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Abstract

Background: Phylogenetically related miRNAs (miRNA families) convey important information of
the function and evolution of miRNAs. Due to the special sequence features of miRNAs, pair-wise
sequence identity between miRNA precursors alone is often inadequate for unequivocally judging
the phylogenetic relationships between miRNAs. Most of the current methods for miRNA
classification rely heavily on manual inspection and lack measurements of the reliability of the
results.

Results: In this study, we designed an analysis pipeline (the Phylogeny-Bootstrap-Cluster (PBC)
pipeline) to identify miRNA families based on branch stability in the bootstrap trees derived from
overlapping genome-wide miRNA sequence sets. We tested the PBC analysis pipeline with the
miRNAs from six animal species, H. sapiens, M. musculus, G. gallus, D. rerio, D. melanogaster, and C.
elegans. The resulting classification was compared with the miRNA families defined in miRBase. The
two classifications were largely consistent.

Conclusion: The PBC analysis pipeline is an efficient method for classifying large numbers of
heterogeneous miRNA sequences. It requires minimum human involvement and provides
measurements of the reliability of the classification results.

Background

MicroRNAs (miRNAs) are small (~22 nucleotides) non-
coding RNAs that have the ability to repress the expression
of target genes post-transcriptionally. Since the discovery
of the first two miRNA genes, lin-4 [1,2] and let-7 [3,4],
much has been learned about the structure, biogenesis
and function of miRNAs [5-7]. A growing number of miR-
NAs have been found in animals, plants and viruses [8,9].
The "miRBase" database [10] currently hosts 4039 miR-
NAs from 45 species (Release 8.2).

Studies in plants [11], animals [12,13], and viruses [8]
have shown that the innovation of miRNAs is an ongoing
process [14,15], which indicates that most miRNAs are of
different evolutionary origins. Some miRNAs, however,
were also populated through local or genome-wide dupli-
cations [14,16], and formed miRNA families. As the phy-
logenetically related miRNAs convey important
information about the function and evolution of miR-
NAs, a reliable classification of miRNA families is indis-
pensable for miRNA studies.
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Some work has been done in classifying miRNA families.
The nomenclature system for miRNAs by "miRBase" [17]
can be view as one of the earliest classifications. It classi-
fied miRNAs with similar mature forms together and
assigned them the same id numbers. In recent releases of
miRBase, a "miRNA family (miFam)" feature was present,
which clustered similar miRNA precursors together based
on computational analysis and manual inspection. In a
recent report by Hertel et al [14], the phylogenetic distri-
bution of miRNAs in 30 species was systematically stud-
ied. In that study, potential miRNAs in the species were
identified with BLAST [18] and profile based methods
[19]. The phylogenetic analysis was based on pair-wise
sequence identity between precursors, and the signifi-
cance of the sequence identity cutoff was evaluated with a
z-score.

These studies have revealed important phylogenetic infor-
mation about miRNAs. However, there are some underly-
ing problems with the current methods. First, the mature
forms of miRNAs were often used as the classification cri-
teria in the methods, intentionally or not. This can
decrease the sensitivity of finding paralogous miRNAs, as
the mature part of a duplicated copy of a miRNA is not
necessarily under strong selective pressure. Meanwhile,
due to the short length of the mature forms, false classifi-
cation caused by convergent evolution is very likely to
happen. Second, since a fixed sequence identity cutoff
value alone is inadequate to classify the miRNAs (See
additional file 1: Classification by BLAST), most of the
current methods relied on manual inspection in deciding
the families. This introduces a heavy human factor in the
classification process. Third, most of the current methods
do not have a measurement of the reliability of the classi-
fication results. The z-score used by Hertel et al [14] was
no exception, because the z-score was actually a measure-
ment of the significance of a fixed sequence identity cutoff
value (a BLAST-like e-value could be directly derived from
a z-score).

In this study, we designed a bootstrap based analysis pipe-
line (the Phylogeny-Bootstrap-Cluster (PBC) pipeline) to
identify phylogenetically related miRNAs. In our method,
the families are identified based on branch stability in the
bootstrap trees derived from overlapping input sets of
genome-wide miRNA precursor sequences. This approach
is similar to the "nodal stability" approach [20] that has
been used in phylogenetic tree inference. The difference is
that we vary the input data set rather than multiple
sequence alignment parameters. A "Vote" algorithm was
designed to automate the process of identifying and eval-
uating potential families. The human involvement in the
classification process was minimized, and the reliability
of each family was evaluated by its supporting levels from
the bootstrap trees. We tested the PBC analysis pipeline
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with the miRNAs from the six animal species, H. sapiens,
M. musculus, G. gallus, D. rerio, D. melanogaster, and C. ele-
gans. The resulting classification was compared with the
miRNA families defined by miRBase. While the classifica-
tions were largely consistent, our reliability measurement
showed that a few new families can be supported and sev-
eral families in miRBase may not be supported. The PBC
analysis pipeline offers an efficient and objective method
for classifying large amount of miRNAs.

