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Abstract

High expression of plant nucleotide binding site leucine-rich repeat (NBS-LRR) defense genes is often lethal to plant cells, a

phenotype perhaps associated with fitness costs. Plants implement several mechanisms to control the transcript level of
NBS-LRR defense genes. As negative transcriptional regulators, diverse miRNAs target NBS-LRRs in eudicots and gymno-

sperms. To understand the evolutionary benefits of this miRNA-NBS-LRR regulatory system, we investigated the NBS-LRRs

of 70 land plants, coupling this analysis with extensive small RNA data. A tight association between the diversity of NBS-
LRRs and miRNAs was found. The miRNAs typically target highly duplicated NBS-LRRs. In comparison, families of hetero-

geneous NBS-LRRs were rarely targeted by miRNAs in Poaceae and Brassicaceae genomes. We observed that duplicated

NBS-LRRs from different gene families periodically gave birth to newmiRNAs. Most of these newly emerged miRNAs target
the same conserved, encoded protein motif of NBS-LRRs, consistent with a model of convergent evolution for these

miRNAs. By assessing the interactions betweenmiRNAs andNBS-LRRs, we found nucleotide diversity in the wobble position

of the codons in the target site drives the diversification of miRNAs. Taken together, we propose a co-evolutionarymodel of
plant NBS-LRRs and miRNAs hypothesizing how plants balance the benefits and costs of NBS-LRR defense genes.

Key words: NBS-LRR, disease resistance gene, plant, microRNA.

Introduction

Plants rely on multiple components of defense against mi-
crobial pathogens. Despite basal structural and chemical
barriers, plant disease resistance is determined by two major
classes of immune receptors that recognize appropriate li-
gands to activate defense (Jones and Dangl 2006). One class
functions in basal defense, comprising pattern recognition
receptors at the cell surface of plants, and recognizing con-
served pathogen-associated molecular patterns (Monaghan
and Zipfel 2012). A second class functions in elicitor-
mediated defenses and comprises receptors that are typi-
cally cytoplasmic proteins containing nucleotide-binding
site and leucine-rich repeat domains (NBS-LRRs), and detect
polymorphic, strain-specific pathogen effectors (Eitas and
Dangl 2010). NBS-LRR genes encompass the majority of re-
sistance genes (R-genes) cloned thus far in plants. Plant NBS-
LRR proteins belong to the STAND (signal-transduction
ATPases with numerous domains) P-loop ATPases of the
AAAþ superfamily (Bonardi et al. 2011). The central nucle-
otide-binding domain executes the function of a molecular
switch which controls the ATP/ADP-bound state mediating
downstream signaling (Takken and Tameling 2009). The N-

terminal coiled-coil (CC) or Toll/Interleukin-1 receptor (TIR)
domains are used as signaling hubs which can associate with
either cellular targets of effector action or with downstream
signaling components (Mukhtar et al. 2011). The C-terminal
LRR domains of NBS-LRR proteins are variable in length and
form a series of b-sheets with solvent-exposed residues
which are believed to interact with specific ligands
(Mondragon-Palomino et al. 2002; Maekawa et al. 2011).

Plant NBS-LRRs are polymorphic at the population level,
varying both in the sequence composition of orthologs and in
the overall number of paralogs. The sum of genes encoding
NBS-LRRs in a host population defines the repertoire for the
detection of polymorphic pathogen effectors (Kuang et al.
2004). NBS-LRR genes display two different patterns of evo-
lution: type I genes are often represented bymultiple paralogs
in a genome and evolve rapidly with frequent gene conver-
sions, while type II genes often have fewer paralogs and evolve
slowly, with rare gene conversion events (Kuang et al. 2004).
Type II genes are typically highly conserved and their variation
may be limited to presence/absence polymorphisms, when
compared across different individuals in a population. Most
NBS-LRRs are organized in genomic clusters (Kuang et al.
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2004; Luo et al. 2012). The number of NBS-LRR genes in dif-
ferent plant genomes varies substantially, from<100
to>1,000 (Yue et al. 2012; Xia et al. 2015). Some lineages of
NBS-LRRs (i.e., TIR–NBS-LRRs and NRG1 homologs) which are
highly conserved in dicots are lost in monocots (Tarr and
Alexander 2009; Collier et al. 2011). In general, the number
of NBS-LRR genes is correlated with total number of genes in
the genome (Wang et al. 2011). However, there are still nu-
merous exceptions such as the quite low copy number of
NBS-LRRs in the papaya, cucumber, and watermelon ge-
nomes (Lin et al. 2013; Gonz�alez et al. 2015). As NBS-LRRs
can have fitness costs (Tian et al. 2003) and high expression of
NBS-LRRs are often lethal to plant cells (Stokes et al. 2002),
one hypothesis is that a high copy number ofNBS-LRRs might
be disadvantageous, restricting the number of active NBS-
LRRs in a plant genome (Lin et al. 2013).

There is increasing evidence that small RNAs are involved
in regulating plant immunity (Fei et al. 2016). Plant small
RNAs are �21–24 nucleotide (nt) regulators of gene expres-
sion, functioning at the transcriptional or post-transcriptional
level in plants. It is well known that antiviral defense involves
exogenous virus-derived small RNAs (reviewed in Zhu and
Guo 2012). Recent work has revealed that host endogenous
small RNAs (microRNAs and siRNAs) play roles in counter-
acting pathogens as well. For example, many microRNA fam-
ilies target NBS-LRRs (He et al. 2008; Zhai et al. 2011; Li et al.
2012; Shivaprasad et al. 2012; Xia et al. 2015). MicroRNAs
(miRNAs) are generated from single-strand hairpin RNAs
which are precisely processed and generate specific functional
small RNAs—a duplex that includes the mature miRNA
(Axtell 2013). Plant miRNAs, typically 21-nt in length, guide
Argonaute proteins in a homology-dependent manner, pre-
dominantly to slice target mRNAs. Both miRNA and the ac-
cessibility of its target site within anmRNA affect the function
(Kertesz et al. 2007; Shao et al. 2014); although anmRNAmay
have sequence homology to a miRNA, the sequence flanking
the target site can play an important role in allowing or re-
stricting access by the miRNA (Fei et al. 2015). MicroRNAs
that are 22-nt in length, a somewhat aberrant size mostly re-
sulting from precursors containing an asymmetrical bulge, can
trigger the generation of secondary siRNAs from their target
mRNAs, produced in a phased pattern (Chen et al. 2010;
Cuperus et al. 2010). As a consequence of this pattern, these
secondary siRNAs are known as phasiRNAs. In many plant
genomes, large numbers of phasiRNAs are produced
from NBS-LRRs, the result of 22-nt miRNAs that target
conserved, encoded motifs (Zhai et al. 2011; Li et al. 2012;
Shivaprasad et al. 2012; Fei et al. 2013). Yet the functional
importance of small RNAs in NBS-LRR gene regulatory
networks is still not fully understood. In an attempt to
elucidate the benefits of this regulatory system, several
recent articles investigate genomic diversity and correla-
tions between miRNAs and NBS-LRRs (Gonz�alez et al.
2015; Zhao et al. 2015). Those analyses focused on a sub-
set of genomes or species. Comprehensive analyses are
needed to better understand how the miRNAs targeting
NBS-LRRs originate and are maintained.

