expression
of the complementary miR sequences for miR-455, miR-127,
miR-193, and miR-22 was intriguing, because the mature and
stem-loop sequences were perfect matches to the correspond-
ing human mir and the mature miR observed in cattle have yet
to be detected from human samples. However, since the sub-
mission of this manuscript, miR-455-3p was cloned in mouse
(28) and miR-425-5p was cloned in human (2). To our knowl-
edge there are no studies explaining why different stems of the
loop might be selected in different species, but it may be
reasonable to predict that the resulting miR will not have the
same range of target genes.

The situation was more complicated for miR-21, miR-127,
and miR-193, for which detection of both strands depended
upon tissue sampled. In the case of bta-miR-21, both strands of
the mir were observed as mature miR, whereas in human only
the hsa-miR-21-5p has been reported. While bta-miR-21-5p
was observed 82 times among the five libraries, bta-miR-21-3p
was observed only once, in the abomasal lymph node library
(Fig. 2). Analysis of 5�-end hairpin stability by the nearest-
neighbor method (42) for bta-miR-21 indicates that 5�-end of
bta-miR-21-3p is slightly less stable (�8.1 kcal/mol for the
bta-miR-21-5p vs. �7.3 kcal/mol for the bta-miR-21-3p).
Studies conducted by Khvorova et al. (22) concluded that the
strand with the less stable 5�-end will became the mature miR,
so one would expect the mir-21-3p strand to be the mature
miR. In human and bovine tissues, mir-21 does not follow this
rule. This however is not novel, as Suh et al. (36) reported that
only 69% of the novel human miR identified in their study
followed this rule. For mir-127, both strands were observed as
mature forms in embryo. In the SI, only bta-miR-127-3p was

37BOVINE microRNA
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observed. The presence of both forms in SI could not be ruled
out, because the level of expression sampled was not sufficient
for complete detection of all expressed miR. Similarly, bta-
miR-193-3p was expressed in the THY and SI, and bta-miR-
193-5p was expressed in the lymph node. These observations
expand the results obtained by Thomson et al. (37), in which
one strand of miR-30a was detected in adult mouse tissue while
the other was detected in embryo. The differential expression
of complementary strand miR in cattle is further evidence that
the “rules” for mir processing (22) are not fully understood.

Overall expression profile of bovine miR. A total of 308
small RNAs were observed only once, while 107 were present
multiple times. A biologically significant level of miR expres-
sion was not determined, but the sequence identity count data
suggested that the depth of sequencing was sufficient to sup-
port estimation of expression levels for the more highly ex-

pressed miR within a specific tissue. Deeper sequencing from
each sample would be necessary to fully characterize less
prevalent miR based on a recent report that indicated identifi-
cation of all expressed miR was saturated at �40,000 se-
quences (13). Because miR modulate expression by binding to
target mRNA and appear to act stoichiometrically rather than
catalytically, it might be argued that the subtle effects caused
by miR expressed with few molecules per cell would be
difficult to elucidate with current expression profiling plat-
forms. In any case, the data obtained from these bovine
libraries provide an initial survey for comparison of the most
abundant miR transcripts in the five tissues sampled and
provide the first analysis of miR expression in bovids.

The diversity of observed miR sequences varied between
different tissues. The EMB and SI libraries had the highest
number of unique sequences (131 and 187 respectively, Table

Fig. 1. Secondary structure of the bovine mir presented in Table 2 as predicted by the program mFold. The miR sequence is underlined. mir, microRNA; miR,
mature microRNA.

38 BOVINE microRNA
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1), and the highest novelty rate (33.0% and 33.5% respectively,
Table 1). In addition, the 10 most observed miR sequences in
EMB and SI represented a smaller proportion of the total
sequences collected (53% and 46% respectively, Supplemental
Table S2) than the top 10 observed in ALN and MLN samples
(75% and 85% respectively, Supplemental Table S2). THY had
a novelty rate similar to ALN and MLN (17%, Table 1) and a
top 10 proportion intermediate between the ALN/MLN and
EMB/SI groups (67%, Supplemental Table S2). These results
were consistent with the idea that embryos have a high relative
diversity of miR expression, which might be explained in part
by the varied emerging tissue types within a whole embryo.
However, our results also suggested that the SI expresses a
diverse repertoire of miR involved in posttranscriptional reg-
ulation. The latter observation was supported by a recent study
of a colorectal sample (13) that indicated a high diversity of
miR expression in alimentary tissue, perhaps indicative of
multiple and divergent tissue types contained in the sample
similar to those in a whole embryo sample.