Results

Algorithm

The phylogeny-bootstrap-clustering (PBC) analysis pipeline

This method is base on the branch stability in the boot-
strap trees derived from overlapping input sets of genome-
wide miRNA precursor sequences. For a set of miRNA
sequences, we can always perform a multiple sequence
alignment (MSA) and build a bootstrap tree from the
alignment result. Due to the imperfection of MSA, it is
almost certain that some false classifications will happen.
However, the true classifications are generally more
robust to variations in input sequences or alignment
parameters of MSA than the false classifications [20].
Based on this principle, we can add additional sequences
to the original input sequence set of the MSA, and gener-
ate a new bootstrap tree. The true families should be more
stable and are more likely to be intact under a branch of
high bootstrap value in the new tree, while the falsely clas-
sified families are more likely to be broken up in the new
tree. If multiple new trees are built with different addi-
tional sequences, the likelihood for a falsely classified
family to be intact in all the new trees decreases geometri-
cally. In practice, for efficient classification of large
amount of miRNAs, the original input sequences and the
additional input sequences can be genome-wide collec-
tions of miRNAs.

Suppose we have n species whose miRNA information is
available. Let S; denote the set of miRNA precursor
sequences in species i, and let §;+S; denote the union of §;
and S;. In the PBC analysis pipeline, we use the sequence
sets (S, S$;+S,, ..., $;+S,,) as the input, where S, is the orig-
inal input sequence set and S,, ..., S, are different addi-
tional sequences. MSA, neighbor-joining (NJ) tree
building and bootstrapping are carried out for each input
sequence set, and n corresponding bootstrap trees are
built (bTree,, ... bTree,) (see Figure 1). In these input sets,
the S, set of sequences appear in all the input sequence
sets. The addition of other sequence sets (S,, ..., S,,) to S,
introduces variations to the input of MSA. From the boot-
strap trees (bTree,, ... bTree,), we identify the branches
with bootstrap values above the family defining cutoff val-
ues and denote such branching nodes as the "family
defining nodes." If all the S, leaves under such a branch
are also clustered together under a "family defining node"
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in all the other trees, these leaves form a consensus family.
The detailed procedure of this step is capsulated in the
"Vote" algorithm described in the next section. A consen-
sus family may contain sequences from several species,
but only the classification of the S, sequences is confirmed
in this step. The reliability of the classification of a group
of S, sequences in a family can be measured as the average
of the bootstrap values of their best common ancestors in
the n input trees.

Once the S, sequences are classified, for an individual
sequence x from (S,, ..., S,,), we can carry out another PBC
analysis with the input sequence sets as (S;+x, S;+x +S,, ...,
S,+x +S,; removing redundant x wherever it occurs) to
classify x with its phylogenetically related miRNAs in S;.
However, for genome-wide sets of sequences, this is com-
putationally prohibitive (as each run of the PBC analysis
take hours). Instead of confirming individual sequence, in
practice, we formulate a confirmation set of sequences C
which is composed of the sequences from (S,, ..., S,)
whose phylogenetic relationship with miRNAs in S, is of
interest. We also remove the most obviously S;-specific
miRNAs from S, according to the result of the first round,
these include the miRNAs in singleton families in the first
round and the miRNAs in tandem clusters. A new round
of PBC analysis is then carried out using the input set of
(81+C, $;+C +S,, ..., §1+C +S,) (removing redundant
sequences wherever they occur; S;-specific sequences
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removed from S;). Those sequences in the confirmation
set C whose classifications are confirmed in the new
round are patched back to the consensus families (of the
first round). The resulting consensus families form a clas-
sification of miRNAs that are phylogenetically related to
S, miRNAs. In other words, S; miRNAs are the index for
this classification. Phylogenetic relations among S,, ..., S,
sequences that are not related to any S, sequences are not
covered in this classification, but such relations can be
examined in the same way by using a different set of
sequences as index.

The "Vote" algorithm

The "Vote" algorithm is the kernel of the PBC analysis
pipeline. The input for the "Vote" algorithm includes the
set of bootstrap trees (bTree, ... bTree,), the "family defin-
ing bootstrap cutoff values" which are derived from well
studied known families and are tree specific, and a "eval-
uation bootstrap cutoff value" which is used to evaluate
families defined in other trees. Usually, the "family defin-
ing cutoff values" are set to be greater than the "evaluation
cutoff value".

