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Abstract The recent availability of genome sequences to-
gether with syntenic block information for Brassicaceae offers
an opportunity to study microRNA (miRNA) evolution across
this family. We employed a synteny-based comparative geno-
mics strategy to unambiguously identify miRNA homologs
from the genome sequence of members of Brassicaceae.
Such an analysis of miRNA across Brassicaceae allowed us
to classify miRNAs as conserved, lineage-, karyotype- and
sub-genome-specific. The differential loss of miRNA from
sub-genomes in polyploid genomes of Brassica rapa and
Brassica oleracea shows that miRNA also follows the rules
of gene fractionation as observed in the case of protein-coding
genes. The study of mature and miR* region of precursors
revealed instances of in-dels and SNPs which reflect the evo-
lutionary history of the genomes. High level of conservation
in miR* regions in some cases points to their functional rele-
vance which needs to be further investigated. We further show
that sequence and length variability in precursor sequences
can affect the free energy and foldback structure of miRNA
which may ultimately affect their biogenesis and expression in
the biological system.
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Abbreviations
A. thaliana Arabidopsis thaliana
A. lyrata Arabidopsis lyrata
C. rubella Capsella rubella
T. halophila Thellungiella halophila
B. rapa Brassica rapa
B. oleracea Brassica oleracea
LF Least fractionated
MF1 Moderately fractionated
MF2 Most fractionated
ACK Ancestor crucifer type
PCK Proto-calpineae karyotype
tPCK Translocated proto-calpineae karyotype
MiRNA MicroRNA
(p-m) putative mature
(p-m*) putative miR*
SNP Single-nucleotide polymorphism

Introduction

MicroRNAs (miRNAs) are a major class of small non-coding
RNAs which regulate the expression of a large number of
protein-coding genes at transcriptional and post-transcription-
al-levels. MiRNAs show sequence complementarity to their
respective target sites at seed region and, depending on near-
perfect or imperfect complementarity, guide the target tran-
script for transcriptional cleavage or translational inhibition,
respectively (Dugas and Bartel 2004; Axtell et al. 2011;
Budak and Akpinar 2015). In plants, miRNA-target module
has been repeatedly recruited to perform variety of plant de-
velopment processes and stress responses (Nazarov et al.
2013). Comparative studies across the plant kingdom has
identified several miRNA families which have remained con-
served in angiosperms, gymnosperms, ferns, lycopods, and
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mosses (Zhang et al. 2006). Nevertheless, a large number of
species-specific or lineage-specific miRNA families have
been identified suggesting that miRNA genes are born and
lost at high frequency (Fahlgren et al. 2010; Kantar et al.
2012). These young miRNA genes are weakly expressed,
processed imperfectly, and tend to lack targets, and retention
of these miRNA in genome is primarily dependent on whether
they are able to establish functional relationship with the target
genewhich are not detrimental to existing regulatory networks
but are sources of formation of novel regulatory variations
which are advantageous to plant (Cuperus et al. 2011).

Comparative analysis of miRNA across the plant kingdoms
can give us an overview of how miRNA genes have evolved
in nature for which correct identification of their orthologs and
paralogs is a prerequisite. Homology-based approaches which
work well for identifying orthologs of protein-coding genes in
closely related plant families often fail in the case of miRNA
due to their small size and high degree of similarity in the
mature region (Li and Mao 2007; Guerra-Assunnção and
Enright 2012). Even though a large number of small RNA
sequencing projects have been undertaken to characterize
novel miRNAs present in an organism (Sunkar and Zhu
2004; Yu et al. 2012; Kurtoglu et al. 2013), such an approach
has its own disadvantages. MiRNAs which express in a cer-
tain tissue or under specific stress conditions (He et al. 2014)
cannot be captured and unambiguously identified via such
technique owing to identical or similar mature sequence of
members of the miRNA family. It is also difficult to assign
them to a particular genomic location using small RNA se-
quencing and mapping projects.

MiRBase, the largest repository of experimentally deter-
mined miRNA, uses different suffixes for miRNA of the same
family in a species for designation depending on when they
were reported (Kozomara and Griffiths-Jones 2014).
Unfortunately, these suffixes often may not reflect true
orthology leading to ambiguity in making phylogenetic infer-
ences. Comparative genomics in relation to synteny is widely
employed to extrapolate knowledge between related species
and to study relationships in an evolutionary context. Synteny
analysis was first employed by Nadeu and Taylor (Nadeau and
Taylor 1984) and subsequently by Sankoff (Sankoff 2002;
Sankoff and Zheng 2012) to study the arrangement and order
of genes in closely related organisms and is now widely used
between both closely and distantly related organisms. Based on
the conserved nature of miRNA, principles of synteny can help
resolve ambiguities about orthology and paralogy (Guerra-
Assunnção and Enright 2012) and then be used to perform
evolutionary analyses. We therefore employed a synteny-
based homology search for discovery of miRNA-encoding loci
in selected members of Brassicaceae whose genome sequences
are available, viz., Arabidopsis thaliana, Arabidopsis lyrata,
Capsella rubella, Thellungiella halophila, B. rapa, and
B. oleracea. Based on analysis performed by Schranz et al.

(2006), 24 genomic blocks (designated as A–X) have been
identified which are like building blocks or Blego blocks^ of
genomes of Brassicaceae. The Bblocks^ have undergone rear-
rangements, translocations, inversions, duplications, and dele-
tions and characterize the genomes of present-day Brassicaceae
members (Schranz and Mitchell-Olds 2006; Lysak et al. 2007;
Schranz et al. 2007; Mandáková and Lysak 2008; Cheng et al.
2013). Using the information of genomic blocks of
Brassicaceae, a valuable resource termed Bsyntenic gene^ is
available at Brassica database (http://brassicadb.org/brad/
searchSyntenytPCK.php) which can be used to find
orthologous genes among sequenced species of Brassicaceae.
Though this resource is helpful in studying the evolution of
protein-coding genes across Brassicaceae, it does not give any
information related to miRNA genes. Being an important com-
ponent of regulatory machinery, study of miRNA genes is rath-
er important and application of syntenic framework for identi-
fication of miRNA genes would resolve the orthology and
paralogy issues generally encountered in other methods of
miRNA identification.