To further characterize the abundance of some of the cloned
bovine miR across different tissues, quantitative RT-PCR was
employed (Table 3). The U6B small nuclear RNA (RNU6B)
was used as an internal control. The constant expression level
of RNU6B across all tissues examined indicated an equivalent
loading of total RNA for all reactions. Thus, the calculated
threshold values (Ct) for all miR are presented in Table 3
without correction for the internal control RNU6B. Efficiency
of amplification was determined for all miR from serial dilu-

tions of the specific miR cDNA, and values ranged from 1.79
to 1.94. The data obtained by quantitative RT-PCR had corre-
lations between normalized miR counts (normalized across
libraries to an equivalent number of clones sequenced per
library) and Ct value that ranged from �0.59 to �0.88 (a
negative correlation was expected, since the greater the abun-
dance of the miR, the lower the Ct value). Despite the good
agreement between quantitative RT-PCR results and normal-
ized library counts, one must consider that the quantitative
RT-PCR results reflect the abundance of each miR in relation
to the total RNA for each tissue, while the normalized counts
reflect the relative abundance of miR identified in each library. As
a consequence, comparison of library counts and quantitative
RT-PCR results are qualitative and not quantitative in nature.

The most abundant miR across the five tissues was miR-26a
(Table 3 and Fig. 3), accounting for 13% (EMB), 12% (SI),
30% (THY), 34% (MLN), and 39% (ALN) of sequences
(obtained by dividing values in Supplemental Table S2 by total
sequences per library from Table 1). The human miR-26a
ortholog has previously been detected in multiple tissues (29,
35) including THY, where it was expressed in naı̈ve T cells and
has been implicated in development of immune cells. How-
ever, previous studies using microarray or Northern blot anal-
ysis of miR expression in human tissues indicated that while
miR-26a was present at intermediate to high levels in the THY
(6, 8, 35), it was only present at a level defined as “average” in
lymph node or “low” in the SI (8). In addition, a direct cloning
approach similar to the one used for our study found miR-26a