The "Vote" algorithm (see Figure 2) is designed to identify
families from the bootstrap trees and get measurements of
reliability of the identified families. Suppose the S,
sequences form the index, as is in the case of the first
round of PBC. First, for each tree and from root down, the

S, bTree;
\

S+, bTree,

MSA NJ-Tree bootstrap Vote Clust
AT Y > > > bTree; ) ? e/ “ er} Consensus
Families

J

S48, bTree,

Input Sequence Bootstrap
Sets Trees

Figure |
The flowchart of the PBC analysis pipeline.
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branches with bootstrap value above (>=) the family
defining cutoff values are sought. The search will not go
inside a branch if the top node of the branch already has
a bootstrap value above the cutoff. The top nodes of these
branches are the "family defining nodes." For each identi-
fied branch, the S, leaves in the branch form a testing set.
Second, for each testing set, we can obtain the bootstrap
values of their Best Common Ancestor (BCA) in the input
trees. The BCA of a set of nodes in a bootstrap tree is
defined to be the common ancestor with the highest boot-
strap value among all the common ancestors of the set of
nodes (See additional file 2: Best common ancestor
(BCA)). Third, the reliability of a testing set is evaluated by
its BCA bootstrap values in the input trees. If the BCA
bootstrap value is above the evaluation cutoff value in a
tree, the testing set is regarded as supported by that tree. If
a testing set is supported by enough input trees, it is
deemed as confirmed (this is where the name "Vote"
comes from). In practice, we request a testing set to be
supported by n-1 trees, allowing one exception. If a testing
set is not confirmed, it is progressively broken down until
all its subsets are confirmed. Finally, all the confirmed sets
are clustered into consensus families using a single link-
age clustering approach [21].

Testing
Classification of miRNAs from six animal species using
the PBC analysis pipeline

one of n trees

Figure 2
The "Vote" algorithm.
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The input for the testing case were the miRNAs from six
animal species, H. sapiens, M. musculus, G. gallus, D. rerio,
D. melanogaster, and C. elegans. These miRNAs cover most
of the experimentally identified miRNAs. S; was set to be
the human miRNAs and S, ..., S; were the miRNAs from
the other five species. MSA was carried out with CLUS-
TALW 1.83 [22]. Neighbor-joining trees building and
bootstrapping were carried out with Mega 3.1 [23] using
1000 bootstrap replications and p-distance substitution
model. The family defining bootstrap cutoff values are
tree-specific, and are set to be the smallest bootstrap value
of the reference miRNA families (let7, mir-124, mir-17
and mir-1, See additional file 3: Reference miRNA fami-
lies) in each input tree. These reference families are well
established in the literature. The actual cutoff values were
84% for the "hsa" tree, 90% for the "hsa-mmu" tree, 91%
for the "hsa-gga" tree, 78% for the "hsa-dre" tree, 75% for
the "hsa-dme" tree and 82% for the "hsa-cel" tree. The
evaluation cutoff value is set to be 50%.

After the first round of the PBC analysis, we examined the
composition of the consensus families. For human miR-
NAs with same id numbers, only 2 are separated in the
consensus families, namely mir-92/mir-92b and mir-449/
mir-449b, showing that most of the miRNA families are
robust to the variation in the input of the PBC pipeline.
We further examined the alignments for mir-92/92b and
mir-449/449b. In both cases, the mature sequences had

x: a family defining node
a, b, c: s; leaves under x

if: the BCA of (a, b, ¢) in most of
the trees have bootstrap values
above the evaluation cutoft

valuc, the testing sct of (a, b, ¢)
1s confirmed.

otherwise. progressively break down
the branch at x
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Table I: Distribution of miRNA families in different categories of conservation

Hsa Mmu Dre Dme Cel
Category | 47(15) 47(15) 41(13) 72(14) 22(15) 6(6)
Category Il 146(83) 134(76) 106(62) 197(75)
Category Il 269(150) 177(137) (1) 7(7)
Category IV 68(21) 55(38) 101(90)

* Each grid shows the number of miRNAs. The number in parentheses is the number of families.

high sequence identities while the hairpin sequences had
low identities outside the mature parts. The miRNAs in
these cases are separated into different families, as they
may be the results of convergent evolution.