We used two main criteria to choose genomic blocks for
study. Firstly, the genomic blocks should contain more number
of conserved miRNAs (conservation criteria based on previous
studies) so that the comparative studywould be comprehensive.
Secondly, an attempt was made to analyze at least one complete
microRNA family in order to comment on its evolution.

In this respect, two blocks J and R were found to
contain a high number of both miRNAs (22 and 24,
respectively) and miRNA members from conserved
miRNA family (12 and 11, respectively).

These two blocks, J and R, contained two of the three
members of the miR164 family, i.e., miR164a and miR164b,
respectively; therefore, we also included Q block harboring
miR164c to study evolution of this miRNA family.

The miR164 family is one of the most conserved
microRNA families, found in almost all land plants. The fam-
ily comprises three members in A. thaliana, viz., miR164a,
miR164b, and miR164c, where they have been shown to have
overlapping and redundant roles by mutant and overexpres-
sion studies (Baker et al. 2005; Guo et al. 2005; Sieber et al.
2007). miR164, together with its targets (NAC1, CUC1,
CUC2, ORE1), forms an important regulatory module that is
involved in mediating various plant processes such as lateral
root formation, leaf senescence, shoot apical meristem forma-
tion, leaf serration, lateral organ development, and ameliorat-
ing abiotic and biotic stresses (Laufs et al. 2004; Guo et al.
2005; Nikovics et al. 2006; Jasinski et al. 2010; Koyama et al.
2010; Huang et al. 2012). Even though a large number of
studies have analyzed the function of miR164 in
A. thaliana, our knowledge of this regulatory molecule in crop
plants is limited. Given the important role of miR164 in plant
development and adaptation, extension of knowledge regard-
ing function and evolution of miR164 in crop plants of
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Brassicaceae is an obvious priority. Gaining insights into evo-
lutionary mechanisms through comparative studies would
help us understand the history of diversification and evolution
of this genetic component which would lay a strong founda-
tion for further functional studies in Brassicaceae. With this
perspective in mind, the present study was framed to study
and analyze the genomic blocks encompassed by the miRNA
members of this family, i.e., J, R, and Q from the sequenced
members of Brassicaceae which harbor the members of the
miR164 family, viz., miR164a, miR164b, and miR164c, re-
spectively, to understand the dynamics of retention/loss, con-
servation at p-m and p-m*, and foldback structure.

Methods

Assignment of genomic blocks to miRNA

All the miRNA precursor sequences from Brassicaceae mem-
bers such as A. thaliana, A. lyrata, C. rubella, T. halophila,
B. rapa, and B. oleracea were retrieved from the miRBase
registry (www.mirbase.org; version 21; accessed on 28th
March 2015) and sorted as per their chromosome number and
location.A. thalianawas taken as reference species in this study
as it has the highest number of annotated and validated
miRNAs. The chromosomal and positional information of
genomic blocks in A. thaliana given in Cheng et al. (2013)
was used to allocate the miRNA to each genomic blocks.

Identification of miRNA present in J, R, and Q genomic
blocks in selected members of Brassicaceae

In the present study, we restricted our identification and anal-
ysis of miRNA present in genomic blocks J, R, and Q which
contain miR164a, miR164b, and miR164c, respectively.
Apart from miRNA information in A. thaliana, we found
some additional miRNAs in these blocks which have been
reported from A. lyrata but not A. thaliana. According to their
chromosomal position, they were appropriately added to the
ordered list of miRNA present in these blocks.

Sequences of protein-coding genes present on start and end
of J, R, and Q in A. thaliana were used as queries to find the
respective homologs in A. lyrata, C. rubella, T. halophila,
B. rapa, and B. oleracea genomes using BLASTN with de-
fault parameters (e-value 10, max. number of hits 10). The
chromosomal location of such orthologous genes were used
to define start and end of a genomic block in the respective
species. The location of these genomic blocks was also veri-
fied from other reports comparing syntenic blocks in
Brassicaceae (Schranz et al. 2006; Mandáková and Lysak
2008; Cheng et al. 2013; Parkin et al. 2014).

In order to identify the orthologs of miRNA in J, R, and Q
blocks, precursor sequences of miRNAwere used as queries to

perform BLASTN search on genomes of A. thaliana
(Arabidopsis thaliana genome release 9), A. lyrata
(Arabidopsis lyrata v1.0), C. rubella (Capsella rubella v1.0),
T. halophila (Thellungiella halophila v1.0), B. rapa (B. rapa
chromosome v1.5), and B. oleracea (B. oleracea chromosome
v1.0) at BRAD database (brassicadb.org) using default parame-
ters [e-value 10, max. number of hits 10]. BLAST results were
filtered on the basis of whether they were present on chromo-
some and coordinates encompassed in a particular genomic
block. Further, these BLAST results were analyzed, and, where
required, the lengths of BLAST hits were extended in either
direction to reach the start and end of query length.

Analysis of mature sequences of miRNA

For analyzing the mature sequence of miRNA, precursor
sequences from different species were aligned using
Clustal X (version 2.1) (Larkin et al. 2007) program
in UGENE (Okonechnikov et al. 2012) and were man-
ually analyzed. The nature and the position of mis-
matches in mature sequences were recorded vis-à-vis
A. thaliana. Any sequence with more than four mis-
matches as compared to the mature region of miRNA
from A. thal iana was removed from analys is .
Conservation at both p-m and p-m* was analyzed.

Length polymorphism and secondary structure analysis
of precursors

The variation in precursor length across the Brassicaceae was
estimated by recording the length of precursor sequences.
Minimum free energy of the structures (ΔG; Kcal/mol) was
calculated using Quikfold program (http://mfold.rna.albany.
edu/?q=DINAMelt/Quickfold). The secondary structure of
the selected potential miRNA precursor sequences was
predicted and generated using mfold (http://mfold.rna.
albany.edu/?q=mfold/rna-folding-form) using default
parameters (Zuker 2003). The predicted secondary structures
were manually compared with those from their orthologs from
other species.