There are three main models for the emergence of new
miRNAs in plant genomes. The first model is that a new
microRNA is generated from the inverted duplication of a
target gene sequence (Allen et al. 2004). The inverted dupli-
cation leads to the generation of a perfect complementary
stem-loop, which is a substrate for processing by DICER-
LIKE 4 (DCL4), yielding a group of 21-nt siRNAs that could
regulate homologous genes such as the one from which
the sequence was derived. Mutations subsequently accu-
mulating in the stem-loop may disrupt the perfect com-
plementarity, shifting the processing Dicer from DCL4 to
DCL1 and simultaneously diminishing the number of
small RNA duplexes produced, yielding a new miRNA.
In this model, the amplification of a gene family is perhaps
more likely to generate a miRNA that targets genes within
this gene family. Our recent in spruce study shows that
the precursor sequence of a copy of MIR482 has signifi-
cant similarity to NBS-LRR genes, which indicates that
miRNAs targeting NBS-LRRs could emerge via this first
model (Xia et al. 2015). The second model for the emer-
gence of new miRNAs is that they arise from a serendip-
itously self-complementarity DNA sequence which by
chance is transcribed and is Dicer-processed, yielding a
small RNA that interacts with a homologous target; this
small RNA–target interaction is fixed and refined through
the co-evolution of miRNA sequence and target genes
(Felippes et al. 2008). In the third model, a preexisting
miRNA precursor evolves a new target specificity through
co-evolution or perhaps punctuated jumps in sequence
diversity, ultimately yielding a new mature miRNA that
may bear little resemblance to its progenitor (Xia et al.
2013). In the context of these three models, the origins of
many miRNAs now known to target NBS-LRR genes have
not been fully assessed.

The link between NBS-LRRs and their regulation by small
RNAs can be traced back to the emergence of gymno-
sperms, which was perhaps>100 million years after the or-
igin of NBS-LRR genes in early land plants like mosses and
spike mosses (Yue et al. 2012; Xia et al. 2015). At least eight
families of miRNAs have now been described that are
known to target NBS-LRRs (Fei et al. 2016). A common at-
tribute among these families is that they target conserved
regions, allowing one miRNA to target multiple lineages of
NB-LRRs; for example, members of the miR482/2118 family
target the encoded P-loop region. The presence of these
miRNAs from gymnosperms to dicots indicates that these
miRNAs originated prior to the emergence of angiosperms
(Zhai et al. 2011; Shivaprasad et al. 2012). Other families of
miRNAs targeting NBS-LRRs are younger, as evidenced by
their presence only in specific plant lineages (He et al. 2008;
Zhai et al. 2011; Li et al. 2012; Shivaprasad et al. 2012; Liu et al.
2014; Ouyang et al. 2014; Xia et al. 2015). To trace the evo-
lutionary history of NBS-LRR genes and the miRNAs that
target them, we analyzed the genomes of �70 land plants,
coupling this analysis with extensive small RNA data, allow-
ing us to characterize the origin of NBS-LRR-targeting
miRNAs. We show that miRNAs were continuously gener-
ated over evolutionary time, with the mature miRNA
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sequence shaped by interactions with target NBS-LRR genes.
The results suggest a genomic model of a dynamic relation-
ship between NBS-LRR genes and miRNAs, characterized by
expansion in NBS-LRR copy number, leading to the periodic
emergence of miRNAs which might then act to contain
potential fitness costs of their NBS-LRR progenitors.

Results

NBS-Encoding Genes in 2 of 35 Plant Families Are
Significantly Heterogeneous
We identified genes encoding NBS proteins (hereafter, “NBS
genes”) similar to NBS-LRR disease resistance proteins, using
75 sequenced genomes representing 35 families of plants,
including algal genomes, using a Pfam homology search (sup
plementary table S1, Supplementary Material online); a total
of 20,571 NBS genes were identified, found only in land plants
and starting with mosses. These genes were clustered into
paralog/ortholog families by orthoMCL (Li et al. 2003), yield-
ing 311 families (supplementary tables S2 and S3,
Supplementary Material online), and leaving 4,492 genes as
singletons, that is, not included in any of the 311 families. The
NBS genes were classified into eight different types according
to their annotation (fig. 1). Per genome, we observed that the
copy number of NBS genes varied dramatically, yet when
comparing related species, the proportion of different types
ofNBS genes was relatively similar (fig. 1). Both the number of
NBS families (r2¼0.51, P¼ 3.96� 10�12) and average copy
number of genes of each family (r2¼0.55, P¼ 1.71� 10�13)
correlated with the total number of NBS genes among differ-
ent genomes (supplementary table S4, Supplementary
Material online). Such correlations indicate that the variation
in NBS copy number among plants might result from a com-
bination of each genome maintaining a diverse set of NBS
families plus extensive gene duplication within eachNBS fam-
ily. In general, numerous CC-NBS-LRRs (CNLs) were present in
all genomes while the TIR–NBS-LRRs (TNLs) were entirely
absent in some lineages (fig. 1). The loss of TNLs in monocots,
a major event in plant R-gene (Resistance gene) evolution
(Meyers et al. 1999) must have occurred early after the diver-
gence of monocots and eudicots since the early seed plant
Amborella still has TNLs. We also confirmed the independent
loss of TNLs in the eudicot Mimulus, as previously described
(Collier et al. 2011). Finally, we noted a wide variation in the
proportion of TNLs (of all NBS-LRRs) across eudicot genomes,
varying from 0.55% to 54.17% (fig. 1, supplementary table S4,
Supplementary Material online).

We next assessed the diversity of NBS genes in each ge-

nome, speculating that there may be a relationship between

NBS gene diversity and pathogen resistance. Our measure-

ment of diversity was simply the total number ofNBS families

(the paralog/ortholog families from orthoMCL, mentioned

above), a quantification of the heterogeneity of encoded

NBS-containing proteins in each genome. Across the land

plants, we observed an average of �29 distinct NBS families

encoded per genome (28.86 1.51). The Poaceae stood out

for their ‘global’ composition of NBS genes, as the total num-

ber of NBS families encoded per genome was significantly

higher than other plant families (61.56 4.18; t-test,

P<1� 10�8) (fig. 1). Next, within each of a subset of ge-

nomes (noted in fig. 1), we analyzed the clustering patterns

of NBS genes since the organization of NBS genes in clusters

on chromosomes is a common feature of their organization

(Michelmore and Meyers 1998). The heterogeneity in each

cluster was also measured by calculating the number of NBS
families within a cluster (defined in the Materials and
Methods); a heterogeneous NBS cluster contained NBS genes
from different families, while a homogeneous cluster con-
tained NBS genes only from one family. Comparing among
different plant families, the proportion of heterogeneous ver-
sus homogeneous clusters was quite similar (supplementary
table S5, Supplementary Material online). We next examined
NBS gene pairs, immediately adjacent in a genome, focusing
specifically on those in a convergent (or facing, ! ) and
divergent (or opposite,  !) transcription orientation, be-
cause for such gene pairs the expression is often correlated
(Krom and Ramakrishna 2008). The proportion of NBS gene
pairs found in a divergent orientation was much higher than
those in a convergent orientation (71.3% divergent, 273/383).
Finally, we looked at the heterogeneity of the pairs; hetero-
geneous pairs ofNBS genes are often co-transcribed and func-
tion together to confer resistance (Williams et al. 2014; Saucet
et al. 2015). In two plant families, the Poaceae (13.676 3.55)
and the Brassicaceae (14.236 2.66), the number of heteroge-
neous convergent or divergent pairs of NBS genes was signif-
icantly higher than those in other genomes (4.56 0.74) (t-test,
P<1� 10�3) (fig. 1). Therefore, most plant families were rel-
atively similar in their genomic arrangement of NBS genes, yet
the Brassicaceae and Poaceae both stood out for essentially
‘local’ arrangements (heterogeneous NBS gene pairs).