The confirmation set of sequences were deduced from the
consensus families of the first round of PBC. The confir-
mation set includes the miRNAs from the other species
that were not classified with their human counterparts
(having the same id numbers). There were 1 from mouse,
0 from chicken, 2 from fish, 5 from fly, and 3 from worm
(including cel-lin-4 and cel-Isy-6). The confirmation set
also includes the non-human miRNAs that were classified
in a family with none of its human counterparts. There
were 13 from mouse, 1 from chicken, 12 from fish
(selected 3 from the dre-mir-430b miRNA cluster), 20
from fly, and 16 from worm. A second round of PBC anal-
ysis was carried out. 42 of the miRNAs in the confirmation
set were confirmed and were patched back to the consen-
sus families and the unconfirmed miRNAs were kept out
of the families. The resulting consensus families formed
the classification of phylogenetically related miRNAs with
the human miRNAs as the index. The full list can be found
in additional file 4: Full list of the families with human
member. The supporting levels of the human miRNAs in
each family can be found in additional file 5: Supporting
levels of the families.

The phylogenetic distribution of miRNAs

Based on the family composition, we categorized the
miRNA families in the testing case into categories I-IV.
Category I contains miRNA families that have miRNAs
from both mammals and invertebrates. In addition, we
demand that all the Category I families should have
chicken or fish miRNAs. Category II contains miRNA fam-
ilies that have miRNAs from both mammals and non-
mammal vertebrates. Category III contains miRNA fami-
lies that have miRNAs from mammals only. Category IV
contains the miRNA families that have no mammal miR-
NAs. The distribution is summarized in Table 1. An abbre-
viated list of the human miRNAs of the families is shown
in Table 2. It should be noted that worm or fly miRNAs
are present in eight families in category III. These families
were put in category III because there were no chicken or
fish miRNAs in these families. These cases are likely to be

the result of convergent evolution or incomplete miRNA
discovery in chicken and fish. Most of the human miRNAs
in these eight families are from a recent publication [24].

Although the discovery of miRNAs is not comprehensive
in species like chicken and fish, the phylogenetic distribu-
tion of the miRNA families still shows interesting trends.
The majority of the human miRNAs are conserved only in
vertebrates. Among the human miRNAs, 47 are in cate-
gory 1, 146 are in category II, and 269 are in category III.
This shows that more than half of the human miRNAs are
conserved in mammals only, and the majority of the rest
are vertebrate only. Only a small portion of human miR-
NAs have invertebrate homologues. Mouse miRNAs dis-
play a similar distribution. For the invertebrate miRNAs,
the portion of miRNAs that are conserved in vertebrates is
also very small, 22/78 in D. melanogaster and 6/114 in C.
elegans. Only a small number of miRNAs, the 15 miRNA
families in category I, are conserved between invertebrates
and mammals. However, more than half of all the miR-
NAs with known function are in these families. This
shows a high correlation of sequence conservation and
functional importance among the miRNAs. The discovery
of miRNAs is still ongoing, so more data and analysis will
be needed to generate a quantitatively more detailed phy-
logenetic distribution of miRNAs.

Comparison with the miFam classification

Since Release 8.1, a miFam (miRNA family) feature which
provides family classification information of miRNA hair-
pin sequences has been available in miRBase. We com-
pared our classification results with the miFam
classification in Release 8.2. Not considering the families
with one or less human miRNA or the families without
non-human miRNAs, our comparison showed that 122
out of the 172 comparable PBC families are the same in
miFam. While most of the miRNA families are consistent,
we examined the cases where the classification was differ-
ent (summarized in Table 3). Most of these differences
involve additional merging or separation of the families
between the two classifications. For the families that are
merged in the PBC classification, the multiple sequence
alignments of the hairpin sequences are generally accept-
able, but the alignments of the mature sequence are not
necessarily strong. One example is the mir-134/mir-412

Page 5 of 9

(page number not for citation purposes)



BMC Genomics 2007, 8:66

http://www.biomedcentral.com/1471-2164/8/66

Table 2: The human members of miRNA families in different conservation categories

Human miRNAs

Category |

Category Il

Category Il

(let-7, mir-98), (mir-1, mir-206), (mir-10, mir-100, mir-125, mir-99), (mir-124), (mir-133), (mir-182), (mir-184), (mir-210), (mir-219),
(mir-32), (mir-34), (mir-451), (mir-7), (mir-9), (mir-92)

(mir-101), (mir-103, mir-107), (mir-106, mir-17, mir-18, mir-20, mir-93), (mir-122), (mir-126), (mir-128), (mir-129), (mir-130, mir-
301), (mir-132, mir-212), (mir-135), (mir-137), (mir-138), (mir-139), (mir-140), (mir-141, mir-200), (mir-142), (mir-143), (mir-144),
(mir-145), (mir-146), (mir-147), (mir-148, mir-152), (mir-15), (mir-150), (mir-153), (mir-155), (mir-16, mir-195), (mir-181), (mir-
183), (mir-187), (mir-19), (mir-190), (mir-191, mir-637), (mir-192), (mir-193), (mir-194), (mir-196), (mir-199), (mir-202), (mir-203),
(mir-204, mir-211), (mir-205), (mir-208), (mir-21), (mir-214), (mir-215), (mir-216), (mir-217), (mir-218), (mir-22), (mir-220), (mir-
221), (mir-222), (mir-223), (mir-23), (mir-24), (mir-25), (mir-26), (mir-27), (mir-29), (mir-30), (mir-302), (mir-31), (mir-33, mir-33),
(mir-338), (mir-363), (mir-365), (mir-367), (mir-375), (mir-383), (mir-425), (mir-429), (mir-449), (mir-455), (mir-489), (mir-490),
(mir-499), (mir-568, mir-620), (mir-585), (mir-590), (mir-639), (mir-92b), (mir-96)