Phylogenetic analysis

Phylogenetic and molecular evolutionary analysis was con-
ducted by MEGA version 5 (Tamura et al. 2011). Clustal
aligned sequences were subjected to phylogenetic analysis
employingmaximum likelihoodmodel with Tamura–Nei sub-
stitution followed by 1000 bootstrap replicates. Phylogenetic
clustering and bootstrapping were performed when at least
three homologous sequences were available.
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Results

Identification and assignment of miRNA to genomic
blocks in A. thaliana

The primary requirement for synteny analysis was the assign-
ment of miRNA to their respective blocks for which we used
the positional and chromosomal information of genomic
blocks (A–X) of A. thaliana (Cheng et al. 2013; Fig. 1,
Supplementary Table 1). Out of 325 miRNA precursors

present in A. thaliana, we were able to assign genomic blocks
to only 289 miRNA precursors (Fig. 1) and not to the rest due
to discontinuity in genomic blocks arising from conflicts in
the start and end locations. Even though R block has the
highest number of miRNA (24), miRNA gene density was
highest in T block (6.72/Mb). The G block has only one
miRNA and the lowest miRNA gene density (0.60/Mb) in
A. thaliana (Supplementary Table 1). Together, J, Q, and R
blocks harbor ca. 20 % of the total miRNA present in
A. thaliana. A comparative analysis of organization and
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Fig. 1 Diagrammatic representation of position and orientation of 24
genomic blocks and distribution of miRNA mapped on reduced
karyotype of Arabidopsis thaliana. Boundaries of the genomic blocks
were defined using locus names. Arrows show the orientation of blocks
relative to ancestral crucifer karyotype. Black downward pointing arrow
indicates similar orientation; black upward pointing arrow indicates that

the block is inverted (D, P, V); and red upward pointing arrow indicates
that the genomic blocks are in opposite orientation (R, Q, S) but not
inverted with respect to ancestral crucifer karyotype (ACK). Thirty-six
microRNAs could not be assigned to any particular genomic block due to
lack of information (adapted from Schranz et al. 2006, and Cheng et al.
2013)
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distribution of the 24 genomic blocks across the ancestor cru-
cifer type (ACK), translocated proto-calpineae karyotype
(tPCK), and modified ACK genome (Supplementary Fig. 1)
reveals that the genomic block J is retained as a conserved
block with the adjacent I block throughout the three genome
types/karyotypes on a gross level. However, Q–R block in
ACK (A. lyrata and C. rubella) is related by an inversion
event to form R–Q block in the modified ACK (A. thaliana)
and is split on separate chromosomes in tPCK (T. halophila)
as Q and R blocks. These three blocks thus provide a contrast-
ing evolutionary background.

Identification and analysis of miRNA present in J, R,
and Q blocks in genomes of Brassicaceae

We limited our study to members of Brassicaceae with se-
quenced genomes, viz., A. thaliana, A. lyrata, C. rubella,
T. halophila, B. rapa, and B. oleracea, and analyzed the re-
tention status of miRNA present in three genomic blocks J, R,
and Q containing miR164a, miR164b, and miR164c, respec-
tively. In A. thaliana, J, R, and Q blocks contain 22, 24, and 8
miRNAs, respectively. In A. lyrata, we found two additional
miRNAs (miR3439, miR319d) in J block and one (miR4236)

in R block which have not been reported from A. thaliana.
These miRNAs were therefore also added to the present study
bringing a total number of 24, 25, and 8 miRNAs in J, R, and
Q blocks, respectively. Homology-based searches of the
miRNA present in J , R, and Q genomic blocks
(Supplementary Table 2) led to identification of miRNAs that
are conserved in other Brassicaceae genomes (Supplementary
Table 3). Out of 57 miRNAs, 26 miRNAs were conserved
across all the genomes (Fig. 2). Eighteen miRNAs were only
present in A. thaliana, whereas two miRNAs (miR3439,
miR319d) were unique to A. lyrata. Instances of lineage-
specific gain or loss of miRNAs such as miR417 (J),
miR822 (R), miR834 (R), and miR3434 (R) are indicative
of several independent events that have occurred in
Arabidopsis lineage as these are present only in Arabidopsis
species. miR8184 (R block), miR865 (R), and miR4236 (R)
were present only in either of the Arabidopsis species and
C. rubella, implying that these miRNAs are either Byoung/
recent^ in the Arabidopsis-Capsella lineage and then specifi-
cally lost from either of Arabidopsis species, or that these
could be ancient in nature and lost from one of the
Arabidopsis species and other members of Brassicaceae
(Fig. 2).
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Genome structure of A. thaliana, A. lyrata, and C. rubella
represent the ACK, whereas T. halophila, B. rapa, and
B. oleracea represent tPCK (Dassanayake et al. 2011; Cheng
et al. 2013; Parkin et al. 2014). Our analysis revealed that
miRNAs are variably retained in the ACK and tPCK karyo-
types. MiRNAs such as miR398c, miR865, miR4236,
miR5657, miR8170, and miR8184 were detected in C. rubella
and in at least one of the Arabidopsis genome. These miRNAs
were not identified in T. halophila and from the two Brassica
genomes and can therefore be either considered as ACK-specific
miRNAs or lost specifically from the tPCK genomes. In R
block, a sub-region between miR398c and miR3434 was found
to contain miRNA present only inArabidopsis and/orC. rubella
and hence may be considered as an ACK-specific sub-block
(marked in Fig. 2). The retention status of miRNA present in
the three genomic blocks is given in Table 1.

