










associated with tandem duplication. As shown in Supplemental
Table 6, interestingly, if tandem duplication was not involved, the K
forMIRNA duplicates was significantly smaller than that forMIRNA
singletons (P < 0.001, x2 test). No significant difference of K was
observed between MIRNA duplicates involved in tandem duplica-
tion and MIRNA duplicates uninvolved in tandem duplication but
a significantly higher K for MIRNA singletons uninvolved in tandem
duplication than that for MIRNA singletons involved in tandem
duplication (P < 0.001, x2 test).

Finally, K values between interspecifically conserved and non-
conservedMIRNAs, under the categories ofMIRNA duplicates and
singletons, were compared using the intraspecific comparative
sequence data. In both genic and unclassified categories, non-
conserved MIRNA singletons consistently showed significantly
higher K than conserved MIRNA singletons, but no significant dif-
ferences were detected between conserved duplicates and non-
conserved duplicates (Table 3). These observations suggest that
the status of duplication, including WGD and tandem duplication,
of non-TE-related MIRNAs is the main determinant of their evolu-
tionary rates.

Functional Divergence of MIRNA Duplicates Reflected by
Variations in miRNA Sequence and Abundance

Using soybean small RNA libraries previously reported (Zhao
et al., 2015), we evaluated average levels of accumulation of the
mature miRNAs for the MIRNA precursors analyzed in this study
(Table 4; Supplemental Table 7). Among the three categories of
miRNAs, those located in genic regions showed the highest
level of abundance, and those that arose from TEs showed the
lowest levels of abundance. Overall, miRNA duplicates located
in genic regions showed higher levels of abundance than miRNA
singletons located in genic regions, but such a difference was
rather modest in comparisons between miRNA duplicates and
singletons located in unclassified sequences. Because, gen-
erally, a small number of miRNAs are predominant in a partic-
ular library (Arikit et al., 2014; Zhao et al., 2015), as indicated by
the SD of the evaluated expression levels (Table 4), the accu-
mulation levels measured in this set of small RNA data could
be somewhat biased. Nevertheless, the distinction was clear
for the overall accumulation patterns among the three cate-
gories of miRNAs and between the miRNA duplicates and
singletons.
In an attempt to understand the evolutionary consequences of

duplicated MIRNAs, we compared the 94 duplicated MIRNA
pairs and 28 MIRNA singletons in soybean with their respective
orthologs in common bean. As shown in Table 5, of the 94 soy-
bean MIRNA orthologous pairs, 67 (71.3%) each produced an
identical miRNA by the two duplicated members and by their
ortholog in common bean (dubbed type I: S1=S2=C), seven
(7.4%) each produced an identical miRNA, which was diverged
from the miRNA produced by an respective ortholog in common
bean (dubbed type II: S1=S2;C); eight (8.5%) each produced two

Figure 3. Comparison of Evolutionary Rates between MIRNAs and
PEGs in Soybean.

(A) Comparison of evolutionary rates ofMIRNAs with different sets of PEGs.
The statistical analysis was conducted between each set of MIRNAs and
PEGs by Student’s t test. The “a” above each column indicates P < 0.01.
(B) Comparison of evolutionary rates of MIRNAs with the up- and down-
stream 10 flanking genes related to the MIRNAs. The pink circle indicates
MIRNAs.
Ka, Ks, and K were calculated by pairwise comparison of the ortholo-
gous MIRNAs or PEGs between soybean and common bean.

Figure 4. Pairwise Comparison of Evolutionary Rates among the Three
Categories of MIRNA Duplicates and MIRNA Singletons.

Evolutionary rates were calculated by pairwise comparisons between
orthologous genes among seven pan genomes of G. soja. The statistical
analysis was conducted by Student’s t test. The “a” above two columns
indicates P < 0.01.
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diverged miRNAs, one of which was identical to the miRNA
produced by an respective ortholog in common bean (type III:
S1;S2=C); 10 (10.6%) each produced two diverged miRNAs,
neither of which was identical to the miRNA produced by an
respective ortholog in common bean (type IV: S1;S2;C),
and two (9.6%) each produced two diverged miRNAs, but the
respective ortholog in common bean was a pMIRNA (type V:
S1;S2?C). By contrast, of the 28 MIRNA singletons in soy-
bean and respective orthologs in common bean, 19 (67.9%)
each produced an identical miRNA in both species (type VI:
S=C), seven (25%) each produced diverged miRNAs (type VII:
S;C), and two (7.1%) were pMIRNAs in common bean (type
VIII: S?C).

It is notable that the majority (90.5%) of duplicated MIRNA
pairs, whose two members generate identical miRNAs in soy-
bean, have orthologs producing identical miRNAs in common
bean. By contrast, of the 20 duplicated MIRNA pairs whose two
members produce diverged miRNAs, only eight (40%) have or-
thologs producing miRNAs identical to one of the two miRNAs in
soybean. These observations suggest that homologous MIRNAs
producing identical miRNAs in soybean tend to have orthologs that
produce identical miRNAs in common bean.

Comparative analysis of the MIRNA orthologs between
soybean and common bean revealed potential gain- or loss-
of-function mutations that have occurred in one of the two
duplicated MIRNA homologs in soybean. As exemplified in
Supplemental Figure 5, an insertion of a single nucleotide “G” in
one of a duplicated pMIRNA structures appears to have oc-
curred after the recent soybean WGD event in soybean, which
may have created a gain-of-function MIRNA that produces
miR169 in soybean given the fact that neither its homoeolog in
soybean nor its ortholog in common bean without the insertion
of “G” apparently enable to produce miRNA products. Another
example is a single point mutation that appears to have oc-
curred in one of the two duplicated MIR5778 precursor genes
after the recent WGD event, which may have led to the formation
of a pMIRNA in soybean. In addition to expressional gain and
loss of duplicated MIRNAs, changes in accumulation levels of
duplicated MIRNAs were detected by analysis of the relative
abundance of distinguishable miRNAs produced by the paired
MIRNAs (Supplemental Table 8).