To further examine genomic heterogeneity in NBS-
encoding genes, we analyzed in each species two aspects of
NBS gene family variation: (1) the presence/absence of differ-
ent families, and (2) variation in copy number within each
family (supplementary table S6, Supplementary Material on-
line). The NBS families were designated with numbers from
1 to 311 according to the rank order of the number of genes
in each family; R genes of known function were assigned to
these families using BLAST and one was used as a reference
gene name for the matched family (supplementary table S7,
Supplementary Material online). Intriguingly, NBS genes from
the 30 largest families (most duplicated) comprised 59.9% of
our dataset; the gene copy number in the other 281 families
was substantially lower (fig. 2A). This indicates that the genes
in these 30 families are highly duplicated. The level of dupli-
cation within each family was variable across species. We next
evaluated the preservation ofNBS families by determining the
number of species containing genes from that family. We
found that, generally, the preservation of NBS sequences
was poor since only 38 families were found both in eudicots
andmonocots. More importantly, the size ofNBS families was
not related to their preservation. This was true at both ends of
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FIG. 1. Variation in copy number and composition of NBS genes in 75 plant genomes. The four bar charts, from left to right, represent for each

genome the proportion of different types of NBS genes, the total number or count of NBS genes, the number of NBS families and convergent/

divergentNBS pairs. The black boxes signify that total number ofNBS families in the Poaceae and the number of heterogeneous pairs ofNBS genes

in the Poaceae and Brassicaceae ismuch higher than those in other genomes. In the chart for gene pairs, missing data are denotedwith an “X”mark

and is due to short genomic assemblies or the lack of a usable or complete gene annotation file.
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the spectrum; for example, the two largest families (#1, N-
gene, and #2, Form-2) are restricted in certain lineages. They
are likely to encode immune receptors for which duplication
might be beneficial by increasing resistance to more patho-
gens. In contrast, the two most-conserved NBS families (#25,
ADR1 and #4, RPM1) were both relatively low copy in plant
genomes, particularly in comparison to the families namedN-
gene and Form-2. In the Poaceae and Brassicaceae, the highly
duplicated N-gene and Form-2 NBS families were either ab-
sent or found in very low numbers (supplementary table S6,
Supplementary Material online); coupled with the relatively
high level of heterogeneity in the NBS genes, these are clearly
unusual plant families.

Highly Duplicated NBS Genes Are Typically Targeted
by miRNAs
Previous reports suggested that miRNAs may preferentially
target duplicated NBS-LRRs (Gonz�alez et al. 2015; Vries et al.
2015), particularly those that are tandemly duplicated (Zhang
et al. 2014). One of these reports proposed that plant ge-
nomes encoding a large number of NBS-LRRs are also those
having NBS-LRR-targeting miRNAs in eudicots (Gonz�alez
et al. 2015). Another report evaluated the relationships be-
tween miRNA targeting and functional diversity of the NBS-
LRR repertoire in the Solanaceae (Vries et al. 2015). These
analyses assessed limited numbers of miRNAs and species.

Family: #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 #23 #24 #25 #26 #27 #28 #29 #30

Type: TNL CNL CNL CNL CNL CNL TNL CNL CNL TNL CNL CNL CNL CNL CNL CNL CNL CNL CNL TNL CNL CNL CNL RNL RNL CNL CNL CNL TNL TNL

Reference: N FOM-2 Pi-ta RPM1 Dm3 RPS5 RPP5 - RPP8 - Pit - - Prf - - - Hero PIB Rps4 RPP13 - Bs2 NRG1 ADR1 Lr1 Pm3 - RRS1 -

M. truncatula 236 81 0 54 97 4 0 1 2 55 0 3 19 0 0 35 0 0 0 0 1 20 0 8 2 0 0 0 0 0

G. max 121 14 0 55 34 1 0 7 4 19 0 1 23 0 0 8 0 0 0 0 2 8 0 4 4 0 0 0 0 0

P. persica 91 22 0 38 12 5 0 0 25 40 0 0 9 0 19 6 0 0 0 0 4 3 0 10 1 0 0 0 0 0

M. domes�ca 129 58 0 44 69 7 0 0 14 90 0 0 20 0 60 29 0 0 0 0 1 23 0 16 5 0 0 0 0 4

A. lyrata 1 0 0 1 0 17 33 0 16 1 0 0 0 0 0 0 0 0 0 25 2 0 0 2 3 0 0 0 15 0

A. thaliana 2 0 0 1 0 21 36 0 16 1 0 0 0 0 0 0 0 0 0 11 3 0 0 2 4 0 0 0 9 0

B. rapa 5 0 0 0 0 25 40 0 16 1 0 0 0 0 0 0 0 0 0 15 1 0 0 5 4 0 0 0 10 0

C. papaya 7 1 0 1 3 0 0 0 3 2 0 0 3 0 4 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G. raimondii 16 35 0 1 47 23 0 0 24 9 0 45 11 0 6 5 0 0 0 0 0 4 0 1 3 0 0 0 0 0

C. sinensis 69 4 0 6 57 60 0 0 1 0 0 11 9 0 50 22 0 0 0 2 5 9 0 2 1 0 0 0 0 0

P. trichocarpa 86 74 0 24 63 3 0 0 3 46 0 77 20 0 24 9 0 0 0 1 0 3 0 3 2 0 0 0 0 3

S. tubersosum 25 30 0 5 10 0 0 37 2 11 0 3 2 13 1 3 0 24 0 0 21 5 15 0 0 0 0 0 0 0

S. lycopersicum 13 7 0 3 4 0 0 30 2 6 0 3 1 12 1 0 0 24 0 0 11 1 5 1 1 0 0 0 0 0

S. bicolor 0 1 62 24 0 1 0 0 0 0 19 0 2 0 0 0 3 0 15 0 0 0 0 0 0 13 11 8 0 0

Z. mays 0 0 20 14 0 1 0 0 0 0 5 0 0 0 0 0 3 0 4 0 0 0 0 0 1 1 1 3 0 0

O. sa�va 0 0 91 15 0 1 0 0 1 0 37 0 0 0 0 1 4 0 24 0 2 0 0 0 1 10 2 6 0 0

B. distachyon 0 0 82 38 1 2 0 0 0 0 31 0 5 0 0 0 18 0 8 0 0 0 0 0 1 12 13 6 0 0

A. trichopoda 0 0 0 9 0 1 0 0 3 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 4

P. abies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 31 0 0 0 0 69

P. patens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 23
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FIG. 2. Highly duplicated NBS genes targeted by miRNAs. (A) Count of genes in each NBS family; the complete data are in supplementary table S6,

Supplementary Material online. Families #1–#30 are labeled in red to indicate their high level of duplication (exceeding a threshold of 110 copies).

(B) The correlation betweenmiRNAs that targetNBS genes and the average count of genes (perNBS family). The five categories are as follows: (red)

those having at least one validated miRNA target (this is the strongest category); (brown, orange, yellow, respectively) those with at least

one predicted miRNA targeting with the best alignment score�2, 3, 4; or (grey) no miRNA targeting (including poor miRNA–NBS interactions).