Table 2. New miR cloned from bovine tissues

miR BTA1 Start2 End3 HSA4 dG5 Conservation6 Structure7

GGCCGTCGCCCGCGTCCCCCG ChrUn.003.3914 16036 16016 12 �47.4 H, C, D, M, R, Ch, Z 1
TCGTACGACTCTTAGCGGTGGATCAC ChrUn.003.19 662725 662740 Y �24.4 H, C, D, M, R, Ch, Z 2
TCAGTAACAAAGATTCATCCTTG ChrUn.003.1645 10776 10798 21 �25.1 H, C, D, M, R 3
AGTGCCTGCTATGTGCCAGGCA ChrUn.003.2276 12006 11985 5 �28.4 H, C, D, M, R 4
ACCAGTAGGCCGAGGCCCCTC 21 59455854 59455874 14 �31.5 H, C, D, M, R 5
AGAGACTCGGATGCCTCAAGCTGG 4 95921071 95921093 �27.3 6
CATGCCTTGAGTGTAGGACCGT X 60739762 60739783 X �19.0 H, C, D, M, R 7
ACTTATCAGGTTGTATTATCAT X 54991862 54991841 X �26 �, H, C, D, M, R 8
TGCGGGGCTAGGGCTAACAGCA 19 29850200 29850221 17 �22.9 H, C, D, M 9
GTACAGGGCCAGTGGCGCAATG 22 52050469 52050490 6 �18.8 H, C 10
AAGGCCGGGTGGGAAGGAAGGAGC ChrUn.003.3153 2279 2256 �22.9 11
TCAGACATGATTGAGTGACTTT ChrUn.003.5316 5301 5280 �36.3 12
AAAAGGTTCATTTGTGTTTTT ChrUn.003.558 189490 189510 �26.1 13
GCGGGCCGGGACGGGGGGCGGG ChrUn.003.3914 15479 15458 �65.8 14
TGGCTCCAGCCGGAAGCTCCG 13 66577414 66577394 �31.3 15
GCGGCGGCGACTCTGGACGCGAGC 26 1342399 1342377 �30.2 16
CCCGGGGCCGCCCCCGCGGGGCC 1 3493549 3493528 �41 17
TGAAAAGTTCGTTCGGGTTTT 25 32480995 32481016 �24.4 18
TGGAAGGCCTGGCTTTGCAGCG ChrUn.003.1018 88333 88316 �32.1 19
GCCCCAGTGGCCTAATGG 19 50536929 50536909 �19 20
CAAAAGCTCATTCAGGTTTTT X 55063231 55063211 �27.4 21
TCAGTAAATGTTTATTGGATG 19 16583101 16583080 14 *
TGGGTCTTTGCGGGCGAGATGA 19 21406602 21406581 17 *
AGTTCTTCAGTGGCAAGCTTTA 8 85357789 85357810 17 *
GCAGTCCATGGGCATATACACT 19 10141770 10141749 9 *
AACAGCAGTCGATGGGCTGTCT 22 49016911 49016932 17 *
ATGACACGATCACTCCCGTTGA 21 59462128 59462150 3 *
CTGAAGCTCAGAGGGCTCTGATT ChrUn.003.3914 16036 16016 14 *

1Chromosome assignments on Bos taurus genome build 3.0. 2Position on BTA where microRNA sequence starts. 3Position on BTA where microRNA
sequence ends. 4Chromosome assignment on human genome. 5Free energy of the microRNA structure as calculated by mFold. 6Conservation of the microRNA
in H (human), C (chimp), D (dog), M (mouse), R (rat), Ch (chicken), and Z (zebrafish) genomes. 7The folding structure of the microRNA is represented in Fig. 1.
*These bovine miR are located in the hairpin sequence of human mir and are shown in Fig. 2. �This bovine miR aligned with two positions on human
chromosome X. In one position it aligned with hsa-mir-374, and in the position reported in the table it aligned to a conserved region with other species, but this
position does not have a human microRNA reported.
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present at �3% of unique tags in colorectal tissue (13).
Together, these data suggest that significant differences exist in
expression levels of miR between similar tissues of different
species.

We attempted to determine whether this difference in miR-
26a expression was caused by differences in genome copy
number. As in humans, there were two loci that align with
miR-26a in the cattle genome. The positions in cattle were on

Fig. 2. Alignment of novel bovine miR to
human mir. The stem-loop sequences of the
human mir are shown, and the mature se-
quences of bovine and human miR are un-
derlined. The tissue and the number of times
each of the miR were sequenced are also
indicated. On bta-miR-545-5p, the letter G
indicates the difference in sequence ob-
served in the bovine miR.

Table 3. Calculated threshold (Ct � standard deviation) of selected bovine miRs determine by quantitative RT-PCR

Tissues n RNU6B bta-miR-26a bta-miR-103 bta-miR-29a bta-miR-125b bta-miR-150 bta-miR-122a

THY 3 28.0�0.3 19.8�0.2 23.6�0.2 23.1�0.4 22.4�0.4 22.1�0.9 33.6�2.0
MLN 3 28.2�0.1 20.7�0.7 24.0�1.3 22.0�1.1 25.0�0.4 19.9�0.9 36.7�0.8
ALN 2 28.2�0.4 21.0�0.7 23.9�0.1 21.7�0.3 24.9�0.3 19.9�0.3 �40
SI 2 28.0�0.2 23.0�3.4 24.2 22.1�0.2 22.8�0.0 23.5�0.2 �40
EMB 1 28.6 21.3 23.7 29.0 23.0 28.4 26.8
Amplification n/a 1.88 1.85 1.94 1.79 1.88 1.87
Correlation n/a �0.59 �0.66 �0.85 �0.63 �0.73 �0.88