(mir-105), (mir-127), (mir-134, mir-412), (mir-136), (mir-149), (mir-151, mir-28), (mir-154, mir-323, mir-329, mir-369, mir-377, mir-
381, mir-382, mir-410, mir-453, mir-485, mir-487, mir-494, mir-495, mir-496, mir-539, mir-655, mir-656), (mir-185), (mir-186),
(mir-188, mir-362, mir-500, mir-501, mir-502, mir-532, mir-660), (mir-197), (mir-198), (mir-224), (mir-296), (mir-299, mir-579),
(mir-320), (mir-324, mir-544), (mir-325, mir-493), (mir-326), (mir-328, mir-483), (mir-330, mir-560), (mir-331), (mir-335), (mir-337),
(mir-339), (mir-340), (mir-342, mir-610), (mir-345, mir-378), (mir-346), (mir-361), (mir-368, mir-376), (mir-370), (mir-371, mir-372,
mir-512), (mir-373, mir-598), (mir-374, mir-542), (mir-379, mir-380, mir-411), (mir-384), (mir-409), (mir-421, mir-545, mir-95),
(mir-422, mir-423), (mir-424), (mir-431), (mir-432), (mir-433), (mir-448), (mir-449b), (mir-450), (mir-452), (mir-484), (mir-486, mir-
612), (mir-488), (mir-491), (mir-492), (mir-497, mir-600), (mir-498), (mir-503), (mir-504), (mir-505), (mir-506, mir-507, mir-508,
mir-509, mir-510, mir-513, mir-514, mir-652), (mir-511), (mir-515, mir-516, mir-517, mir-518, mir-519, mir-520, mir-521, mir-522,
mir-523, mir-524, mir-525, mir-526, mir-527), (mir-548, mir-570, mir-603), (mir-549), (mir-550), (mir-551), (mir-552), (mir-553,
mir-626), (mir-554), (mir-555), (mir-556), (mir-557), (mir-558), (mir-559), (mir-561), (mir-562), (mir-563), (mir-564), (mir-565, mir-
594), (mir-566), (mir-567), (mir-569), (mir-571), (mir-572, mir-638), (mir-573), (mir-574), (mir-575), (mir-576), (mir-577), (mir-578),
(mir-580), (mir-581), (mir-582), (mir-583), (mir-584), (mir-586), (mir-587, mir-592), (mir-588), (mir-589), (mir-591), (mir-593), (mir-
595), (mir-596, mir-650), (mir-597), (mir-599), (mir-601, mir-642), (mir-602), (mir-604), (mir-605), (mir-606), (mir-607), (mir-608),
(mir-609), (mir-611), (mir-613), (mir-614), (mir-615), (mir-616), (mir-617), (mir-618), (mir-619), (mir-621, mir-662), (mir-622), (mir-
623), (mir-624), (mir-625), (mir-627), (mir-628), (mir-629), (mir-630), (mir-63 |, mir-640), (mir-632, mir-661), (mir-633), (mir-634),

(mir-635), (mir-636), (mir-641), (mir-643), (mir-644), (mir-645), (mir-646), (mir-647), (mir-648), (mir-649), (mir-651), (mir-653),

(mir-654), (mir-657), (mir-658), (mir-659), (mir-663)

* Families are separated by parentheses, and the suffixes are ignored except for mir-92b and mir-449b.

case (See additional file 6: Multiple sequence alignments
of selected miRNA families), in which the hairpin
sequences are similar while the mature sequences differ
greatly. The situation is reversed in the families that are
merged in the miFam classification. One example is the
mir-25, 92/mir-92b case, in which the mature sequences
are almost identical while the rest of the sequences share
little sequence similarity (See additional file 6). In only
three cases, the families defined by PBC intersect with
(overlap with but are not covered by) the families defined
by miFam, but all these miRNAs are tandem clustered
miRNAs which diverge from each other much more than
most miRNA homologues.