Evidence of triplicated nature was clearly visible upon
analysis of Brassica genomes. Out of the total 57 miRNAs
analyzed, 6 miRNAs were present as three copies, 12
miRNAs were duplicated, and 8 miRNAs were present as
single copy in B. rapa. In B. oleracea, 7 miRNAs
(miR390a, miR319c, miR160a, miR169b, miR2111b,
miR172b, miR156e) are triplicated, 8 miRNAs are duplicated,
and 11 miRNAs are present as single copy (Fig. 2). Few
miRNAs such as miR169b, miR172b, miR319c, miR390a,
and miR2111b were present in all the three sub-genomes of
both Brassica species, whereas some miRNAs were found to
be preferentially retained in LF sub-genome such as miR403,
miR408, miR159c (all in J block), and miR166c (R block) or
MF2 sub-genome (miR164b; R block). Seven miRNAs were
absent from MF2 sub-genomes of both B. rapa and
B. oleracea (miR156j, miR166a, miR164a, miR393a,
miR156f, miR398b and miR159c), and the tandemly orga-
nized miRNA family miR399def was completely missing
from LF sub-genomes. Cumulative preference of retention
of miRNA in sub-genome was found to be LF>MF1>MF2
(Table 1, Fig. 3).

The genomic blocks under study also contain four
tandemly arranged miRNA clusters (miR166c-d, miR398b-
c, miR399d-e-f, and miR5998a-b), out of which miR399d-e-
f cluster was found to be conserved in all the Brassicaceae
members. miR166c-d cluster is present in A. thaliana,
A. lyrata, C. rubella, T. halophila, and B. oleracea but was
partially retained with a single member in B. rapa. miR398b-c
cluster was found to be conserved in A. thaliana, A. lyrata,
and C. rubella but has only a single member, i.e., miR398b in
T. halophila, B. rapa, and B. oleracea. The reorganization of
the miR398b-c tandemly arranged family thus can be consid-
ered as ACK-specific. miR5998a-b cluster was only found in
A. thaliana, suggesting that it is formed by tandem duplication
of a young miRNA. We found evidences of two recent events
of duplication specific to B. oleracea where miR156d and
miR156f have undergone local tandem duplication to form
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tandem miRNA clusters. In all the analyzed Brassicaceae
members, miR156d was detected as a single gene in Q block
except in B. oleraceawhere two copies of miR156d organized
in tandem was observed. Similarly, we detected three
tandemly arranged copies of miR156f in R block of
B. oleracea (Fig. 2).

Members of miR164, namely A, B, and C, are present on J,
R, and Q blocks, respectively. Similarly, members of miR166a
(J block), miR166c andmiR166d (R block), miR156j (J block),
miR156d and miR156e (R block), and miR156f (Q block) can
be detected across the three blocks. Evidence of local duplica-
tion such as miR319c and miR319d (A. lyrata, J block),
miR399d, miR399e, and miR399f (J block), miR156d-
miR156d (MF1, B. oleracea, R block), and miR156f-
miR156f-miR156f (B. oleracea, LF, Q block) are also evident.
The synteny (although disrupted) across J, Q, and R blocks
indicates that members of the miRNA gene families evolved
as a result of either whole genome or segmental duplication in
an ancient ancestor. Further, expansion in a genome- or lineage-
specific manner occurred as a result of local duplication as
exemplified by miR399 d-e-f (across entire Brassicaceae) or
miR156d and miR156f (specifically in B. oleracea).

Conservation in mature and miR* region of miRNA
across Brassicaceae

The biogenesis of miRNA is a multistep process and involves
generation of primary miRNA, precursor miRNA, and finally
the mature 20–24 bp miRNA duplex. One strand of the du-
plex, termed miRNA or guide strand, is incorporated into the
RISC complex and brings about post-transcriptional gene
silencing (PTGS) by pairing with the target mRNA in a highly
sequence-specific manner. Owing to this requirement, both
the miRNA and the target binding site in the mRNA are under
a higher degree of selection pressure and thus are highly con-
served. It was believed until recently that the other strand of
the miRNA duplex, termed miR* or passenger strand, is not

involved in gene silencing and was degraded. Because of re-
laxed selection pressure, miR* regions are generally less con-
served than mature regions (Guo and Lu 2010a). Studies have
however shown that, in certain cases, miR*/passenger strand
also has regulatory activity as that of maturemiRNA in animal
systems (Okamura et al. 2008; Guo and Lu 2010b;
Kuchenbauer et al. 2011).

Out of the total 57 miRNAs studied, mature products of 13
miRNA were reported to originate from 5p arm (22.8 %); in
20 miRNAs, it was reported to originate from 3p arm
(35.08 %) and in 24 cases the mature product was derived
from both 5p and 3p arms (42.1 %; mirBase 21). In cases
where miR has been reported to originate from both 5p and
3p arms, the miR species having more number of reads was
considered as putative mature miRNA (p-m) and the miR
species with lesser number of reads was considered miR*(p-
m*). An exception to this is miR2111b, where even though
5p has less number of reads than 3p, it is considered to be
mature miRNA (miRBase version 21).

Analysis of mature sequence of miRNA across the
Brassicaceae was performed to understand pattern of
conservation/divergence in mature sequence. Several
miRNA members (miR156e, miR159c, miR160a, miR162b,
miR166a, miR166c, miR166d, miR319c, miR393a, miR403,
miR408, miR834) did not show any variation in mature se-
quence. In several instances, mature regions of miRNA
showed SNPs and in-de l s a t spec i f i c pos i t ions
(Supplementary Table 4a–c). For example, both the homologs
of miR164a from B. oleracea showed identical nucleotide
substitutions at the 6th, 9th, 10th, and 12th positions in the
mature region when compared to the rest as an instance of
species-specific change (Fig. 4). Similarly, homolog of
miR860 in T. halophila and A. thaliana showed substitutions
which were unique to these species. Apart from substitutions,
SNPs in the form of in-dels were also observed. For example,
homolog of miR8170 fromC. rubella showed a deletion at the
11th position; a two-nucleotide deletion was observed in a

Fig. 3 Retention percentage of
miRNA in LF, MF1, and MF2
sub-genomes of J, R, and Q
blocks in B. rapa and B. oleracea

Funct Integr Genomics (2016) 16:253–268 259



recent tandemly duplicated copy of miR156f (BolmiR156f-2)
in B. oleracea; and miR398b from A. lyrata harbors an inser-
tion of two nucleotides in its mature region. Some SNPs in
mature sequence were specific to sub-genomes of Brassica;
for example, the G/C substitution at the 7th position in
miR860 homolog of B. rapa and B. oleracea was specific to
LF sub-genome; and SNPs at the 20th position in homologs of
miR399e were specific to MF1 sub-genome (Fig. 4). These
substitutions/in-dels reflect an evolutionary pattern in being
either species-specific (miR860, miR398b, and miR164a,
miR156f) or Brassica sub-genome-specific (miR860,
miR399e) (Fig. 4, Supplementary Table 4a–c). Some
miRNAs such as miR3434 and miR417 were only present in
either one or two species and showed high divergence (three
to four nucleotides) in their mature region (Supplementary
Table 4a–c) suggesting that these are young miRNAs and
are rapidly evolving.