Values are cycle threshold (Ct) � SD. Tissues used for library construction were THY, MLN, ALN, SI, and EMB. Amplification refers to PCR amplification
efficiency; correlation is correlation of Ct; n is number of animals used in the assay.
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chromosomes BTA 5 and 22 (orthologous to HSA 12 and 3,
respectively). In both genomes miR-26a-1 was located in an
intron of carboxy-terminal domain RNA polymerase II
polypeptide A small phosphatase-like (CTDSPL, HSA 3), and
miR-26a-2 in an intron of carboxy-terminal domain RNA
polymerase II polypeptide A small phosphatase 2 (CTDSP2,
HSA 12). In the human, a strong correlation between the
expression of hsa-miR-26a and the mRNA expression of
CTDSP2 was found, indicating that intronic miR were coex-
pressed with the respective gene (8). Coexpression appears to
be a general feature of mammalian miR genes that lie in introns
of protein-coding genes, as observed for numerous intronic
miR of human genes (8). Human CTDSP2 was expressed at a
higher level than CTDSPL, suggesting that most of hsa-miR-
26a comes from the mir located on human chromosome 12,
and in fact the expression of hsa-miR-26a was not correlated
with expression of CTDSPL (8). This did not appear to be the

case in cattle, especially for the SI. Analysis of SI mRNA
expression in cattle by microarray revealed that CTDSP2 and
CTDSPL have approximately the same expression level (data
not shown), suggesting that in cattle both genes may contribute
to miR-26a synthesis. This would provide a possible explana-
tion for the higher level of this miR in bovine tissues.

The only other highly expressed miR (Table 3 and Fig. 3)
present in all tissues was miR-103. Human microarray and
Northern blot data support widespread expression of miR-103
in adult tissues, but data from human lymph node, THY, and SI
did not indicate that miR-103 was highly expressed (6, 8, 35).
The contrast between the bovine data for miR-103 and human
data further supports the notion of species-specific variability
in level of expression of miR.

There were 17 miR expressed in all five libraries, disregard-
ing overall expression level (including miR-26a and miR-103
discussed above), and these represented 14% of the combined

Fig. 3. Hierarchical clustering of tissues and miR using Pearson
correlation. Blue indicates low expression and red high expres-
sion. EMB, embryo; THY, thymus; SI, small intestine; MLN,
mesenteric lymph node; and ALN, abomasum lymph node.
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set of 100 miR matching mirBase plus 28 putative new miR
(listed in Supplemental Table S2). The remaining miR showed
various patterns of expression (Supplemental Table S2). Of the
128 miR, 50 were represented by a single sequence from one
library, making it difficult to assign a particular miR as tissue
specific or enriched. All the libraries had approximately the
same frequency of these singletons.

Comparison of expression profiles between tissues. Tissue
clustering based on miR expression showed that different
tissues have diverse expression profiles, while similar tissues
such as abomasum and mesenteric lymph nodes have very
similar patterns of miR expression (Fig. 3). Based on function,
this result was somewhat expected, even though both types of
lymph nodes reside in different positions along the gut axis. SI
and THY were less similar to the lymph nodes, whereas
embryonic tissues had a more distinct profile of miR expres-
sion. The clustering of THY and SI proximal to lymph nodes
could reflect the presence of developing T-cells in the THY and
the infiltration of immune cells into the SI. The tissue with the
greatest diversity in miR expression was SI (74 distinct miR,
Supplemental Table S2). Again, this observation could reflect
cell type diversity of this tissue and the rapid turnover of
intestinal epithelial cells. Our tissue clustering was consistent
with results of a previous study based on the expression profile
of several miR from 26 human tissues (35).

Clustering of the miR by expression profile resulted in four
major groups (Fig. 3). miR that were present in cluster 1 were
preferentially expressed in SI and lymph nodes; cluster 2 were
preferentially expressed in embryo, THY, and SI with lower
expression in lymph nodes; cluster 3 were expressed in most
tissues; and cluster 4 were preferentially expressed in embryo.