(C) The 30 largest families of NBS genes (at top) measured across 20 representative plant genomes, as indicated at left. The number in each block

indicates the count ofNBS genes from a given family in a particular species. The colored blocks use the same colors as in panel B to denote the best

alignment score betweenmiRNAs andNBS target sequences; a lack of color indicates that no predicted target at or below the threshold score of 4.

The references for each family are the BLAST hits of functional R genes (supplementary table S7, SupplementaryMaterial online). Brassicaceae and

Poaceae species in the left column were highlighted in green and brown.
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Therefore, we sought to build on this study by integrating
data on the duplication of NBS gene families, to examine the
larger number of plant genomes available today, and to in-
clude a more extensive set of miRNAs. To achieve this, of the
original 70 land plants for which we examined the NBS-
encoding genes, we focused on 20 representative land plants
with sequenced genomes and good small RNA data (fig. 2).
For the 20 genomes, we analyzed miRNAs from miRBase or
prior publications (supplementary data S1, Supplementary
Material online); the subset of miRNAs predicted to target
NBS genes was identified by calculating the miRNA-target
alignment score (using TargetFinder) and flanking sequence
accessibility (using RNAup; seeMaterials andMethods for the
criteria). Finally, 2,811 pairs of miRNA–NBS interactions were
identified using a matching score cut-off� 4, among which
1,645 pairs were regarded as poor since their target accessi-
bility is>�20 kcal/mol (this cut-off was based on a prior
study, Shao et al. 2014) (supplementary table S8,
Supplementary Material online). We found a negative corre-
lation between the matching score and flanking sequence
accessibility (r2¼0.14, P¼ 3.22� 10�96), which indicates
that both components of the interaction (targeting and ac-
cessibility) have co-evolved. The cleavage of target sites was
validated by PARE data or the presence of phasiRNAs (an
outcome characteristic of 22-nt miRNA-guided target slicing)
in Arabidopsis, Medicago, soybean, tomato, Brachypodium
and spruce (supplementary table S8, supplementary data
S2, Supplementary Material online). The complete set of
NBS families was then classified into five categories based
on the strength of target prediction and validation (fig. 2B).
We plotted these categories compared with the count of
gene copies for all NBS families; we observed a strong rela-
tionship between the number of NBS genes and miRNA tar-
geting, as previously described (Vries et al. 2015), with the
most robust miRNA–NBS interactions (i.e., those validated,
previously or by us), having the highest average copy number
per gene family (fig. 2B).

We individually investigated the miRNA–NBS interactions
for each plant species, using the 30 largest NBS families
(#1–30; fig. 2C). In general, we observed that within a family,
for NBS genes highly amplified in a genome, there is a high
probability that those genes are targeted by miRNAs. For
example, genes in families #1, 2, 4, 5, 6, 8, 10, 12, 13, 15, 16
and others are widely targeted by miR482 (but not in the
Brassicaceae and Poaceae). In fact, our conclusion is strongly
influenced by miR482, a large and complex family of miRNAs
(Shivaprasad et al. 2012; Gonz�alez et al. 2015) present in most
of the genomes we examined. ExcludingmiR482, many highly
duplicated NBSs are targeted by lineage-specific miRNAs. For
example, the ADR1 homologs (family #25) are the most well-
retained among different species, are present in only a few
copies (one to five copies) in most plant genomes, and are
rarely targeted by a miRNA. However, in spruce, there are 31
ADR1 homologs; miR3693, a miRNA found thus far only in
spruce, was predicted to target this set of genes (Xia et al.
2015). For the Poaceae and Brassicaceae, the two plant fam-
ilies described above as having unusual characteristics, repre-
sented the same case: for highly amplified NBS families, we

typically observed an association with a lineage-specific
miRNA that targets it. For example, in the Brassicaceae, al-
though families #1–5 are duplicated inefficiently (i.e., present
in low copy numbers) in Arabidopsis and Brassica and have
no targeting miRNAs, families #6 and #7 which are highly
duplicated yet are targeted by miR472 (#6), and miR825 &
miR1885 (both target #7). In the Poaceae, there are at least
two validated miRNAs targeting high-copy number
NBS-LRRs: Brachypodium-specific miR5163 targets NBS

genes from family #11, triggering secondary phasiRNAs,
and the wheat-specific miR9863 targets family #3 (Liu et al.
2014). Possibly the Brassicaceae and Poaceae rarely have
miRNAs targeting their NBS-LRR genes (Fei et al. 2013) be-
cause the large, duplicated gene families widely targeted by
miR482 are poorly amplified in these two unusual plant
families.

The Evolutionary Origins of miRNAs from NBS Genes
Supports a Model of Convergent Evolution
We next investigated the models that describe howmiRNAs
might emerge over evolutionary time. As described above,
there are three models: (1) from the inverted duplication of
a target gene sequence, (2) from a serendipitously self-
complementarity DNA sequence which by chance is tran-
scribed and is Dicer-processed, (3) from divergence of a
preexisting miRNA precursor. The correlation between
miRNA targeting and highly duplicated homogeneous NBS
genes suggests that NBS–LRR-targeting miRNAs might
emerge via the inverted duplication of a target gene se-
quence. To test this hypothesis, the hairpin sequence of
each miRNA was used to search via BLASTN the full dataset
of NBS genes for matches, using an e-value cutoff of<10�5.
This identified miRNA precursors with extended similarity
(beyond thematuremiRNA sequence) toNBS genes, includ-
ingMIR472,MIR825,MIR1885,MIR6025,MIR1510,MIR2089,
MIR5163, and MIR9863 (supplementary table S9,
Supplementary Material online). We cross-checked the re-
sult by BLASTN against all genes in Genbank, and the top-
matched genes were consistent (data not shown). An in-
spection of a subset of these miRNAs illustrates this match
(fig. 3A). Intriguingly, these miRNA precursors matched
genes in the same NBS family with their best target genes.
For example, in Arabidopsis lyrata, miR472 and miR825 tar-
get genes from families #6 and #7, respectively; the best hit of
the 50 arm of aly-MIR472 is sirijNBS0045 and 30 arm is
alyrjNBS0176 (NBS identifiers are listed in supplementary
table S2, Supplementary Material online), which are also
from family #6. Similarly, the best hits for the 50 and 30

arms of aly-MIR825 were brapjNBS0179 and fvesjNBS0079,
respectively—both from family #7. In addition, the inverted
repeat elements around NBS-LRR loci from the apple, cot-
ton,Medicago and tomato genomes were identified, to seek
evolutionary intermediates in transition from inverted pairs
of genes tomiRNAs.We identified 15, 6, 16, and 7NBS genes,
respectively, containing at least one inverted repeat covering
their exons. Among the inverted repeats, six were located at
the junction of two convergent or divergent pairs of NBS-
LRR genes. These inverted repeats can form good fold-back
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structures, which could be both potential siRNA loci and
recently-emerged precursors for miRNA genes (fig. 3D, sup
plementary data S3, Supplementary Material online). We
interpreted this result to mean that these miRNAs

originated from specific ‘parental’ NBS genes, and, due to
sequence similarity, targeted their relatives.