Analysis was also done to understand levels of sequence
conservation and divergence in the putative miR*(p-m*) re-
gion where the mature product has been reported to originate
from both 5p and 3p arms. Out of 24 such miRNAs where
mature product can arise from both 5p and 3p arms, we could
not analyze miR1886 (A. thaliana), miR3439, and miR319d
(both A. lyrata) as these miRNA are species-specific. Among
the studied miRNA, miR* species in miR408 and miR162b
remained invariant; miR390a, miR164b, miR164c, miR172b,
and miR162a showed high level of conservation with a single
mismatch in their miR* region, whereas in the rest of the 14
miRNAs, the miR* sequence showed low level of

conservation (two or more SNPs; Supplementary Table 4a–
c). Of the total 21 miR* sequences thus analyzed, 7 miR*
representing 33.3 % of the sample can be classified as highly
conserved as they had between zero to one mismatches,
whereas 14 miR* (equivalent to 66.6 %) showed more than
two mismatches and can thus be categorized as divergent. As
observed in the case of mature sequences (p-m), SNPs in (p-
m*) sequences also reflected an evolutionary pattern (Fig. 5,
Supplementary Table 4a–c). Homologs of miR2111b from
B. rapa and B. oleracea revealed instances of LF and MF2
sub-genome-specific substitutions at the 11th and 14th posi-
tions, respectively. Similarly, miR156d homolog from
Brassica harbors SNPs at the 6th and 11th positions which
are specific to LF sub-genome, whereas SNP at the 12th po-
sition is specific to MF1 sub-genome. Some nucleotide sub-
stitutions such as SNP at the 16th position in miR164b and at
the 4th position in miR390a were limited to T. halophila,
B. rapa, and B. oleracea and thus can be considered as
tPCK-specific substitutions. The p-m* region of miR403
and miR822 showed higher conservation as compared to
(p-m) implying that the p-m* in these two miRNAs is under
high selection pressure (Fig. 5, Supplementary Table 4 a–c).

Length polymorphism and secondary structure analysis

MiRNA is characterized by a low minimum folding energy
(MFE), imparted by pairing of bases in its secondary structure
which is subject to change by the variability in nucleotide
composition or events of in-dels in precursor sequence. In

Fig. 4 Alignment of mature miRNA (p-m) to detect conservation and divergence across Brassicaceae
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the present study, we found variability in the length of precur-
sor sequences within homologs of Brassicaceae members
ranging from 0–37 nucleotides. Some miRNAs such as
miR417, miR160a, miR8121, miR156j, miR164a, miR834,
miR398b, miR865,miR3434, miR4236, and miR860 showed
variation in length that ranged from zero to five nucleotides,
whereas in certain other cases (miR159c, mir164b, miR166c,
miR166d, miR162b, miR169b) the polymorphism in length
was high, ranging from 25 to 36 nucleotides (Supplementary
Table 5a–c). With a view to understand a correlation between
length polymorphism secondary structure and MFE, we used

mfold program (Zuker 2003) to predict the secondary struc-
tures and derive the minimum free energy of six homologous
miRNAs, namely, miR159c, miR164b, miR166c, miR166d,
miR162b, and miR169b, which showed high variation in their
length (encircled in Supplementary Table 5a–c). Indeed, in all
the cases, length variation led to changes in structure and
hence minimum free energy. For example, miR159c homolog
from C. rubella (238 nt, dG=−90.1 kcal/mol) is 35 nucleo-
tides longer than its T. halophila (203 nt, dG=−80.1 kcal/mol)
homolog primarily due to AU repeats (marked by arrow in
Fig. 6) which causes a small hairpin loop-like structure and

Fig. 5 Alignment of miR*(p-m*) region to detect conservation and divergence across Brassicaceae
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results in increase in negative free energy. Similarly, miR162b
homologs from A. lyrata and C. rubella, miR164b homologs
from B. rapa and C. rubella, miR166d homolog from
T. halophila and B. oleracea, miR166c homolog from
C. rubella, B. rapa, and B. oleracea, and miR169b from
A. lyrata and T. halophila showed variation in length leading
to formation of extra loops in secondary structure (marked
with arrows in Fig. 6) which led to either increase or decrease
in free energy of the precursor (Supplementary Table 5a–c).

Apart from the length variation, we also found variability in
MFE in homologs of miRNA across Brassicaceae. Precursor
sequences of miRNA such as miR156j, miR834, miR5998a,
miR5998b, miR156e, miR398c, and miR5657 showed small
variation in MFE (0 to 5 kcal/mol), whereas in certain cases
such as miR822, miR8184, miR164a, and miR3434, the var-
iability in MFE ranged from −20 to −50 kcal/mol. Our analy-
sis of structures with high variability in MFE (miR822,
miR8184, miR164a, miR3434) revealed that a correlation
does exist between MFE and foldback structures. miRNA

homologs with large difference in MFE also had a variation
in their foldback structures (except in case of miR822). The
variability in structure was primarily due to unpaired bases
which results in the formation of bulges or interior loops and
increase in negative free energy of precursor (marked by ar-
rows in Fig. 7, Supplementary Table 5a–c). For example, ho-
mologs of miR164a from B. oleracea and A. thaliana show
different MFEs of −65.9 and −46.8 kcal/mol, respectively,
which is a result of two interior loops and unpaired bases
(marked by an arrow in Fig. 7). An exception to the observa-
tion was revealed when foldback structures were analyzed for
miR822 homologs from A. thaliana and A. lyrata where, de-
spite the large variation in MFE (−31.2 kcal/mol), the second-
ary structures have not changed considerably (Fig. 7).