Examination of cluster 4 (Fig. 3 and Supplemental Table S2)
uncovered two apparently embryo-specific miR, miR-122a and
miR-199a*. The largest disparity was found for miR-122a,
which occurred with 8% frequency in the EMB library se-
quences but was not observed in any other libraries. Quantita-
tive RT-PCR results (Table 3) corroborate this observation,
since expression of bta-miR122a was at least 36 times higher
in embryo than the other tissues examined. Low expression of
miR-122a in adult THY, lymph node, and SI was consistent
with previous microarray and Northern analysis of human
RNA (8, 35), which showed very low levels of hybridization to
miR-122a probes (although high expression was observed in
adult liver). Expression in embryo was also consistent with
detection in early mouse embryos (11).

The other EMB-specific miR (excluding singletons) was
miR-199a*, present at 2% frequency in EMB and not observed
(i.e., present at �0.2% frequency) in any of the other libraries.
Detection of miR-199* in d30 cattle embryo was consistent
with expression observed in zebrafish embryos (39). However,
microarray and Northern blot studies suggested expression of
miR-199* at low to moderate levels in human lymph node,
THY, and SI (8, 35). The most straightforward interpretation of
our data was that miR-199a* does not have the same expres-
sion pattern in cattle as in human THY, lymph node, and SI.
We also observed six miR sequences that were not EMB
specific but had higher expression in the embryo library, with
relative expression ratios to the next highest expressing tissue
of 7.7 (miR-10a), 9.4 (miR-124a), 14 (miR-127), 8.4 (miR-
214), 21 (miR-218), and 9.0 (miR-487).

There were 17 nonsingleton miR for which expression was
detected in two or more nonembryonic samples. The most
dramatic example of this was bta-miR-29a, which was in high
relative abundance (4–12%) in the adult tissue libraries, but
not observed in EMB. Low level bta-miR-29a expression was
confirmed by RT-PCR results, where a 31-fold difference in
expression was observed for this miR between embryonic and
THY tissues. This was consistent with microarray results found
for human samples that showed widespread, relatively high
expression of miR-29a (6, 8). The data do not rule out a role for
miR-29a in embryogenesis, because the EMB library only
represents a narrow snapshot of development shortly after
completion of somitogenesis. There were two other noteworthy
instances of between-tissue variation in miR expression, in-
volving miR-145 and miR-150. In our study, bta-miR-145 was
found only in SI. This is consistent with previous expression
studies in mice indicating miR-145 has a higher expression in
SI than THY or lymph nodes (35). However, a previous study
of zebrafish embryos (39) indicated expression of miR-145,
which was not observed in our EMB library. This could mean
that expression of miR-145 does not occur in d30 embryos or
that the level of expression is �0.3%, the level at which we
would expect to see at least one clone in the number of
sequences obtained. Similarly, bta-miR-150 had higher expres-
sion in tissues implicated in immune response (THY and
lymph nodes), which agrees with results in mice where miR-
150 is highly expressed in lymph node and THY (35). This
miR is involved in maturation and differentiation of T and B
cells by being up regulated in T and B cells and repressed in
Th1 and Th2 cells (29). Our quantitative RT-PCR results are in
general agreement with library counts (61-fold higher expres-
sion in lymph nodes than in the embryo), but RT-PCR also
revealed expression of bta-miR-150 in SI.

The construction of size-fractioned RNA libraries from bo-
vine tissues allowed discovery and expression profile charac-
terization of over 100 bovine miR. This represents about
one-third of the 334 mir predicted with the miRBase data set,
which was somewhat surprising, considering that some miR
are cell type specific and only a few bovine tissues were
sampled. The identification of 28 potential new miR indicates
the importance of animal model systems, since our study
resulted in the identification of miR not previously identified in
the human genome. However, it was evident that a thorough
identification of bovine miR will require a broader sampling of
tissues and more in depth sequencing. Certainly, the simple
sampling approaches used in this study must be complemented
in future studies aimed at determining miR function in bovids,
thereby establishing which bovine mir loci are functional as
well as structural orthologs of their counterparts in other
mammalian species.
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