The presence/absence of NBS-targeting miRNAs across a
phylogeny of plants was examined to characterize the time

BA

C

D

FIG. 3. Convergent evolution of miRNA-targeting NBS-LRRs. (A) Some miRNA precursors have extended similarity with NBS genes beyond

miRNAs. The red highlighted sequence represents a miRNA precursor with a best BLAST hit to an NBS gene. The number above the hairpin is

the e-value of the best BLAST hit. (B) MicroRNAs continuously emerged during the evolution of higher plants and target encoded, conserved

motifs of NBS proteins. The boxes represent the birth of a miRNA during the differentiation of plant ancestors, as determined from the earliest

lineage in which it was identified. Boxes with a black outline indicatemiRNAs with evidence of origination from an inverted repeat of anNBS gene.

Red, blue, orange, and green miRNAs target the encoded P-loop, TIR, Kinase-2, or MHDVmotif of NBS genes, respectively. The asterisk for spruce

indicates many diverse miRNAs target NBS-LRRs (Xia et al. 2015). All the red identifiers indicate separate origins of miRNAs that target the same

P-loop-encoding region ofNBS-LRRs. (C) Alignment of reverse-complement of the sequence ofmiRNAs targetingNBS genes, indicating their target

sites around the encoded P-loop motif (the amino acids for this are shown at the bottom). (D) Above, a potential siRNA-producing locus formed

by two inverted repeats of a homogeneousNBS-LRR gene pair. The red and blue bars indicate two annotatedNBS genes as a convergent pair in the

cotton genome. The orange box indicates a predicted inverted repeat. The small dots illustrate 21–24-nt small RNAs in the region (according to

the legend in the upper right). Below, the MFE secondary structure of the inverted repeat was predicted by RNAfold.
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points at which miRNAs emerged. The miR482/2118 super-
family is exceptional, as it is clearly the most ancient of these
miRNAs, probably generated during the emergence of seed
plants (fig. 3B). While our analysis has constraints in terms of
resolution, it appears that all other miRNAs evolved during
the divergence of a specific plant family or species (fig. 3B). For
example, miR472, miR825, and miR1885 are apparently spe-
cific to the Brassicaceae; miR1507, miR1510, miR2089, and
miR5213 to the Fabaceae; miR6024, miR6025, miR6026,
miR6027, and miR5300 to the Solanaceae. Spruce stands
out for the large number of apparently lineage-specific
miRNAs targeting NBS-LRRs (Xia et al. 2015). Across all ex-
amined plant species, conserved sequences within the NBS

genes were the typical targets of these miRNAs, encoding
motifs such as the P-loop, TIR, Kinase-2 and MHDV, consis-
tent with prior observations from individual species (Fei et al.
2013). Among the encoded motifs, the P-loop was predom-
inant, the target of miRNAs that include miR6024, miR6026,
miR1510, miR2089, miR5300, miR472, miR482, and miR2118
(fig. 3C). This is quite remarkable because these miRNAs that
share a common target site evolved at quite different times
and in different lineages, as indicated in figure 3B. We ob-
served that even miRNAs with closely related mature se-
quences could emerge over a broad evolutionary time
period, in divergent species (fig. 3C). The best example is
miR472, considered to be part of an ancient family that in-
cludes miR482 and miR2118 (Shivaprasad et al. 2012;
Gonz�alez et al. 2015; Xia et al. 2015). However, miR472 clearly
evolved recently since its backbone still has a high degree of
similarity to NBS genes (supplementary table S9,
Supplementary Material online), while other miR482/2118
superfamily members demonstrated no similarity to NBS
genes (outside of the mature miRNA sequence). Though
these miRNA families targeting NBS-LRRs are continuously
generated over millions of years, the process by which they
emerged is consistent (via inverted duplication of target se-
quences). That these miRNA families have distinct, lineage-
specific origins yet in many cases target the same encoded
motif (i.e., fig. 3C) is perhaps indicative of convergent
evolution.

Amino Acid Diversity of the P-Loop Is a Major Force
Driving the Evolution of the miRNA–Target
Interactions
The relationship between the encoded P-loop of NBS genes
and miRNAs is unique, with a complex interplay between
conservation and the diversification of nucleotides and amino
acids. We next assessed the relative influence of the protein
versus miRNA targeting during evolution at this site. In other
words, we asked how the interaction between a miRNA and
its target site is maintained over 400 million years of evolu-
tion, asking in particular the direction or balance of the se-
lective forces acting on the encoded protein sequence versus
on the miRNA target site. The focus of our investigation was
the most ancient interaction: that of miR482/2118 and its
target, the encoded P-loopmotif ofNBS genes. The input data
for this analysis was the same set of 20,571 NBS genes from

the 70 plant genomes; for the P-loop motif encoded by each
gene, we extracted the seven amino acids that form the core
of themotif and are encoded by the target site of themiR482/
2118 family. We observed a small number of major variants of
the seven amino acids in the P-loop core, but with substantial
variation in genic frequency of these variants among plant
families (supplementary table S10, Supplementary Material
online). In most eudicots, the encoded P-loop core in the
NBS genes was frequently GMGGIGK or GMGGVGK, but in
some Brassicaceae species, themost frequent P-loop core was
one not common in other eudicots, GPAGIGK (supplemen
tary table S10, Supplementary Material online). In monocots,
the most frequent P-loop core was GFGGLGK or GMGGLGK
(supplementary fig. S1, Supplementary Material online). The
NBS genes with encoded P-loops of GMGG[V/I]G (i.e., the
eudicot type) are preferentially targeted by miR482/2118; an
alignment ofmanymembers of this family in eudicots, reverse
complemented and translated, showed a very high degree of
conservation (supplementary fig. S1, Supplementary Material
online). This variation across plant families of the types of P-
loop core sequences and in miRNA target preferences led us
to ask which might have played a stronger role in driving
selection.

To determine the directionality of evolution at P-loop
core site, that is, whether selection is driven by either the
protein or the miRNA, or is bidirectional and balanced, we
first addressed the possibility of selection driven by the
miRNA that could influence the nucleotide diversity at the
core of the P-loop. If the miRNA predominates in evolution
and thus constrains diversity at its target site, we might ex-
pect a reduced level of synonymous substitutions in the
encoded P-loop (nucleotide changes that do not alter the
encoded amino acid). We compared other species with
Poaceae and Brassicaceae, knowing that they generally lack
targeting of NBS genes by miR482/2118 (see above). For all
families, we calculated the proportion of synonymous (Ps)
and nonsynonymous (Pn) substitutions at the encoded
P-loop core. There was no significant difference among plant
families in the proportion of synonymous substitutions (sup
plementary fig. S2 and table S11, Supplementary Material
online). Therefore, miRNAs may not strongly influence P-
loop nucleotide diversity. However, while the proportion
of non-synonymous substitutions did not vary substantially
in most families, we observed a notably higher level
(t-test, P<0.01) at the encoded P-loop core of the Poaceae
(0.29366 0.0079) and the Brassicaceae (0.27266 0.0069) rel-
ative to other plant families (0.23826 0.0062) (supplemen
tary fig. S2 and table S11, Supplementary Material online).
This higher level of diversity at the P-loop core (i.e., non-
synonymous substitutions) is perhaps a direct result of the
relatively higher heterogeneity of NBS genes in these two
plant families that we described above, rather than the ab-
sence of miRNA targeting. Another line of evidence suggest-
ing that the miRNA targeting is not strongly driving
evolution of the protein resulted from our analysis of the
accessibility of the miR482/2118 target sites at the encoded
P-loop core. We observed that the accessibility of this target
site in NBS genes was frequently quite low (>�20 kcal/mol)
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(supplementary fig. S3, Supplementary Material online). This
pattern is the same for other families of miRNAs targeting
NBS genes (supplementary fig. S2, Supplementary Material
online), indicative of relaxed selection of the target site by the
miRNA, resulting in the frequent loss and gain of target ac-
cessibility. In conclusion, in eudicots, there might be no or
low selection driven by the miRNA that could influence the
nucleotide diversity at the core of the P-loop.