The PEG Targets of MIRNA Duplicates Are More
Preferentially Retained as Duplicates Than the PEG
Targets of MIRNA Singletons

To understand whether the fractionation of duplicated MIRNAs
may have shaped the pattern of retention and elimination of their
miRNA targets following the recent WGD event in soybean, we
selected and analyzed 289 miRNA targets that have been validated
using three parallel analysis of RNA ends (PARE) libraries (Song
et al., 2011; Shamimuzzaman and Vodkin, 2012; Hu et al., 2013;
Arikit et al., 2014; Supplemental Figure 6). It was found that the 289
PEGs were targeted by 155 miRNAs generated from 265 MIRNAs,
including 186MIRNA duplicates and 79MIRNA singletons. Among
these 186 duplicated MIRNAs and 79 MIRNA singletons, 123 and
47 were predicted to be able to generate 71 and 43 miRNAs, re-
spectively, to target two sets of nonoverlapping genes. It was
predicted that the miRNAs from the 123 duplicated MIRNAs tar-
geted 111 PEG duplicates and 31 singletons, while the miRNAs
from the 47 MIRNA singletons targeted 39 PEG duplicates and 20
singletons. Statistically, the ratio (1:3.6) of PEG singletons versus
PEG duplicates targeted by miRNAs from the duplicated MIRNAs
was significantly higher than the ratio (1:2.0) of PEG singletons
versus PEG duplicates targeted by miRNAs from the MIRNA sin-
gletons (P < 0.01, x2 test).

The PEG Targets of Conserved MIRNAs Are More
Preferentially Retained as Duplicates Than the PEG
Targets of Nonconserved MIRNAs

To understand whether the intra- and interspecific conservation
ofMIRNAs is associated with conservation of the corresponding
miRNA targets, we further analyzed the 289 genes targeted by
155 miRNAs generated by 265 MIRNAs, as described above
(Supplemental Figure 7). These 265 MIRNAs were grouped into
two categories: conservedMIRNAs and nonconservedMIRNAs.
The former refer to the MIRNAs with orthologs in common bean
and the latter refer to the MIRNAs without orthologs in common
bean. Of the 265 MIRNAs, 163 are conserved and 102 are non-
conserved between the two species. When predicted targets of
miRNAs generated by both conserved and nonconserved MIRNAs
were excluded, there remained 105 conserved MIRNAs and
70 nonconserved MIRNAs, which were predicted to be able to

Table 2. Comparison of Evolutionary Rates between MIRNA
Duplicates and MIRNA Singletons

Comparison Duplicates Singletons Pa

Soybean vs. common bean
Overall 0.1063 6 0.0628 0.1404 6 0.0547 0.0070
Genic region 0.0971 6 0.0679 0.1454 6 0.0521 0.0276
Unclassified region 0.1046 6 0.0565 0.1280 6 0.0511 0.1426

Among seven soybean pan genomes
Overall 0.0022 6 0.0044 0.0100 6 0.0144 <0.0001
Genic region 0.0013 6 0.0025 0.0074 6 0.0111 <0.0001
Unclassified region 0.0019 6 0.0035 0.0064 6 0.0100 0.0020
Repetitive DNA region 0.0086 6 0.0098 0.0159 6 0.0185 0.0234

aStudent’s t test.

Table 3. Comparison of Evolutionary Rates between Conserved and
Nonconserved MIRNAs with Genomic Sequences from the Seven G.
soja Accessions Used for Construction of a G. soja Pan Genome

Comparison Conserved Nonconserved Pa

Duplicates
Overallb 0.0017 6 0.0035 0.0024 6 0.0038 0.1265
Genic region 0.0013 6 0.0028 0.0015 6 0.0022 0.7824
Unclassified region 0.0019 6 0.0040 0.0019 6 0.0025 0.9083

Singletons
Overallb 0.0016 6 0.0028 0.0083 6 0.0114 <0.0001
Genic region 0.0005 6 0.0012 0.0087 6 0.0117 <0.0001
Unclassified region 0.0025 6 0.0034 0.0078 6 0.0111 0.0099

aStudent’s t test.
bDoes not contain MIRNAs located in repetitive DNA region.
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generate 59 and 56 miRNAs, respectively, to target two sets of
nonoverlapping genes. The miRNAs from the 105 duplicated
MIRNAs targeted 95 duplicated genes versus 21 singletons, while
the miRNAs from the 70 MIRNA singletons targeted 53 duplicated
genes and 34 singletons. Statistically, the ratio (1:4.5) of singletons
versus duplicated genes targeted by miRNAs from the duplicated
MIRNAs was significantly lower than the ratio (1:1.6) of singletons
versus duplicated genes targeted by miRNAs from the MIRNA
singletons (P < 0.001, x2 test).