Taken together, the comparison between the PBC and the
miFam classifications showed that most of the families
were consistent. Most of the differences stemmed likely
from the differences in treating information from the
mature sequences. While the PBC analysis pipeline relies
totally on the precursor sequences, the miFam classifica-
tion may have taken certain reference from the similarity
between the mature sequences.

Classification of new miRNAs

While preparing the manuscript, a new release of miRBase
sequences (Release 9.0) became available. We used our
PBC analysis pipeline to classify the 12 new human miR-

NAs in this release by treating them as the confirmation
set. The results showed that hsa-mir-758 can be assigned
to the hsa-mir-379,380, 411 family; hsa-mir-767 can be
assigned to the hsa-mir-105 family; and hsa-mir-802 can
be assigned to the hsa-mir-511 family. The sequence
alignments and the support levels among the trees can be
found in additional file 7: Classification of new human
miRNAs in Release 9.0. The hsa-mir-758 case is present in
miFam already, while the other two cases have not been
reported.

Discussion

From an evolutionary point of view, miRNAs are a heter-
ogeneous group of sequences. First, miRNAs are of heter-
ogeneous evolutionary origins. Most of the miRNAs are
not related to each other. They are categorized together as
miRNAs just because they share certain common
sequence features and functional mechanisms [6]. As is
shown in the phylogenetic distribution of miRNA families
in this study, miRNAs also differ greatly as to their levels
of conservation across the species. Second, miRNAs differ
in their evolutionary patterns. Some, the let-7 family for
example, maintain almost identical mature forms in evo-
lution. Others, the mir-10, 99, 100, 125 family for exam-
ple, diverge in the mature forms (See additional file 8: The
mir-10, 99, 100, 125 family).
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Table 3: Comparison of the family composition between the PBC classification and the miFam classification

miRNAs

Families with more members by PBC

Families with more members by miFam

Families intersect between the two classifications

(10a, 10b, 99a, 99b, 100, 125a, 125b-1, 125b-2, cel-lin-4), (21, mmu-468), (28, |51, mmu-
708), (32, dme-mir-31a), (150, dre-150), (134, 412), (182, dme-263a, dme-263b), (188, 362,
500, 501, 502, 532, 660), (190, dre-190b), (191, 637), (197, mmu-705), (302a, 302b, 302c,
302d, dre-430b), (324, 544), (325, 493), (328, 483), (330, 560), (337, cel-241), (342, 610),
(345, 378), (374, 542), (383, mmu-672), (422a, 423), (425, dre-731), (451, dme-14), (452,
cel-358), (486, 612), (497, 600), (506, 507,508, 509, 510, 513-1, 513-2, 514-1, 514-2, 514-3,
652), (587, 592)

(15a, I5b, 16-1, 16-2, 195), (25, 92-1, 92-2, 92b), (293, 29b-1, 29b-2, 29¢, dme-285), (31,
dme-3la, dme-31b), (33, dme-33), (141, 200a, 200b, 200c, 429), (192, 215), (221, 222),
(424, mmu-322), (mmu-216a, mmu-216b)

(154, 323, 329-1, 329-2, 369, 377, 381, 382, 409, 410, 453, 485, 487a, 487b, 494, 495, 496,
539, 655, 656), (299, 548a-1,548a-2, 548a-3, 548b, 548c, 548d-1, 548d-2, 570, 579, 603),
(371, 372, 512-1, 512-2, mmu-290, mmu-29la, mmu-291b, mmu-292, mmu-293, mmu-294,

mmu-295)

*"hsa" and "mir" are omitted wherever no confusion can be caused. The miRNAs are human miRNAs if no prefixes are present.

The evolutionary distance between miRNAs is the under-
lying basis for the classification of miRNAs. The heteroge-
neous nature of miRNA sequences has made it impossible
to use a single model to summarize the evolutionary dis-
tance between miRNAs. In context, many current meth-
ods actually manually inspect the classification process,
which brings in a heavy human factor.

In the PBC analysis pipeline, we used a non-parametric
approach. The analysis depended totally on the precursor
sequences, and no model of the evolutionary distances
between miRNAs was assumed a priori. The classification
criteria were essentially derived from the data or were
based on knowledge from the literature (the reference
families). The human factor was minimized in the classi-
fication process. Meanwhile, the reliability of the families
can be evaluated by their support levels in the bootstrap
trees.

Conclusion

The PBC analysis pipeline is an efficient method for clas-
sifying large numbers of heterogeneous miRNA
sequences. The analysis pipeline assumes no models for
the evolutionary distances between miRNAs. It requires
minimum human involvement and provides a method to
evaluate the reliability of the classification results. This
analysis pipeline is efficient for classifying genome-wide
sets of miRNA sequences. It is also an efficient method to
classify newly cloned individual miRNAs into existing
miRNA families.