We next addressed the possibility of selection driven by
the NBS protein, directing sequence diversification among
nucleotides encoding the P-loop core more strongly than
the selection pressure of miRNAs that target the same site.
This analysis of miRNA sequences was performed relative to
the codons in the encoded P-loop at the target sites; we
hypothesized that if the miRNA diversity reflected codon
degeneracy, then the miRNAs likely diversified to regulate a
broad range of NBS-encoding genes. Alternatively, if there was
little evidence of codon degeneracy in themiRNA alignments,
this may indicate that target diversification was constrained

by the interactions with the miRNAs. In total, 75 copies of
miR482/2118 were aligned, divided into three subgroups:
those from eudicots, in which these miRNAs are known to
target onlyNBS genes; those from the Poaceae, in which these
miRNAs largely target long, non-coding RNAs (lncRNAs)
(Johnson et al. 2009; Zhai et al. 2015); and those from spruce,
a gymnosperm in which thesemiRNAs target bothNBS genes
and lncRNAs (Xia et al. 2015). Within these alignments, we
assessed the nucleotide diversity among the family members,
relative to target sequence codons (fig. 4A). For the eudicot
copies, across the entire alignment, almost all the diversity
corresponded to the third position of the target site codons
(fig. 4A). In contrast, in the alignment of the PoaceaemiRNAs,
a much weaker periodic pattern was observed for the third
codon position in the targets (fig. 4A); this is notable because
of the predominance of lncRNA targets in the Poaceae. The
pattern in spruce was more consistent with eudicots. We also
examined two recently-emerged miRNAs to assess how their
diversity was shaped by their co-evolution with NBS targets.
We examined miR1507 and miR6024, which are miRNAs
found only in the Fabaceae and Solanaceae, respectively,
that are distinct from the miR482/2118 family (Zhai et al.
2011; Li et al. 2012). Analyzed as above for miR482/2118
(i.e., relative to the target codons), while there were few po-
sitions that showed much diversity, the diversity that we ob-
served was concentrated at third codon positions in the
target sites (fig. 4B). We concluded that for the NBS–

miRNA interactions of the eudicots, the high level of conser-
vation in themiRNAsmatching with the first two positions of
each codon, and the diversity in the third position, are con-
sistent with selection acting more strongly at the amino acid
level (i.e., the P-loop), with miRNAs diversifying to target the
broadest range of more-constrained, protein-encoding
targets.

Discussion

The evolution of disease resistance has been a topic of interest
in the eras of both classical and molecular genetics.
Approximately 20 years ago, the first NBS-LRR gene was
cloned (Whitham et al. 1994), with many functional R genes
identified since that time. These genes were subsequently
studied for their diversity and evolutionary rates. The first
miRNA targeting NBS-LRR genes that was identified was
miR472, reported in Arabidopsis (Lu et al. 2006); since 2006,
numerous other miRNAs targeting NBS-LRRs have been de-
scribed (Fei et al. 2016). In our study, we examined the con-
nection betweenNBS-LRRs and themiRNAs that target them,
working with 70 available land plant genomes. It is possible
that the miRNA targets and gene count in these species
might be affected by (1) the completeness and accuracy of
the genome sequences, and (2) using miRBase as the main
miRNA dataset resource; yet, our conclusions were based
mainly on well-described gene families and validated
miRNAs, supported by the large-scale genomic analysis.
The data were consistent with the same primary points:
both themiRNAs andNBS genes are highly dynamic genomic
elements, as evidenced by the diversity of NBS genes, the

FIG. 4. Selection from target site to miRNA. (A) The diversity of

miRNAs targeting NBS genes, measured in codon-based increments.

The sequence logo presents the alignment ofmiRNA sequences in the

miR482/2118 family. The “N ¼ #” entries describe the number of

sequences used in each alignment. The red nucleotides are in the

third position of codons at the target site, with the numbers above

in grey indicating these target sequence codon positions. The red

arrowheads indicate the positions that both show diversity and

match the third position of a codon in the encoded P-loop sequence.

(B) Two example miRNAs that were selected because they are line-

age-specific and presumably recently evolved, yet are distinct from

the miR482/2118 family. With the exception of 50 and 30 nucleotides,

diversity occurs in the third codon position.
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emergence of new miRNAs that target these genes, and the
demonstration that the forces of selection shaping these
genes have been complex.

Expansion, Diversification, and Preservation of Plant
NBS-LRRs over Deep Evolutionary Time
NBS-LRRs apparently originated with mosses, and diversified
in the seed plants (Yue et al. 2012). Among different plant
species, we observed that different NBS-LRR families ex-
panded, seemingly independently, yet presumably driven by
the distinct pathogen pressure faced by each species; this led
to substantial variation in the size of different NBS-LRR fam-
ilies across species. This variation in copy number likely results
from selection to maintain a diverse set of NBS-LRR families
coupled with duplication and divergence within each NBS-

LRR family—in both cases, this diversification yields distinct
and advantageous resistance specificities. From our analysis of
both presence/absence polymorphisms and the variation in

copy number of NBS-LRR families, we can discern three evo-
lutionary paths for NBS-LRR genes (fig. 5A). Focusing on NBS-
LRR family evolution and setting aside the discussion of
miRNA emergence: the first path is that an NBS gene stays
as a single or low-copy gene, or it may be lost from the ge-
nome; a second path is the direct duplication of thatNBS-LRR
gene, forming potentially complex families; the third pathway
is significant diversification of some NBS-LRRs, yielding new
NBS-LRR families (fig. 5A). All three paths may be utilized in a
given genome, for different families of NBS-LRR genes, and a
relatively high heterogeneity of NBS-LRR genes may be indic-
ative of a greater utilization of the third path. We observed
variation in the level of heterogeneity of NBS-LRRs among
different plant families, with the highest level in the
Poaceae (fig. 1); the reason for this distinction remains
unclear, perhaps resulting from a higher rate of diversification
of the NBS-LRR families (i.e., the third path).

Despite this heterogeneity, some NBS-LRRs are highly re-
tained across different species, including gene families that

A

B

FIG. 5. Co-evolutionarymodel of plantNBS-LRR-encoding genes andmiRNAs. (A)NBS-LRR genesmay have evolved via three paths, related to their

copy number and diversity. (1) SomeNBS genes endure over evolutionary time as a single copy (or in low numbers), and their allelic diversity may

be limited to presence/absence variation (the deleted copy denoted by the X-marked gene at the right). (2) Direct duplication of NBS-LRR genes

can form complex clusters, and larger families of related genes at a genome scale. Highly duplicatedNBS-LRR genesmay have a higher probability to

generate a new microRNA via localized genomic rearrangements; these miRNAs can then target and regulate the family of NBS-LRR genes from

which they are derived. The dashed line indicates two adjacent NBS-LRR genes; a related pair in an inverted tandem duplication, with small

genomic rearrangements, could yield a miRNA-like inverted repeat, whereas a heterogeneous pair (two distantly related NBS-LRR genes—

indicated below) in the same formation are unlikely to yield a miRNA-like precursor, and thus may ultimately fail to evolve miRNA regulation.