The MIR1510 Family Was Derived from an Ancient
Duplication in Legumes and Targets Numerous
NB-LRR Genes

Plant nucleotide binding leucine-rich repeat proteins (encoded
by NB-LRR genes) are generally grouped into two subclasses:
the Toll/Interleukin-1 receptors-like group (TIR-NB-LRRs [TNLs])
and a coiled-coil domain containing group (CC-NB-LRRs
[CNLs]) (Meyers et al., 1999; Dangl and Jones, 2001; Jones and
Dangl, 2006). Both classes are targeted by miRNAs, typically
generating phasiRNAs, which could reduce the levels of the
transcripts of their targets in cis and in trans (Fei et al., 2013). A
MIRNA superfamily composed of the MIR482 family and the
MIR2118 family target NB-LRRs at the encoded and conserved
P-loop motif and is highly conserved among divergent plant
species including Arabidopsis, tomato (Solanum lycopersicum),
Medicago truncatula, soybean, and even the grasses (Lu et al.,
2006; Subramanian et al., 2008; Szittya et al., 2008; Zhai et al.,
2011; Shivaprasad et al., 2012). In addition, a third, related family,
MIR1510, was recently identified in legumes such as M. truncatula
and soybean (Subramanian et al., 2008; Szittya et al., 2008; Zhai
et al., 2011; Arikit et al., 2014; Zhao et al., 2015), indicating the
existence of thisMIRNA family prior to the divergence of these two
species from a common ancestor ;50 MYA (Bertioli et al., 2009;
Severin et al., 2011). As expected, MIR1510 was also found in
common bean (Figures 5A and 5B).

To elucidate the evolutionary origin of MIR1510, we extracted
the MIRNA sequences of all MIRNAs belonging to the MIR482/
MIR2118/MIR1510 superfamily from soybean and common
bean, compared the genomic regions harboring these MIRNAs
between the two species, and generated a phylogeny of these
MIRNAs. Our results suggest that the two MIR2118s (i.e., gma-
MIR2118a and gma-MIR2118b) and the two MIR1510s (i.e., gma-
MIR1510a and gma-MIR1510b) are homoeologous pairs generated
by the recent WGD, which occurred ;13 MYA, orthologous to the
common bean pvu-MIR2118 and pvu-MIR1510, respectively

(Figures 5A and 5B; Supplemental Figures 8 and 9). The results also
suggest that MIR2118 and the MIR1510 were generated by a du-
plication seemingly predating the split of soybean and common
bean from a common ancestor. Because MIR1510 was also found
inM. truncatula (Figure 5C; Zhai et al., 2011), it is thus reasonable to
deduce that the duplication of the MIR2118 and MIR1510 lineages
occurred prior to the divergence of soybean/common bean and
M. truncatula (Bertioli et al., 2009; Severin et al., 2011). However,
because the genomic regions harboringMIR2118 andMIR1510 did
not show clear syntenic relationships in either soybean/common
bean orM. truncatula, while theMIR2118 region in common bean is
syntenic to a genomic region without MIR1510 (Schmutz et al.,
2014), suggesting that the duplication event producing these two
MIRNAs may not be the WGD shared by the soybean/common
bean andM. truncatula lineages proposed to have occurred;50 to
60 MYA. Given that MIR2118 is shared by dicots and monocots
(Figure 5C; Supplemental Figure 9), while MIR1510 is apparently
specific to legumes, the MIR1510 group is perhaps a variant spe-
cifically formed in the legume lineage, representing an evolutionary
novelty mediated by segmental or single-gene duplication. It is also
interesting to mention thatMIR482 variants were not present in the
orthologous regions (Supplemental Figure 10) or any other regions
in the common bean genome (Schmutz et al., 2014), but they
present in two pairs of homoeologous regions in soybean that were
derived from the older WGD event (Figure 5C), suggesting that the
original counterpart(s) of soybean MIR482b/d and MIR482a/c in

Table 4. Comparison of miRNA Expression Levels between MIRNA
Duplicates and MIRNA Singletons

Comparison Duplicates (TPM)a Singletons (TPM)a Pb

Overall 10,582 6 54,134 1,131 6 7,800 0.0790
Genic region 19,437 6 78,735 412 6 1,311 0.1206
Unclassified region 4,889 6 26,484 2,882 6 13,956 0.6341
Repetitive DNA region 263 6 507 290 6 857 0.9410
aTranscripts per million mapped reads.
bStudent’s t test.

Table 5. Comparison of the Orthologous MIRNAs in Soybean and
Common Bean

Conservation or Divergence of MIRNAs Types Numbers

Category of duplicates Pairs of duplicates
miRNAs from two MIRNA duplicates

in soybean and their ortholog in
common bean are same

S1=S2=C 67

miRNAs from two MIRNA duplicates
in soybean are same, but different
from their counterpart in common
bean

S1=S2;C 7

miRNAs from one of the two MIRNA
duplicates in soybean is same as
its counterpart in common bean

S1;S2=C 8

miRNAs from two MIRNA duplicates
in soybean and their ortholog in
common bean are all different

S1;S2;C 10

miRNAs from two MIRNA duplicates
in soybean are different and no
counterparts were detected in
common bean

S1;S2?C 2

Category of singletons Singletons
miRNAs from the MIRNA orthologs in

soybean and common bean are
same

S=C 19

miRNAs from the MIRNA orthologs in
soybean and common bean are
different

S;C 7

miRNAs from MIRNAs in soybean
were not detected in common
bean

S?C 2
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common bean must have both been eliminated. For all members of
the MIR482/MIR2118/MIR1510 superfamily in soybean, high levels
of abundance of both miRNA-5p and miRNA-3p were detected,
with the former predicted to target a variety of PEGs and the later
mainly regulating NB-LRR gene family (Figure 5D).