Phylogenetic analysis

To gain insights into the evolutionary history and relationship
of miRNA precursor sequences, phylogenetic analysis was
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Fig. 7 Correlation between minimum free energy and secondary structure of orthologous miRNA precursors. Mature region is highlighted in pink and
distinguishing structures/loop are marked by an arrow
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performed using the maximum likelihood method
(Supplementary Figs. 2-3). Shorter length of 80–150 bp and
high evolutionary selection pressure does not allow enough
substitutions and gaps in sequence for proper resolution of
phylogenetic relationships, thus leading to low bootstrap sup-
port on branches. Analysis of the phylograms reveals that, in
majority of the cases, the precursor sequences cluster accord-
ing to the species tree with sequences derived from
A. thaliana, A. lyrata, and C. rubella grouped together; pre-
cursor sequences from the two Brassica species were also
grouped according to their genome fraction, i.e., LF, MF1,
and MF2 (e.g., blue box; Supplementary Figure 2A B, C, D,
E, F, G etc.). Evidence of local duplication leading to expan-
sion of the miRNA gene family can be observed in phylogram
of miR156d and miR156f (red box, Supplementary Fig. 2A–
B).The sub-genome-specific grouping ofmiRNAs inBrassica
reflects that the triplication event occurred prior to speciation
and divergence. We also performed phylogenetic analysis of
families of miRNA members present in J, R, and Q blocks,
i.e., miR164a-b-c, miR156d-e-f-j, miR162a-b, miR399d-e-f,
and miR319c-d. The phylograms clustered the orthologous
members, thus confirming their syntenic relationship. An in-
teresting observation is the grouping of miR164a from LF and
MF1 sub-genomes from B. rapa and B. oleracea as separate
clusters (supported by high bootstrap value), implying this
expansion to be a post-speciation event instead of being an
outcome of a triplication event that happened at the node of
the Brassica lineage before the split of B. rapa and
B. oleracea. Similarly, grouping of tandemly duplicated mem-
bers such as miR156d and miR156f in B. oleracea and
miR319c-d clustered with each other indicates that these have
arisen as a result of recent genome-specific tandem (green
box; Supplementary figure 3A, C, D).

Discussion

Contrasted retention of young versus conserved miRNA

Small RNA sequencing in plant genomes has revealed the
presence of a large number of non-conserved miRNAs sug-
gesting that miRNAs are born and lost at high frequency
(Fahlgren et al. 2010; Kantar et al. 2012). BYoung^ miRNAs
are known to be lowly expressed and lack in targets and the
key factor which decides that their retention in genome is
whether such young miRNAs are able to make a functional
relationship with a target which is advantageous to plant
(Fahlgren et al. 2010). Our homology-based search for homo-
logs of miRNA belonging to J, R, and Q in sequenced ge-
nomes of Brassicaceae identified 13 such miRNAs which
were restricted to a particular species and 5 miRNA which
were lineage-specific, i.e., may represent recently evolved
miRNA. In contrast, there exist miRNA families which are

deeply conserved across the land plants, and the reason for
their extreme conservation is their interaction with their targets
and their role in regulating critical developmental processes.
Many miRNA members detected in the present study such as
miR156, miR159, miR164, and miR169 have been reported
to be conserved in the earlier studies (Zhang et al. 2006; Jones-
Rhoades 2012). A study published recently to analyze evolu-
tion of miRNA in cotton reports that miR156, miR162,
miR164, miR172, and miR319 are conserved across
Gossypium raimondii, G. arboreum, and G. hirsutum which
are present in the J, Q, and R blocks in Brassicaceae, and their
conservation status is in accordance with our findings (Xie
and Zhang 2015). Apart from computational evidence of con-
servation of miRNAs, several reports exist that validate func-
tional conservation of miR across plant species (Jasinski et al.
2010), miR165 (Sakaguchi andWatanabe 2012), and miR156
and miR172 (Wang et al. 2011).

Retention of miRNA is dependent on its ancestral
karyotype

Several comparative genomic studies have been undertaken to
unravel the relatedness of Brassicaceae species with each oth-
er (Song et al. 1988; Yogeeswaran et al. 2005). In 2006,
Schranz et al. combined decades of knowledge on
Brassicaceae comparative genomics and demonstrated that
the species in Brassicaceae are made up of 24 genomic blocks
(A–X) which have undergone rearrangements to give rise to
present-day karyotypes of various Brassicaceae species
(Schranz et al. 2006). The analysis of information derived
from comparative linkage maps and comparative chromosom-
al painting techniques showed that A. lyrata and C. rubella
represent ACK; A. thaliana represent rearranged/modified
ACK; and some of lineage II tribes in Brassicaceae such as
Calepineae, Conringieae, and Noccaeeae represent PCK
whereas karyotypes of Eutremeae, Isatideae, and
Sisymbrieae show an additional translocation in PCK and
hence was termed as tPCK (translocated-PCK) (Schranz
et al. 2006, 2007; Lysak et al. 2007; Mandáková and Lysak
2008; Cheng et al. 2013). Whole genome sequencing of
Thellungiella parvula (a species belonging to Eutremeae)
has confirmed its tPCK structure (Dassanayake et al. 2011).
Similarly, analysis of genome sequence of B. rapa and
B. oleracea also revealed that they represent a triplicated
tPCK karyotype with three copies of each genomic block
(except G block which is present in two copies) (Cheng
et al. 2013; Parkin et al. 2014). In our study, we found that
retention of miRNAwas dependent on its ancestral karyotype.
Some miRNAs were only present in genomes which represent
ancestral karyotype ACK (A. thaliana, A. lyrata, and C.
rubella) and absent in genomes which represent tPCK
genomes (T. halophila, B. rapa, and B. oleracea). Taylor
et al. (2014) have combined the miRNA data from miRBase
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and analyzed in the context of plant kingdom phylogeny for
similar analysis (Taylor et al. 2014).