The encoded, conserved P-loopmotif plays a central role inmaintaining the relationship between the emergentmiRNAs and their targetNBS-LRR

genes. (3) Some duplicated NBS-LRR genes may diversify extensively, emerging as distinct individual or families of NBS-LRR genes. These NBS-LRR

genes may re-initiate the cycle of divergence, as indicated by the thin arrow back to the starting point. (B) We examined the relationship between

NBS-LRR diversification and the miRNA–target interactions. We asked whether the dominant component of the relationship is (at left) the

function of the protein, and therefore the constraints on gene diversification are imposed by the protein function, or by (at right) the miRNA that

targets NBS-LRR genes, frequently at the P-loop encoding sequences. Our data indicate that protein function is a strong force (red arrow) that is

directing diversification ofmiRNAs; it is still unclear how stronglymiRNAs constrain diversification of the proteins encoded by theirNBS-LRR gene

targets.

Co-evolution of Plant miRNAs and NBS-LRR Defense Genes . doi:10.1093/molbev/msw154 MBE
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may have evolved via the first two paths in our model. For
example, the two most-conserved NBS-LRR families in our
analysis were those encoding ADR1 and RPM1. ADR1 belongs
to a special lineage of CNLs, RPW8-NBS-LRRs (RNLs), in which
the N terminus contains an RPW8-like domain (Collier et al.
2011). ADR1 functions as a helper protein for other NBS-LRRs
(Bonardi et al. 2011) and it can increase tolerance to abiotic
stress (Chini et al. 2004). Our data show that the ADR1 family
largely evolved via the first path, as a low-copy gene, except in
the spruce genome. RPM1 functions to monitor the stability
of RIN4 (Mackey et al. 2002), and its homologs were also
present in both eudicots and monocots. The RPM1 family
followed either the first or second paths in different plant
families. The preservation of both the ADR1 and RPM1 fam-
ilies might be related to their functions, perhaps as key inter-
acting “hubs” in the plant resistance gene signaling network.

Tandem duplication events, important for the second
and third paths by which we envision NBS-LRRs evolve,
are a major contributor to the expansion of a NBS-LRR

families. These events are evident in the remarkably large
clusters occasionally observed in some genomes, such as the
30þNBS-LRR copies in the lettuce Dm3 locus (Michelmore
and Meyers 1998; Kuang et al. 2004). Direct tandem dupli-
cations may facilitate unequal crossing-over and family ex-
pansion (Luo et al. 2012), whereas heterogeneous clusters
may be less likely to recombine. Some clusters of NBS-LRR
genes are comprised of a special arrangement, as heteroge-
neous pairs in a divergent orientation (Meyers et al. 2003);
these pairs have turned out to have functional importance
because in some cases, they define pairs of proteins that
function together to confer resistance (Williams et al. 2014;
Saucet et al. 2015). We found that in the Poaceae and
Brassicaceae, the number of heterogeneous NBS-LRR pairs
is significantly higher than in other plant families.

The Evolutionary Tension and Balance of NBS-LRR
Genes and the miRNAs That Target Them
miRNAs targeting NBS-LRR genes are frequently generated de
novo from highly duplicated NBS-LRR genes. The targets of
thesemiRNAs are, of course, their genic progenitors. Thus, the
spontaneous generation of miRNAs might be driven by the
expansion of NBS-LRR genes. Tandem duplication is a com-
mon mechanism by which NBS-LRR gene clusters expand
(Michelmore and Meyers 1998); a localized rearrangement
within such a cluster would yield a convergent or divergent
pair. The classical model of miRNA emergence is that un-
known genetic mechanisms could form an inverted repeat
(a hairpin structure), the precursor to an miRNA (Allen et al.
2004). In the case of NBS-LRRs, we believe that inverted re-
peats are formed via unequal crossing over within clusters of
these genes. The abundance of miRNAs targeting NBS-LRRs
found across plant genomes supports several possible reasons
that NBS-LRRs are exceptional sources of miRNAs: (1) they
are frequently found as convergent or divergent pairs, so a
relatively small rearrangement could form an inverted repeat;
(2) there aremanyNBS-LRRs in plant genomes, creatingmany
opportunities for rearrangements; (3) high conservation of
the DNA sequence that encodes the P-loop means that

even a rearrangement involving two very diverse NBS-LRRs

could yield a short stem-loop structure. We observed a rela-
tionship between the emergence of new miRNAs and their
regulation of the very genes from which they were derived;
this represents a sort of evolutionary feedback loop (fig. 5A).
Particularly notable was our observation that multiple
miRNAs have emerged independently, in often quite distinct
plant lineages, and target the same encoded protein motif
(fig. 3B). This seems a clear case of convergent evolution, not
previously described for plant miRNAs. However, duplication
and subsequent divergence of a pre-existing miRNA precur-
sor can also explain the fact that most miRNA target the P-
loop, considering the ancient miR482/2118 family (Vries et al.
2015). At this point, it appears that the extent of the evolu-
tionary relationship between miRNAs and NBS-LRRs is com-
plex and dynamic (Vries et al. 2015), perhaps more than any
other miRNA–target pair in plants, although aspects of this
complexity can be seen in miRNAs and genic targets that
encode MYB transcription factors, F-box proteins, and PPRs
(Fei et al. 2013; Xia et al. 2015)

Though it is hypothesized that in the long term, miRNAs
balance the benefits and costs of the duplication and diver-
sification of NBS-LRRs, our results indicate that miRNAsmay
emerge in parallel to the expansion of NBS-LRR genes in a
given plant lineage. There are genomic mechanisms by
which the functional copies of NBS-LRRs can be minimized
to reduce the “cost” of these genes (Tian et al. 2003). For
example, a loss of function (i.e. pseudogenization) or expres-
sion would significantly reduce the genomic pool of active
NBS-LRRs. Given that these miRNAs might not be critical or
essential to plant survival (Boccara et al. 2014) and there is
no strong selection acting on the sites formiRNAs, why then
has the evolution of plant genomes independently and con-
sistently resulted in miRNAs that regulate NBS-LRRs?
miRNAs are a particularly powerful mechanism by which
to modulate the transcript abundance of families of dupli-
cated NBS-LRRs—one miRNA can function efficiently to
regulate many NBS-LRRs, particularly when they target con-
served motifs, functioning as ‘master regulators’ as in the
case of the five Medicago miRNAs that target>100 NBS-

LRRs (Zhai et al. 2011). It takes relatively few evolutionary
events to yield a miRNA that regulates numerous targets,
making it more “economical” to achieve a broad effect on
the complement of active NBS-LRRs in a genome than the
optimization of regulatory sequences across many genes
(like promoters), or the large-scale accumulation of simple
mutations (like pseudogenization).