More interestingly, miR1510, which is 21 nucleotides in
length, was predicted to target 111 NB-LRRs, including 86 TNLs
and 25 CNLs in soybean. By contrast, the highly conserved 22-
nucleotide miR2118 and 22-nucleotide miR482 were predicted
to only target seven and nine NB-LRRs, respectively, with three
and two predicted targets overlapped with the predicted targets
of miR1510 (Figures 6A and 6B; Supplemental Figure 11 and
Supplemental Data Set 7). A careful examination of the precursor
sequences of the three MIRNAs reveals a shift of eight nucleotides
resulting from natural variation in the stem of the predicted
MIR1510 (Figure 6C; Supplemental Figure 12). This 8-nucleotide
shift better aligns miR1510 with the highly conserved nucleotides

that encode the core of the P-loop and appears to be responsible
for the formation of MIR1510, including both miR1510-5p and
miR1510-3p.
The 21-nucleotide miRNA1510 showed canonical character-

istics of the 22-nucleotide miRNA triggers associated with AR-
GONAUTE1 (AGO1) for initiation of PHAS loci (Figure 5C), such
as “U” in the 59 position, a common feature of miRNAs loading
to AGO1, “A” in position 10, and “C” in the 39 position (Chen
et al., 2010). In addition, a previous analysis of PARE data and
soybean miRNAs demonstrated that miR1510 directs cleavage
and triggers biogenesis of phasiRNAs from at least 20 NB-LRRs
(Arikit et al., 2014). Therefore, miR1510 is clearly a trigger for
producing phasiRNAs, although the miR1510-5p:miR1510-3p
duplex does not show any asymmetrically positioned bulged
base(s) (Supplemental Figure 8). Such bulged bases, rather than
miRNA-5p or miRNA-3p length, have been shown to be a critical
factor for some 22-nucleotide miRNAs to trigger the production

Figure 5. MIR1510, MIR482, and MIR2118 Share a Common Origin.

(A) Sequence alignment of MIR1510, MIR482, and MIR2118 family members. The unaligned or poorly aligned regions (red triangles) of gma-MIR2118a
were removed for better view. pvu-MIR2118 and pvu-MIR1510 indicate the orthologous copies from the common bean genome.
(B) Phylogenetic relationship of MIRNA precursors. Bootstrap values were calculated from 1000 replicates. Sequence alignment is shown in
Supplemental Data Set 8.
(C) Conservation profile of miR1510 with miR482 and miR2118 in diverse plant species. The mature miRNA sequences were retrieved from miRBase.
(D) The expression values of miR482, miR2118, and miR1510 in the soybean small RNA libraries. TPM, transcripts per million mapped reads.
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of secondary siRNAs (Manavella et al., 2012). The PARE data
and small RNA data previously generated by our studies in
soybean (Song et al., 2011; Shamimuzzaman and Vodkin, 2012;
Hu et al., 2013; Arikit et al., 2014; Zhao et al., 2015) reveal that
miR1510 targets the encoded, core P-loop motif of NB-LRRs,
a sequence highly conserved among the 111 predicted targets

in soybean (Figures 6C and 6D; Supplemental Figure 13). By
contrast, the target sites of miR482 and miR2118 in NB-LRR are
more diverged, to a level at which only a few NB-LRR copies
could be targeted by these two interspecifically highly con-
served miRNAs; as a result, NB-LRRs in soybean are primarily
targeted by miR1510. In soybean, miR1510 functions as the

Figure 6. Predicted Targets of miR482, miR2118, and miR1510 in Soybean.

(A) Comparison of the predicted NB-LRR targets of miR482, miR2118, and miR1510 at or under a penalty score of 5.
(B) Different classes of NB-LRR targets. The numbers embedded in the regions of each column represent the counts of NB-LRR targets of the
corresponding class. CNLs, CC-NB-LRRs; TNLs, TIR-NB-LRRs.
(C) Two randomly selected NB-LRR genes targeted by miR482, miR2118, and miR1510.
(D) Consensus coding sequences of the target regions.
(E) Phylogenetic analysis of NB-LRR targets of miR1510, miR482, and miR2118 in soybean. The first phylogenetic tree was constructed using the nucleotide
sequences of the conserved P-loop domains described by Meyers et al. (2003) (Region I in [C]). The second, third, and fourth trees were constructed using
the nucleotide sequences of Regions II, III, and IV in (C), respectively. Sequence alignments are shown in Supplemental Data Sets 9 to 12.
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primary miRNA trigger of phasiRNAs from NB-LRRs despite its
21-nucleotide length.

Evolution of NB-LRR Genes Appears to Be Affected by the
Evolution of the miRNA Triggers of PhasiRNAs

To understand the potential evolutionary interplay between NB-
LRR genes and their miRNA trigger of phasiRNAs, particularly after
the birth of miR1510, we performed phylogenetic analysis of the
putative NB-LRR targets of these three MIRNA families using se-
quences from multiple region/subregions of the P-loop domain,
including the full length of the P-loop, the region covered by the
target sites of miR482/miR2118 and miR1510, the miR482/
miR2118 target site, and the miR1510 target site (Figure 6C). When
the full length of the P-loop was used in phylogenetic analysis, the
TNLs and CNLs were exclusively grouped into two distinct and
distant clades (Figure 6E; Supplemental Figure 11). When the three
subregions within the P-loop were used, proportions of CNLs were
grouped into clades dominated by TNLs, and some CNLs were
even found to be the ones closet to some of the TNLs within the
same clades (Figures 6E). These observations suggest that se-
quence homogenization or recombination involving these miRNA
target sites may have occurred between some of the TNLs and
CNLs in soybean, leading to the formation of the CNL variants that
can be targeted by miR1510.