Methods

Implementation

The miRNA sequences were retrieved from miRBase [10]
(Release 8.2, Jul. 2006; Release 9.0, Oct. 2006). MiRNAs
from six species, including H. sapiens (hsa, 462 entries),
M. musculus (mmu, 358 entries), G. gallus (gga, 152
entries), D. rerio (dre, 337 entries), D. melanogaster (dme,

78 entries), and C. elegans (cel, 114 entries), were chosen
for this study. miFam family information was retrieved
from the same release.

Multiple sequence alignment (MSA) was carried out with
CLUSTALW 1.83 [22]; neighbor-joining trees with boot-
strap were inferred by Mega 3.1 [23] with 1000 bootstrap
replications and p-distance substitution model. All the
other data analysis was carried out by customized Perl
modules and scripts, which were attached as the addi-
tional file 9: The software and instruction for the PBC
analysis pipeline. The codes are also available at [25].
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Additional File 1

Classification by BLAST. The classifications of miRNAs using different
BLAST bit score cutoff values were compared to the miFam classification
in the aspects of the cumulative miRNA difference and the composition of
the families.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S1.doc]

Additional File 2

Best common ancestor (BCA). This file illustrates how the BCA is defined
for a group of nodes.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S2.doc]
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Additional File 3

Reference miRNA families. This file shows the composition of the refer-
ence families used in this analysis and the sequence identity range between
miRNA precursors in the families.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S3.doc]

Additional File 4

Full list of the families with human member. The list of families from the
classification of the miRNAs from six animal species, H. sapiens, M.
musculus, G. gallus, D. rerio, D. melanogaster, and C. elegans using
human miRNAs as the index. Only the families having human miRNAs
are listed.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S4.txt|

Additional File 5

Supporting levels of the families. The supporting levels in the bootstrap
trees of the human members in each family.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S5.txt]

Additional File 6

Multiple sequence alignments of selected miRNA families. The multiple
sequence alignments of the miRNA families mentioned in the main text.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S6.doc]

Additional File 7

Classification of new human miRNAs in Release 9.0. The multiple
sequence alignment and supporting levels (format see additional file 5) of
the three families that three new human miRNAs in Release 9.0 have
been assigned to.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S7.doc]

Additional File 8

The mir-10, 99, 100, 125 family. Sequence alignment and selected sec-
ondary structure of the miRNAs in the mir-10, 99, 100, 125 family.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S8.doc]

Additional File 9

The software and instruction for the PBC analysis pipeline. The PERL
scripts of the programs used in the PBC analysis pipeline, and the instruc-
tions. The miRNAs sequences are retrieved from miRBase [10] (Release
8.2).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-8-66-S9.zip|

http://www.biomedcentral.com/1471-2164/8/66

Acknowledgements
We thank Dr. Karin Dorman for comments on the manuscript. This work
is supported by NIH grants to XG.

References

I. Lee RC, Feinbaum RL, Ambros V: The C. elegans heterochronic
gene lin-4 encodes small RNAs with antisense complemen-
tarity to lin-14. Cell 1993, 75(5):843-854.

2. Wightman B, Ha |, Ruvkun G: Posttranscriptional regulation of
the heterochronic gene lin-14 by lin-4 mediates temporal
pattern formation in C. elegans. Cell 1993, 75(5):855-862.

3. Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie
AE, Horvitz HR, Ruvkun G: The 2I-nucleotide let-7 RNA regu-
lates developmental timing in Caenorhabditis elegans.
Nature 2000, 403(6772):901-906.

4.  Slack FJ, Basson M, Liu Z, Ambros V, Horvitz HR, Ruvkun G: The lin-
4] RBCC gene acts in the C. elegans heterochronic pathway
between the let-7 regulatory RNA and the LIN-29 transcrip-
tion factor. Mol Cell 2000, 5(4):659-669.

5. Ambros V: The functions of animal microRNAs. Nature 2004,
431(7006):350-355.

6. Bartel DP: MicroRNAs: genomics, biogenesis, mechanism,
and function. Cell 2004, 116(2):281-297.

7.  Lai EC: microRNAs: runts of the genome assert themselves.
Curr Biol 2003, 13(23):R925-36.

8.  Pfeffer S, Zavolan M, Grasser FA, Chien M, Russo J), Ju J, John B,
Enright AJ, Marks D, Sander C, Tuschl T: Identification of virus-
encoded microRNAs. Science 2004, 304(5671):734-736.

9.  Reinhart BJ, Weinstein EG, Rhoades MWV, Bartel B, Bartel DP: Micro-
RNAs in plants. Genes Dev 2002, 16(13):1616-1626.