Considering that miRNAs are a very efficient way to
regulate duplicated NBS-LRRs as a group, from an evolu-
tionary perspective, we might expect selection to drive the
continual emergence of miRNAs that target NBS-LRRs.
With this regulation taking place by varied miRNAs, there
would be fewer constraints on the diversity of P-loop-
encoding sequences. Indeed, this is what we observed: in
eudicots, there was scant evidence for selection driven by
the miRNAwhen we examined (1) the nucleotide diversity
at the core of the P-loop, (2) the accessibility of the
miR482/2118 target sites, and (3) the proportion of non-
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synonymous substitutions. Instead, by examining how
miRNAs varied at positions corresponding to their trans-
lated targets mRNAs, we found that the third position of
the codon was highly variable in the miRNAs, indicating
that these miRNAs have diversified to keep pace with their
protein-coding targets. Intriguingly, one unexpected find-
ing from our work was that the Brassicaceae and Poaceae
are unusual families, as their genomes essentially lack the
widespread targeting of NBS-LRRs by miR482/2118, and
these families are distinguished by other characteristics
of their NBS-LRRs. Thus, with the exception of these two
unusual families, our data indicate that NBS-LRR protein
function spurs miRNA diversification; however, it is less
clear the extent to which miRNA–target pairing restricts
NBS-LRR diversification—a topic for future investigation
(fig. 5B).

Materials and Methods

Identification of Paralog/Ortholog Groups of Plant
NBS-Encoding Genes
The genome sequences and the annotations of 75 plants
were downloaded from Phytozome (http://phytozome.jgi.
doe.gov/, v10, last accessed August 7, 2016) and other plant
genome website (supplementary table S1, Supplementary
Material online). The annotated proteins of each genome
were searched against a model of the NBS domain (Pfam
PF00931) to identify NBS-encoding candidates by hmmer3.
0 (http://hmmer.janelia.org/, last accessed August 7, 2016)
with an E-value cut-off of 10�4 (Yue et al. 2012). “NBS”
most frequently means a portion of an NBS-LRR protein;
we used “NBS” when presenting the data in the results and
“NBS-LRR” to refer to the full protein when discussing their
function and evolution. All the NBS-encoding candidates
were searched against themselves using BLASTP with an E-
value cut-off of 10�5 and then clustered into groups accord-
ing to their pairwise normalized score using orthoMCL with
default parameters (Li et al. 2003). The proteins of each group
were re-annotated by NLR-parser (Steuernagel et al. 2015)
and Interproscan (Quevillon et al. 2005) to obtain their do-
main information. Based on the presence/absence of an N-
terminal (TIR, CC, RPW8) or C-terminal domain (LRR) in each
NBS protein, the NBS candidates were classified into eight
different types, namely the following: TIR-NBS-LRR (TNL),
TIR-NBS (TN), CC-NBS-LRR (CNL), CC-NBS (CN), RPW8-
NBS-LRR (RNL), RPW8-NBS (RN), NBS-LRR (NL), and NBS
(N). We manually checked the groups of proteins which
were not reported to contain NBS domain and we removed
false positives, since some of proteins from the STAND family
have considerable similarity with the NBS domain, as assessed
by HMM searches (Luo et al. 2012). According to the protein
groups, the gene IDs of all the NBS-encoding candidates were
retrieved and set as paralog/ortholog gene families (NBS fam-
ilies) for further analysis. All the functional R genes in PRGdb
(http://prgdb.crg.eu/, last accessed August 7, 2016) were
mapped into the families using BLAST and used as the refer-
ence gene of the family to which they matched (Sanseverino
et al. 2013).

Copy Number Variation, Genome Distribution, and
Phylogeny of NBS Genes
The presence/absence and copy number variation of NBS
genes in each family were calculated by customized Perl
scripts. If two NBS genes are separated by no more than eight
other non-NBS genes, they are considered to be located at the
sameNBS gene cluster (Richly et al. 2002). If a cluster contains
NBS genes frommultiple different families, it was defined as a
heterogeneous NBS cluster. If a cluster only contains NBS
genes from one family, the cluster was defined as a homoge-
neousNBS cluster. Two adjacentNBS genes (not separated by
other genes) in a cluster were considered as an NBS gene pair.
Their orientations in the genome were retrieved from GFF
files of each genome. If a pair contained NBS genes from two
different families, the pair was regarded as a heterogeneous
NBS pair. NBS sequences were aligned using MUSCLE (Edgar
2004) andmanually modified in GeneDoc (http://www.nrbsc.
org/old/gfx/genedoc/, last accessed August 7, 2016).
Neighbor-joining trees were constructed and bootstrap val-
ues were calculated using MEGA 6.0 (Tamura et al. 2013).

Prediction and Validation of miRNAs Targeting NBS
Genes
All plant miRNA hairpins and mature sequences were down-
loaded frommiRBase (Kozomara and Griffiths-Jones 2014) or
prior publications. MicroRNAs targeting NBS genes were pre-
dicted by TargetFinder (Allen et al. 2005) and the target-
matching scores were retrieved. Flanking sequence accessibil-
ity of miRNA target sites (upstream 17 nt and downstream
15 nt) was calculated by RNAup from the ViennaRNA
Package 2.0 (Lorenz et al. 2011). MicroRNA–NBS interactions
were selected when the matching score was�4 and the tar-
get accessibility was<�20 kcal/mol. miRNAs reportedly tar-
geting NBS genes in Arabidopsis, Medicago, soybean and
spruce were retrieved from previous studies (Zhai et al.
2011; Arikit et al. 2014; Boccara et al. 2014; Xia et al. 2015).
Results in tomato and Brachypodium were validated visually
in our genome browser using a phasing score>10 for target-
derived 21-nt siRNAs (Nakano et al. 2006; Zhai et al. 2011).

Evolutionary Analysis of miRNAs and Their Target
Sites
The presence/absence of miRNA families was designated in a
phylogenetic tree to assess their loss and gain history (see main
text). All the precursors of NBS-targeting miRNAs were
searched against a database of the NBS sequences that we’d
retrieved, using BLASTwith an E-value cutoff of 10�5 to identify
homologous genes. MicroRNA hairpins which matched NBS

genes were also searched against NCBI nr database to confirm
that the best-hit genes wereNBS-LRRs and not other genes. For
example, for miRNA aly-miR472, we first search the aly-miR472
hairpin sequence against ourNBS database using BLASTNwith
the E-value cutoff set at 10�5. The best hit of the aly-miR472 50

and 30 arms was sirijNBS0045 and alyrjNBS0176, respectively.
To make sure the best-matched coding sequence was NBS-
LRRs but not other genes, we searched the aly-miR472 hairpin
against NCBI using BLASTN with default parameters. The best

Co-evolution of Plant miRNAs and NBS-LRR Defense Genes . doi:10.1093/molbev/msw154 MBE
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hit coding gene was NM_001160857.1, which is annotated as
an NBS-LRR. Via this analysis, we ensured that the origin of aly-
miR472 was an NBS-LRR, and we repeated this for other
miRNAs. The inverted repeats around NBS-LRRs in apple, cot-
ton, Medicago, and tomato were extracted from the genome
sequences. The secondary structure of the inverted repeat con-
necting two pairs of NBS genes was predicted using RNAfold
(Lorenz et al. 2011).

Encoded P-loop motif sequences were extracted from
proteins sequences derived from each NBS gene. The pair-
wise proportions of synonymous (Ps) and nonsynonymous
(Pn) differences were calculated by SNAP (http://www.hiv.
lanl.gov, last accessed August 7, 2016), for which the average
was the synonymous and nonsynonymous nucleotide diver-
sity defined in DnaSP (Librado and Rozas 2009). Sequences
of miRNAs targeting NBS genes from each family were
aligned individually and their diversified positions were de-
tected manually. All the statistics analyses including descrip-
tive analysis, t-test, and linear regression, were performed
using the R package (https://www.r-project.org/, last
accessed August 7, 2016).

Supplementary Material

Supplementary data S1–S3, tables S1–S11 and figures S1–S3
are available atMolecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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