DISCUSSION

Although miRNA-mediated gene regulation that affects various
biological pathways is recognized as a widespread phenomenon in
the plant kingdom (Carrington and Ambros, 2003; Bartel, 2004;
Carthew and Sontheimer, 2009), our understanding of MIRNA
evolution, particularly after WGD events, has been limited. On the
one hand, some plant miRNA families are highly conserved across
species (Zhang et al., 2006; Fahlgren et al., 2010), but on the other
hand, more miRNA families are not shared than are shared across
phylogenetically distant species (Fahlgren et al., 2010; Cuperus
et al., 2011; Montes et al., 2014). Furthermore, these studies gen-
erally focused on miRNAs instead of their precursors. Thus, our
view of the evolutionary conversation and divergence of MIRNAs
across plants has remained blurry, including the evolutionary pro-
cesses and consequences of duplicated MIRNAs in the complex
paleopolyploid genomes. In this study, we illustrated the origin,
distribution, duplication types and status, evolutionary rates, sub-
genomic and interspecific conservation and divergence, evolu-
tionary novelty of MIRNAs, and miRNA-mediated coevolution
between MIRNAs and target PEGs in the paleopolyploid soybean
by genome-wide comparison with orthologous regions in common
bean, thereby providing novel insights into the nature, patterns, and
processes ofMIRNA evolution primarily triggered by a WGD event.

Rapid Birth and Purge of MIRNA Genes

We observed a significantly higher ratio of MIRNA singletons to
MIRNA duplicates than the ratio of PEG singletons to PEG du-
plicates in soybean. Nearly half of these MIRNA singletons ap-
pear to have arisen by gain-of-function changes from repetitive
sequences that are predominantly composed of TEs (Figure 1,

Table 1). Among these TEs, >80% are truncated fragments, rem-
nants of ancient TEs (Supplemental Data Set 2). Actually, a pro-
portion of TE sequences harboring MIRNAs are present even at
homoeologous loci in soybean or orthologous loci between soy-
bean and common bean (Table 1), suggesting that their insertions
predate the recent WGD event that occurred in soybean ;13 MYA
or the split of the two species ;19 MYA. Nevertheless, the ages of
TEs do not always or may not reflect the dates when the MIRNAs
came into existence. Indeed, many of the TE-related MIRNAs ap-
pear to have been formed very recently, given the fact that none of
these MIRNAs are shared by any other TEs belonging to a same
family. For example, only three MIRNA-containing TEs were found
to be intact LTR-retrotransposons, which were dated to 1.3, 1.6,
and 2.8 MYA, but none of any other intact LTR-retrotransposons
belonging to these families, regardless of their ages (Supplemental
Figure 2; Du et al., 2010), were detected to harbor MIRNAs, sug-
gesting that the TE-derived MIRNAs were formed independently
without further proliferation via their host elements. It is unclear
whether these host elements were “dead” before the MIRNA for-
mation or whether their activities were suppressed upon the for-
mation of the MIRNAs.
We would like to point out that the MIRNAs within TE se-

quences shared by soybean and common beans at orthologous
regions were presumably formed before the split of the two
species, if one believes that independent formations of anMIRNA
at an orthologous locus between the two species would rarely
occur. If this is true, then the orthologous TE-derived MIRNAs
could have been under some level of functional constraints during
independent evolution of soybean and common bean, resulting in
their preservation in both species. Under this assumption, it is
also reasonable to deduce that some MIRNA singletons in soy-
bean, particularly those shared by common bean at orthologous
loci, are more likely to be formed by deletion or decay of the other
MIRNA copies derived from the WGD, rather than birth of new
MIRNAs after the WGD event. Nevertheless, the relative abun-
dances of the predicted miRNAs from the majority of these TE-
related MIRNAs are relatively low; thus, this category of MIRNAs
remains to be further validated.
We demonstrated different retention rates for MIRNA dupli-

cates among those located in different portions of PEGs, in-
cluding introns, exons, UTRs, and junctions of different genic
components, and between those located in genic regions and
harbored by unclassified sequences (Table 1). An extremely
low retention rate (2.1:1) for MIRNA duplicates was observed in
introns compared with other genic portions. Because these
introns did not contain any detectable TE sequences, such
a low retention rate is more likely to be the outcome of a faster
rate of purge of MIRNAs from introns, which generally have
limited impact on gene functions and are thus more easily re-
tained. Of course, we could not fully rule out the possibility that
some of the MIRNA singletons could be the products of in-
sertions by transposition or other mechanisms. The average
retention rate for MIRNAs in unclassified regions was found to
be even higher than that forMIRNAs in genic regions. If intronic
sequences are nearly neutral, the detected higher retention
rate for MIRNAs in unclassified sequences may indicate that
these unclassified sequences were under some level of func-
tional constraint.
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Duplication Status Is a Key Indicator of Interspecific
Conservation of MIRNAs

Comparative analysis of MIRNAs and their flanking regions be-
tween soybean and common bean revealed a striking distinction
between the soybean MIRNA duplicates and MIRNA singletons
in the relative preservation of their orthologs in common bean
(Tables 1 and 5). When TE-related MIRNAs were excluded, ;67%
of MIRNA duplicates in soybean were found to have orthologs in
common bean, while only ;20% of MIRNA singletons in soybean
were found to have orthologs in common bean. In general, when
both members of a duplicated MIRNA pair are retained at ho-
moeologous sites of duplicated regions, it is believed that neither of
the two members was involved in local genomic rearrangements.
By contrast, a singleton could be explained solely by a local de-
letion/insertion, translocation, or tandem duplication event without
DNA removal from the genome. The possibility for formation of
some MIRNA singletons without DNA removal from the genome
appears to be echoed by the existence of homologous sequences
of 22 soybean MIRNAs that do not have orthologs in common
bean. However, only seven of the 48 MIRNA homologs in soybean
were found to be MIRNAs in common bean, versus 118 of the 122
MIRNA orthologs were identified to be MIRNAs in common bean
(Tables 1 and 5; Supplemental Data Set 5), suggesting that it is very
unlikely that these common bean homologs are the relocated
copies of original orthologs of soybean. Moreover, ;74% of the
soybean MIRNA singletons do not even have homologous se-
quences in common bean, versus only ;28% of the soybean
MIRNA duplicates lacking homologous sequences in common
bean. Together, these lines of observations suggest that the majority
of the singletons in soybean, particularly those unrelated to TEs,
were formed by rapid decay or removal of their respective dupli-
cated copies from the soybean genome. If true, then the lower rate
of preservation of MIRNA singleton orthologs than those of MIRNA
duplicates in common bean would indicate that overall the MIRNA
duplicates retained in soybean have been under stronger functional
constraints than MIRNA singletons. This would be also true for the
orthologs of the soybean MIRNA duplicates in common bean.