Shen et al. (2015), by combining miRNA and genome se-
quence data from B. napus (AC), B. rapa (A), and B. oleracea
(C), show that the miRNA component of B. napus (AC) can be
compartmentalized into the two donor genomes, namely, A and
C genomes. Based on such analysis, it was also proposed that
miRNA families such as miR156, miR166, and miR171 have
undergone B. napus-specific expansion via local segmental du-
plication; similarly, miRNA families such as miR172, miR395,
miR159, and several have undergone gene loss and conse-
quently are smaller (Shen et al. 2015).

A consequence of polyplodization in plants is the opportu-
nity to evolve new genetic networks. Analysis of miRNA and
targets from A, D, and AD genomes of cotton (G. arboreum,
G. raimondii, and G. hirsutum respectively) shows that
miRNA derived from A and D genomes can acquire targets
from D and A genomes, respectively (Xie and Zhang 2015).
Studies have also provided clear evidence of differential ex-
pression pattern of miR and miR* derived from the various
polyploid genomes such as in comparative analysis of cotton
allopolyploid (G. hirsutum (AD) with G. arboreum (A) and
G. raimondii (D); and B. napus amphidiploid in comparison
with (AC),B. rapa (A), and B. oleracea (C)) (Shen et al. 2015;
Xie and Zhang 2015).

Comparison of precursor sequences across homologs from
the J, Q, and R blocks revealed clustering of orthologous
sequences albeit with moderate to low bootstrap support in
several cases. This may be attributed to low informative poly-
morphisms across the precursor because of high positive se-
lection pressure. Low bootstrap support in phylograms is in-
dicative of lack of enough character states to resolve the phy-
logenetic relationships, a problem generally encountered in
small sequences and regions which are under high selection
pressure as has been observed when analysis of miR165/166
was performed (Barik et al. 2014). Guerra-Assunção and
Enright have employed miRNA phylogeny and synteny to
understand recent expansion and contraction of miRNA gene
families in eight species of animals and also performed com-
parative phylogeny of targets to investigate functional conser-
vation (Guerra-Assunnção and Enright 2012). In the present
study, clustering of precursor sequences based on the sub-
genomes is in accordance with the earlier two-step theory to
explain genome triplication event that occurred in Brassica
(Cheng et al. 2012).

miRNA, like protein-coding genes undergo gene
fractionation

In the present study, we analyzed genomes B. rapa and
B. oleracea whose genomes are triplicated as compared to
A. thaliana and categorized as mesopolyploids (Lysak et al.
2005; Mandáková et al. 2010). Polyploidization is known to be

followed by fractionation events where one of the copy of these
sub-genomes retains more genes whereas the other sub-genome
loses more number of genes as has been seen in the case of
maize, wheat, and cotton, to name a few (Chaudhary et al.
2009; Schnable et al. 2011; Zhao et al. 2011; Eckardt 2014). In
diploid Brassicas, i.e., B. rapa and B. oleracea), the triplication
event led to creation of three such sub-genomes where the gene
retention is in the order of LF>MF1>MF2. One intriguing
question is whether miRNA gene-like protein-coding genes also
underwent gene fractionation. In our study, it was found that LF
sub-genome in both theBrassica species retained at least equal, if
not more, percentage of miRNA as compared to MF1 and MF2
counterparts. We observed that, in most of the cases, miRNA
members retained by specific sub-genome of B. rapa were also
retained by respective sub-genome of B. oleracea which is in
accordance with the earlier findings that majority of gene loss
observed in two Brassica has occurred prior to their species
divergence (Parkin et al. 2014).

Recurring occurrences of tandem duplication of miRNAs
in plants

It is now well known that like protein-coding gene families,
miRNA families have also expanded via segmental and tan-
dem duplication events (Guerra-Assunnção and Enright 2012;
Xiao et al. 2013). In A. thaliana, 18 out of 22 miRNA gene
families have been reported to have arisen via tandem dupli-
cation (Maher et al. 2006). In the present study, we identified
four such tandemly arranged miRNA clusters—miR166cd,
miR398bc, miR399def, and miR5998ab which were found
to be variably retained in different Brassicaceae species; in
addition, two recent events of tandem duplication of
miR156d and miR156f in B. oleracea genome were detected.
Indeed, such duplications act as a raw material for functional
diversification of genes ultimately leading to change in mor-
phology and adaptability of organisms (Cuperus et al. 2011).

Instances of SNPs and in-dels are common in mature
region

An important aspect influencing the evolution of miRNA se-
quences is their interaction with the target RNA. A miRNA
precursor is composed of two regions: a stem region harboring
mature miRNA and miRNA* and a variable loop region.
Mature region of miRNA and seed region of target mRNA
are functional units of the PTGS interaction and are therefore
under positive selection pressure and highly conserved. The
sole reason for this conservation is requirement of high degree
of complementary base pairing between the miRNA-mRNA
partners which prevents sequence drift during the course of
evolution (Ehrenreich and Purugganan 2008). SNPs in the
mature region of an miRNA can either destroy or modulate
the efficiency of its interaction with the target, lest it can also
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create a new target. Most miRNAs have more than one target
belonging to the same gene family with similar or identical
miRNA binding site, and a single nucleotide change in mature
miRNAwould necessitate a simultaneous compensatory mu-
tation in all of its target genes (Axtell and Bowman 2008). In
the present study, several instances of substitutions and in-dels
in the mature region were detected. Many of these changes
were either species-specific, lineage-specific, karyotype-spe-
cific, or sub-genome-specific, implying that such events have
followed an evolutionary path and are not random. It is how-
ever essential here to understand that substitution at different
positional sites of mature miRNAwill not have the same effect
on miRNA –target interaction. According to the rules, an ef-
ficient miRNA target interaction requires effective base
pairing at 2–12 base pair of the mature region and only one
base pair mismatch is allowed which should not occur at the
10th and 11th base pairs (cleavage site); at the 3′ end (13–21
base pair), the stringency of base pairing is low allowing up to
four base pair mismatches, but not two in a row (Ossowski
et al. 2008). In the present study as well, we found that most of
the mismatches in the mature region lie in the 3′ end of
miRNA satisfying the basic rules of miRNA target interaction.
A complete understanding would necessitate studying the
cognate target sequences from the respective species.