10.  Griffiths-Jones S, Grocock R}, van Dongen S, Bateman A, Enright AJ:
miRBase: microRNA sequences, targets and gene nomencla-
ture. Nucleic Acids Res 2006, 34(Database issue):D 40-4.

I'l.  Allen E, Xie Z, Gustafson AM, Sung GH, Spatafora JW, Carrington JC:
Evolution of microRNA genes by inverted duplication of tar-
get gene sequences in Arabidopsis thaliana. Nat Genet 2004,
36(12):1282-1290.

12.  Tanzer A, Amemiya CT, Kim CB, Stadler PF: Evolution of microR-
NAs located within Hox gene clusters. | Exp Zoolog B Mol Dev
Evol 2005, 304(1):75-85.

13.  Tanzer A, Stadler PF: Molecular evolution of a microRNA clus-
ter. | Mol Biol 2004, 339(2):327-335.

14. Hertel ), Lindemeyer M, Missal K, Fried C, Tanzer A, Flamm C,
Hofacker IL, Stadler PF: The expansion of the metazoan micro-
RNA repertoire. BMC Genomics 2006, 7:25.

15.  Maher C, Stein L, Ware D: Evolution of Arabidopsis microRNA
families through duplication events. Genome Res 2006,
16(4):510-519.

16. Bompfunewerer AF, Flamm C, Fried C, Fritzsch G, Hofacker IL, Leh-
mann J, Missal K, Mosig A, Muller B, Prohaska S, Stadler PF, Tanzer
A, Washietl S, Witwer C: Evolutionary Patterns of Non-Coding
RNAs. Theory in Biosciences 2005, 123(4):301-369.

17.  Griffiths-Jones S: The microRNA Registry. Nucleic Acids Res 2004,
32(Database issue):D109-11.

18.  Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local
alignment search tool. | Mol Biol 1990, 215(3):403-410.

19. Legendre M, Lambert A, Gautheret D: Profile-based detection of
microRNA precursors in animal genomes. Bioinformatics 2005,
21(7):841-845.

20. Giribet G: Stability in phylogenetic formulations and its rela-
tionship to nodal support. Syst Biol 2003, 52(4):554-564.

21. Martinez WL, Martinez AR: Exploratory data analysis with
MATLAB. In Series in computer science and data analysis Boca Raton
, Chapman & Hall/CRC; 2005:xv, 405 p..

22. Thompson ]D, Higgins DG, Gibson T): CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res 1994,
22(22):4673-4680.

23. Kumar S, Tamura K, Jakobsen IB, Nei M: MEGA2: molecular evo-
lutionary genetics analysis software. Bioinformatics 2001,
17(12):1244-1245.

24. Cummins JM, He Y, Leary R}, Pagliarini R, Diaz LA ]r., Sjoblom T,
Barad O, Bentwich Z, Szafranska AE, Labourier E, Raymond CK, Rob-
erts BS, Juhl H, Kinzler KW, Vogelstein B, Velculescu VE: The color-

Page 8 of 9

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2164-8-66-S3.doc
http://www.biomedcentral.com/content/supplementary/1471-2164-8-66-S4.txt
http://www.biomedcentral.com/content/supplementary/1471-2164-8-66-S5.txt
http://www.biomedcentral.com/content/supplementary/1471-2164-8-66-S6.doc
http://www.biomedcentral.com/content/supplementary/1471-2164-8-66-S7.doc
http://www.biomedcentral.com/content/supplementary/1471-2164-8-66-S8.doc
http://www.biomedcentral.com/content/supplementary/1471-2164-8-66-S9.zip
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8252621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8252621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8252621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8252622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8252622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8252622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10706289
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10706289
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10882102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10882102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10882102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15372042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14744438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14744438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14654021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15118162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15118162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12101121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12101121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15565108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15565108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15565108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15643628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15643628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15136036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15136036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16480513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16480513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16520461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16520461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15509608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15509608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12857646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12857646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11751241
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11751241
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16505370

BMC Genomics 2007, 8:66 http://www.biomedcentral.com/1471-2164/8/66

ectal microRNAome. Proc Natl Acad Sci U S A 2006,
103(10):3687-3692.

25. PBC codes [http://www.public.iastate.edu/~yhames04/
PBC codes.zip]

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 9 of 9

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16505370
http://www.public.iastate.edu/~yhames04/PBC_codes.zip
http://www.public.iastate.edu/~yhames04/PBC_codes.zip
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Algorithm
	The phylogeny-bootstrap-clustering (PBC) analysis pipeline
	The "Vote" algorithm

	Testing
	The phylogenetic distribution of miRNAs
	Comparison with the miFam classification
	Classification of new miRNAs


	Discussion
	Conclusion
	Methods
	Implementation

	Authors' contributions
	Additional material
	Acknowledgements
	References