Effects of Local Genomic Stability on Formation of MIRNA
Singletons Are Detectable at Small Scales

The effects of local genomic features, such as gene density, pro-
portion of TEs, rates of recombination, and their interplay, on re-
moval of both TE sequences and genic sequences have been
described (Wicker et al., 2007; Tian et al., 2009; Du et al., 2012). In
addition, analyses of the distribution of PEG singletons versus
duplicates revealed that a majority of singletons in paleopolyploid
genomes (maize and soybean) were dispersed in duplicated
blocks, rather than clustered (Langham et al., 2004; Ma et al.,
2005; Wicker et al., 2007). This suggests that these PEG single-
tons were likely formed by independent events that removed
single genes, perhaps primarily through accumulation of small
deletions generated by illegitimate recombination (Devos et al.,
2002; Ma et al., 2004; Wicker et al., 2007). In this study, we found
that the duplication status of MIRNAs is associated with the du-
plication status of their flanking PEGs, suggesting that local ge-
nomic features do have effects, at a very fine scale, on formation

of small genomic deletions that remove both PEG and adjacent
MIRNA singletons.

Interplays among Duplication Status, Evolutionary Rates,
Relative Abundance, and Functionality of MIRNAs

PEG duplicates evolve significantly slower than singletons in
eukaryotes (Davis and Petrov, 2004; Jordan et al., 2004; Yang
and Gaut, 2011; Du et al., 2012). Similar to PEGs, MIRNA dupli-
cates were found to evolve significantly slower than MIRNA sin-
gletons in the past million years or so, regardless of whether these
MIRNAs were located in genic or unclassified regions (Table 2). The
miRNA-5p and miRNA-3p are the portions of MIRNAs that have
undergone strongest selection (Figure 5; Supplemental Table 5).
The relatively low rates of nucleotide divergence for MIRNA dupli-
cates, consistent with the relatively high rates of preservation for
MIRNA duplicates indicate a relatively strong functional constraint
on these retained MIRNA duplicates, which explains why the ma-
jority of duplicated MIRNA pairs, whose two members generate
identical miRNAs in soybean, have orthologous MIRNAs in com-
mon bean (Table 5; Supplemental Data Set 5). Indeed, duplicated
status, rather than maintenance of orthologous relationship, ap-
pears to the primary force drivingMIRNA divergence, based on the
observations that nonconserved MIRNA singletons evolve faster
than conserved MIRNA singletons, but the conserved duplicates
and nonconserved duplicates did not show differences in the
overall rates of nucleotide divergence (Table 3), and MIRNA dupli-
cates showed relatively higher expression than singletons (Table 4).
The relative slow evolution and strong functional constraint of both
PEG and MIRNA duplicates and preferential retention of PEG tar-
gets of conserved MIRNAs appear to support the gene balance
theory, which predicts that maintaining proper balance in the
concentrations of protein subunits in a macromolecular complex
and members of regulatory networks and highly connected por-
tions of signaling duplicated networks is vital to maintain normal
function and that an imbalance may lead to either decreased fit-
ness or lethality (Birchler and Veitia, 2007; Freeling, 2008; Veitia
et al., 2008; Edger and Pires, 2009).
The relatively low rates of nucleotide divergence are not limited to

duplicated MIRNAs generated by WGD; MIRNA duplicates gener-
ated by tandem duplication also showed slower evolution than
singletons associated with tandem duplication events (Supplemental
Table 6). Interestingly, no significant difference in evolutionary rates
was observed between MIRNA duplicates with both homologs
generated by WGD and with paralogs produced by tandem dupli-
cation retained in the genome versus MIRNA duplicates without
paralogs in the genome, suggesting that the dosage effects of
MIRNA duplicates may be negligible.
What are the evolutionary consequences of MIRNA duplicates?

Clearly, 39 p-MIRNAs that are homoeologous to 39 expressed
MIRNAs, but not expressed in any tissues, would be considered as
the outcomes of nonfunctionalization, whereas the 69 duplicated
MIRNA pairs each with two members producing identical miRNAs
likely maintained the same original functions, unless they are dif-
ferentially regulated to accumulate in different tissues or at different
developmental stages. However, because of their slower evolution
and higher interspecific preservation, and because the majority
of these duplicates have common orthologs producing identical
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miRNAs (i.e., S1=S2=C; Table 5), these duplicates are more likely
to be functionally conserved. Variations in sequence divergence
and levels of expression among homoeologous and orthologous
MIRNAs, e.g., “S1~S2=C” and “S1~S2~C”, could be the outcomes
of neofunctionalization, subfunctionalization, or speciation. Further
in-depth structural and functional analyses of specific miRNA
families may help to exemplify these evolutionary scenarios.