Conservation of miR* region points to their functional
importance

One of the essential steps in miRNA biogenesis is processing
of precursor miRNA to yield mature miRNA and miRNA*,
after which the mature miRNA is recruited into the RISC
complex and guides the RISC complex for target degradation
whereas miRNA* decays (Cuperus et al. 2011). Even though
degradation has been considered as only fate of miRNA*
species, this theory has repeatedly faced challenge from small
RNA sequencing data where, despite the aggressive and strin-
gent filtering, many miRNA* sequences have been detected
above the signal threshold (Cloonan et al. 2011; Llorens et al.
2013; Jagadeeswaran et al. 2010). In support of this proposi-
tion, studies have shown that miRNA* species are less abun-
dant than their mature miRNA partners but in physiologically
relevant levels can associate with Argonaute proteins and can
have inhibitory activity (Okamura et al. 2008). Further, these
miRNA* species have been reported to have different targets
than their miRNA (mature) counterparts in Drosophila
(Marco et al. 2010), A. thaliana, and rice (Manavella et al.
2013; Shao et al. 2013). Expression profiling has shown that
both miRNA and miRNA* can co-accumulate in some tissues
whereas in others, only one of these two miRNA species ac-
cumulate and may perform the necessary physiological func-
tion (Ro et al. 2007). Due to growing evidences of the func-
tional role of miRNA* in the biological system, miRBase, the
largest repository of miRNA, has started using 5p and 3p for

annotation instead of miR and miR*, signifying that the dom-
inant form of mature miRNA can be derived from both 5′ and
3′ arms. In light of this understanding, it is reasonable to be-
lieve that in case miRNA* is also performing a regulatory
role, it should also follow the rules of miRNA target interac-
tion and therefore should show sequence conservation across
the various species. To test this hypothesis, the precursor
miRNAs where mature miRNAs from both the arms have
been reported in miRBase were also studied. The extreme
conservation in miRNA* species across the family in few
cases signals their possible regulatory role in the plant system.
A similar study in animal miRNAs also showed that, in certain
cases, miRNA* sequences are conserved as their mature coun-
terparts which may suggest their functional role in system
(Guo and Lu 2010a). A recent study in cotton showed that
miR172*, miR390*, miR164*, miR171*, miR2949*, and
miR3954* are present in abundance in small RNA fraction
and their expressions vary in different tissues (Xie and
Zhang 2015). Also, in a study, Kang et al. (2013) found that
introduction of an artificial target of miR*(miR-7b*) led to up-
regulation of miR-7b* and not miR-7b (mature miRNA), im-
plying that abundance of target transcripts plays a significant
role in miRNA arm selection (Kang et al. 2013). In plants,
functional activity of miRNA* has not been much investigated,
and its study at functional level holds the promise of unraveling
another hidden layer of regulation in biological systems.

Extent of secondary structure polymorphism
among homologs is dependent on nature and position
of SNPs and in-dels in sequences

Unlike the mature region, the loop regions of precursors are
variable and are subject to genetic drift. It should be recog-
nized that multiple copies of identical sequences are silenced
in genome by RNAi machinery and hence variability in pre-
cursors may be required to keep the miRNAmachinery active
(Tang 2010). The plausible modes of variability in precursor
sequences are either by in-dels or by substitutions, both of
which ultimately led to change in secondary structure of
miRNA. A stable secondary structure is required for an effi-
cient processing of miRNAwhich indirectly governs the level
of expression of miRNA in a system (Mateos et al. 2010). The
stability of stemloop is estimated by MFE values which
decrease by stacking energy of successive base pairs or
increase by destabilizing energy associated with non-
complementary bases (Bonnet et al. 2004). To understand
the effect of variability or SNPs at a particular position, two
types of studies have been performed. The first analysis dealt
with exploring the natural variation observed in precursor se-
quences in plant families and understanding their effects on
MFE and secondary structure of precursors (Kusumanjali
et al. 2011; Kumari et al. 2012; Shivaraj et al. 2014). The
second type of study dealt with generating mutants at various
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positional locations of precursors and thereafter finding the
effect of these mutations by studying their processing in in
vivo system (Mateos et al. 2010; Werner and Wollmann
2010). The present study falls in type I category study where
we found that increase in precursor length showed a positive
correlation with MFE values, and large variation in MFE
values resulted due to unpaired bases which formed internal
loops, bulges, and unpaired bases in secondary structure of
precursors ultimately decreasingMFE of precursor sequences.
Collectively, it can be understood that MFE values increase
with increasing sequence length if it increases the number of
paired bases in precursor (Trotta 2014), and variability by
means of substitution can also increase or decrease the free
energy depending on whether they create a favorable base
pairing or destroy the existing one by formation of internal
loops and bulges (Long et al. 2007; Xiong et al. 2013).

Summary/Conclusion

To the best of our knowledge, this is the first report on docu-
mentation of lineage-specific such as ACK-specific or tPCK-
specific miRNA changes. Although miR164 is one of the most
ancient and conserved miRNA families present in the plant
kingdom, little information is available on the evolutionary tra-
jectory of the family in the context of genome evolution and
functional diversification The present study sampled ca. 20% of
the total miRNAs present in A. thaliana, and extension of such a
strategy to other genomic blocks will give us an even larger and
more comprehensive view of how miRNAs evolve in nature.
Also, our criteria of the absence of miRNA homologs are based
on its search in the syntenic/homologous position, and it does
not evade the possibility of presence of miRNA at any non-
syntenic position in genome as a result of a transposition event.
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