Coevolution of MIRNAs and PEGs through
miRNA-Mediated Regulation

Because multiple MIRNAs could produce identical miRNAs, and
an individual miRNA could regulate expression of multiple PEG
targets, in many cases, the evolution ofMIRNAs on the evolution of
their PEG targets cannot be elucidated. This is particularly true for
many MIRNA duplicates producing identical miRNAs. Neverthe-
less, we detected propensities for miRNA-mediated MIRNA-PEG
interactions, which are reflected by two tendencies for retention of
duplicates: (1) PEG targets ofMIRNA duplicates tend to be retained
as duplicates rather than PEG targets of MIRNA singletons, and (2)
PEG targets of conserved MIRNAs tend to be retained as dupli-
cates rather than PEG targets of nonconservedMIRNAs. Given that
both MIRNA duplicates and PEG duplicates have undergone
stronger functional constraints than MIRNA singletons and PEG
singletons, such tendencies would be indicative of coevolution
between MIRNAs and their PEG targets.

The coevolution between MIRNAs and PEG targets was exem-
plified by structural and evolutionary analysis of NB-LRRs targeted
by legume-specific miR1510, derived from the miR2118/miR482
superfamily (Figure 5). In tomato, CNLs comprise the major type of
NB-LRRs and are targeted by miR482 (Shivaprasad et al., 2012). By
contrast, TNLs are the main targets of miR1510 in soybean (Figures
6A and 6B), although CNLs remain more predominant than TNLs
(Zhao et al., 2015). This distinction in the relative proportion of CNLs
versus TNLs appears to be associated with the shift of an
8-nucleotide motif between miR482 and miR1510 (Figure 6C;
Supplemental Figure 12). More intriguingly, chimeric structures
seemingly caused by intergenic sequence exchanges between
TNLs and CNLs or sequence homogenization biased toward the
enrichment of miR1510 target site within the P-loop domains in the
soybean genome was revealed by phylogenetic analysis (Figure
6E). Based on these observations, we propose that after the
emergence of miR1510, miR1510 took over the targeting of some
NB-LRRs from miR2118 as a result of target site mutations. Al-
though the dynamic evolutionary history of NB-LRRs in soybean
remains to be more fully elucidated, our study provides an ap-
pealing example of miRNA-mediated coevolution between an
MIRNA and its PEG targets, showing how such coevolution has
shaped the composition ofNB-LRRs, an important gene family with
primary roles in plant-pathogen interactions.

METHODS

Detection of Mature miRNA, MIRNA Gene, and PEG Expression

Small RNAs generated from the susceptible cultivar Williams and its nine
NILs (Lin et al., 2013; Zhao et al., 2015) were used to estimate relative
abundance (or levels of accumulation) of mature miRNAs. To detect the
transcripts of MIRNAs embedded in the host PEGs and splicing sites of

the host PEGs, RNA-seq data from 28 samples of soybean (Glycine max)
tissues at different developmental stages previously generated (Shen et al.,
2014) were retrieved and reanalyzed. The RNA-seq reads were uniquely
mapped to the soybean reference genome allowing mismatch of a single
nucleotide per paired reads using TopHat2 (Trapnell et al., 2009). TheMIRNA
transcripts and the splicing sites of the host genes with matched full-length
RNA-seq readswere considered as coexistenceof theMIRNA transcripts and
normal transcripts of the PEG harboring the MIRNAs.

Identification of WGD MIRNA Pairs and Singletons

All known MIRNAs collected from miRBase (Kozomara and Griffiths-
Jones, 2011) were further examined to remove the ones that were re-
annotated as siRNA-like miRNAs (Arikit et al., 2014). The remaining
MIRNAs after manual inspection and the novel MIRNA genes previously
identified by our team (Zhao et al., 2015) were included in our analyses. To
characterize duplicated MIRNA pairs and MIRNA singletons, homoeol-
ogous PEG pairs and singletons were identified using the new version of
soybean gene annotation (G. max v1.1) following the methods previously
described (Du et al., 2012). The duplicated MIRNA pairs were defined as: (1)
pairs of MIRNA sequences with high similarity (identity >80% and matched
length >80%) and (2) pairs of MIRNA sequences flanked by upstream and
downstream homoeologous PEG pairs in the duplicated genomic blocks as
previously defined (Schmutz et al., 2010; Du et al., 2012).

Determination of Soybean MIRNA Orthologous Genes and
Identification of Novel miRNAs in the Common Bean Genome

To identify orthologous MIRNA genes in the common bean (Phaseolus
vulgaris) genome, homologous protein gene synteny between soybean
and common bean were determined using MCScanX (Schmutz et al.,
2010, 2014; Wang et al., 2012). Soybean MIRNA precursor sequences
were used as queries to search again common bean reference genome
using BLASTN with default parameters (Altschul et al., 1997). The can-
didate MIRNA gene hits to the corresponding pseudomolecules were
further checked for the flanking gene synteny between soybean and
common bean. MIRNA genes in the same syntenic region were con-
sidered as interspecific orthologs. The WGDMIRNA pairs in soybean and
interspecific MIRNA orthologs were view using the Circos software
(Krzywinski et al., 2009).

A combination of de novo prediction following a pipeline previously
described (Zhai et al., 2011; Zhao et al., 2015) and ortholog comparison
was used to identify new miRNAs in the assembled common bean genome
(Schmutz et al., 2014). Publicly available small RNA sequencing data from
root, flower, nodule, and developing seed were downloaded, trimmed, and
mapped to the commonbeangenomeusingBowtie (Langmead et al., 2009;
Zhai et al., 2011) with the parameters only allowing perfect matches.
CentroidFold with the CONTRAfold engine (Sato et al., 2009) was used to
predict the secondary structures of MIRNA precursors.

Identification of MIRNAs Associated with Tandem Duplication

A total of 493 MIRNA precursors were used for identification of tandem
duplicated MIRNAs. An all-against-all BLASTN search was performed
using default parameters. The candidate BLAST hits were kept for manual
inspection. Tandemly duplicated MIRNA genes were defined as genes in
the gene pairs that (1) belong to the same MIRNA gene family and (2) are
separated by less than one protein spacer gene.

Analysis of Sequence Divergence

Homologous sequences were aligned using MUSCLE program (Edgar,
2004) or ClustalW (Thompson et al., 1994) using default parameters with
manual refinement and viewed by Jalview. The Ka and Ks of PEGs and
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nucleotide sequence divergence K ofMIRNA genes were estimated using
the yn00 and baseml modules in the PAML software, respectively (Yang
2007). Ka, Ks, and K were calculated by comparison of orthologs of protein
andMIRNA genes between soybean and common bean and orthologs within
seven highly diverged Glycine soja accessions (Li et al., 2014).

Phylogenetic Analysis of MIRNA Precursors and NB-LRR Targets

Potential targets of miR482, miR2118, and miR1510 were predicted using
TargetFinder 1.6 (http://carringtonlab.org/resources/targetfinder) with the
parameters of penalty score # 5. The MIRNA precursor sequences and
the target region or/and flanking sequences of 122 predicted NB-LRR genes
were used to constructed the phylogenetic trees using the neighbor-joining
maximum composite likelihood model integrated in MEGA4 (Tamura et al.,
2007). Bootstrap values were calculated from 1000 replicates.

Statistical Analysis

The significance of difference of sequence divergence level, between
MIRNA genes and different sets of PEGs, between conserved and non-
conserved MIRNA genes, between MIRNA duplicates and singletons was
estimated by Student’s t test or Student’s paired t test in the SAS software.
The significance of different ratios ofMIRNA singletons toMIRNA duplicates
was evaluated by x2 test.

Supplemental Data

Supplemental Figure 1. Schematic Description of MIRNA Genes
Colocated with Intact Transposable Elements.

Supplemental Figure 2. Age Distribution of the Elements of Three
LTR-RT Families Gmr21, Gmr42, and Gmr124.

Supplemental Figure 3. Comparison of the Duplicate Status of
Flanking Genes of MIRNA Duplicates and MIRNA Singletons.

Supplemental Figure 4. Comparison of Evolutionary Rates between
Different Categories of MIRNA Genes and PEGs in Soybean.

Supplemental Figure 5. Two Representative miRNAs May Have
Gained Function via Mutation or Indels.

Supplemental Figure 6. Comparisons among MIRNA Duplicates and
MIRNA Singletons and among Their Target Genes.

Supplemental Figure 7. Comparisons among Conserved and Non-
conserved MIRNAs and among Their Target Genes.

Supplemental Figure 8. Predicted Stem-Loop Structures of Tran-
scripts from MIR482, MIR2118, and MIR1510 in Soybean.

Supplemental Figure 9. Phylogenetic Relationship of MIRNAs Re-
lated to MIR482, MIR2118, and MIR1510. Sequence Alignment Is
Shown in Supplemental Data Set 13.

Supplemental Figure 10. Orthologous Relationships of MIR1510,
MIR2118, and MIR482 between Soybean and Common Bean.

Supplemental Figure 11. Phylogenetic Analysis of NB-LRR Genes in
Soybean.

Supplemental Figure 12. Comparative Analysis of the miRNA-5p and
miRNA-3p Regions of MIR1510 and MIR2118.

Supplemental Figure 13. Genomic View of Phased Secondary siRNAs
Initiated from miR1510 Target Sites in an NB-LRR Gene in Soybean.

Supplemental Table 1. Orientations ofMIRNA Genes Co-located with
PEGs.

Supplemental Table 2. Description of MIRNAs with RNA-seq Reads
Matched in 28 Soybean Tissues.

Supplemental Table 3. Description of Soybean MIRNA Genes with
Orthologs and Homologs in Common Bean.

Supplemental Table 4. Statistics Analysis of Differential Retention of
MIRNAs and PEGs in Soybean.

Supplemental Table 5. Comparison of Evolutionary Rates among
Different Regions of MIRNA Hairpins.

Supplemental Table 6. Comparison of Evolutionary Rates of MIRNA
Genes Involved and Not Involved in Tandem Duplication.

Supplemental Table 7. Comparisons of the miRNA Expression Levels
of MIRNA Genes Located in Different Regions.

Supplemental Table 8. Comparison of the Expression Values of the
11 Duplicated miRNAs with Mutations.

Supplemental Data Set 1. Summary of MIRNAs Colocated with PEGs.

Supplemental Data Set 2. Summary of MIRNAs Colocated with
Repetitive Sequences.

Supplemental Data Set 3. Summary of the Whole-Genome Dupli-
cated PEGs in the Soybean Genome.

Supplemental Data Set 4. Summary of Duplicated MIRNA Pairs
Identified in the Soybean Genome.

Supplemental Data Set 5. Mature miRNAs and MIRNAs Identified in
the Common Bean Genome by Comparison with theMIRNA orthologs
in Soybean and by de Novo Prediction.

Supplemental Data Set 6. Identification of Soybean Orthologous
MIRNAs in Common Bean.

Supplemental Data Set 7. The Predicted NB-LRR Targets of miR482,
miR2118, and miR1510 in the Soybean Genome.

Supplemental Data Set 8. Sequence Alignment of MIRNA MIR1510,
MIR482, and MIR2118 Corresponding to the Phylogenetic Analysis in
Figure 5B.
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