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In plants, miR390 directs the production of tasiRNAs from TRANS-ACTING SIRNA3 (TAS3) transcripts to regulate AUXIN
RESPONSIVE FACTOR (ARF) genes, critical for auxin signaling; these tasiRNAs are known as tasiARFs. To understand the
evolution of this miR390-TAS3-ARF pathway, we characterized homologs of these three genes from thousands of plant
species, from bryophytes to angiosperms. We found the lower-stem region of MIR390 genes, critical for accurate DICER-
LIKE1 processing, is conserved in sequence in seed plants. We propose a model for the transition of functional tasiRNA
sequences in TAS3 genes occurred at the emergence of vascular plants, in which the two miR390 target sites of TAS3 genes
showed distinct pairing patterns. Based on the cleavability of miR390 target sites and the distance between target site and
tasiARF, we inferred a potential bidirectional processing mechanism exists for some TAS3 genes. We also demonstrated
a tight mutual selection between tasiARF and its target genes and that ARGONAUTE7, the partner of miR390, was specified
later than other factors in the pathway. All these data illuminate the evolutionary path of the miR390-TAS3-ARF pathway in
land plants and demonstrate the significant variation that occurs in this functionally important and archetypal regulatory
circuit.

INTRODUCTION

In plants, small RNAs (sRNAs) play crucial regulatory roles in
growth and development, resistance to abiotic and biotic
stresses, and reproduction (Chen, 2009; Axtell, 2013; Bartel,
2009). Based on features such as their biogenesis and function,
sRNAs are classified into twomajor groups,microRNAs (miRNAs)
and small interfering RNAs (siRNAs). miRNAs are generated from
precursor mRNAs that fold back to form double-stranded stem-
loopstructures,while siRNAsareproduced fromdouble-stranded
RNAs biosynthesized secondarily by RNA-dependent RNA
polymerase (RDR) (Axtell, 2013). Trans-acting small interfering
RNAs (tasiRNAs) are a special type of small RNAs found only in
plants, so far. Precursor genes of tasiRNAs (TAS genes) are sliced
in a miRNA-directed event, and the cleaved fragment is made
double-stranded by RDR6; the resulting double-stranded RNA is
chopped by DICER-LIKE4 (DCL4) into 21-nucleotide siRNAs that
mapback to theprecursors in ahead-to-tail arrangement initiating
from themiRNA cleavage site (Allen et al., 2005; Yoshikawa et al.,
2005).

Among plant TAS genes, the most well studied is TAS3; its
transcript bears two target sites of miR390, generating tasiRNAs
via the so-called “two-hit” mechanism (Axtell et al., 2006). The
conserved, resulting tasiRNA is known as “tasiARF” as it targets
AUXIN RESPONSIVE FACTOR (ARF) genes (Allen et al., 2005;
Axtell et al., 2006). To date, there are two kinds of TAS3 genes
described in plants; one contains a single, centrally located
tasiARF,while theother generates two tasiARFs. Thesearedenoted
as TAS3-short (TAS3S) and TAS3-long (TAS3L), respectively (Xia
et al., 2015b). InTAS3L, only the 39miR390 target site is cleavable,
and this sets the phase of tasiRNA production, giving rise to the
two in-phase tasiARFs (Allen et al., 2005; Axtell et al., 2006). The
59 target site of TAS3L is usually noncleavable because of the
presence of a central mismatch (10th position) in the pairing of
miR390 and target site (Axtell et al., 2006). The 59 target sequence
serves as an important binding site of ARGONAUTE7 (AGO7),
a specialized protein partner of miR390 (Montgomery et al.,
2008a). By contrast, both target sites of TAS3S are cleavable, and
both can potentially initiate tasiRNA generation (Howell et al.,
2007; Xia et al., 2012, 2015b). The single tasiARF of TAS3S is in
near-perfect phasing to both miR390 sites as there is only a -
2-nucleotide difference between the phase registers set by the
two target sites (Xia et al., 2012, 2015b).
Auxin, a plant hormone, has a role in seeminglymost aspects of

plant growth and development. The small class of ARF tran-
scription factors can either activate or repress expression of
downstream auxin-regulated genes through protein-protein
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interactions with auxin/indole-3-acetic acid (AUX/IAA) family
members (Guilfoyle and Hagen, 2007). Most plant genomes
contain;10 to 30ARF genes; for example, there are 23members
in the model plant Arabidopsis thaliana. ARFs are split into three
lineages: ARF5/6/7/8 (Clade A), ARF1/2/3/4/9 (Clade B), and
ARF10/16/17 (Clade C), which can be traced back to the origin of
the land plants (Finet et al., 2012). The TAS3-derived tasiARF
specifically targets ARF genes of Clade B (ARF2/3/4). This
miR390-TAS3-ARF pathway is of critical function in the regu-
lation of plant growth and development, including leaf mor-
phology, developmental timing and patterning, and lateral root
growth (Garcia et al., 2006; Fahlgren et al., 2006; Adenot et al.,
2006; Marin et al., 2010; Hunter et al., 2006). It was recently
found that ARF3, with the transcription factor INDEHISCENT,
comprises an alternative auxin-sensing mechanism (Simonini
et al., 2016). Loss-of-functionmutants of AGO7, the specialized
AGO partner of miR390, show varying degrees of growth and
developmental disorders due to the malfunction of the tasiARF
pathway (Yifhar et al., 2012; Zhou et al., 2013). For example,
maize (Zea mays) ago7 (rgd2) plants develop cylindrical leaves
that maintain dorsiventral polarity (Douglas et al., 2010),
and Medicago truncatula ago7 (lobed leaflet1) mutant plants
displayed lobed leaf margins and extra lateral leaflets (Zhou
et al., 2013).

All threecomponentsof thepathway,miR390,TAS3, andARFs,
are present in the oldest land plants, liverworts (Krasnikova
et al., 2013; Finet et al., 2012), and every component is uniquely
represented, i.e., the components include (1) aMIRNA gene, (2)
the only noncoding gene (TAS3) conserved throughout land
plant genomes, and (3) a protein-coding gene. To date, few
evolutionary analyses have focused on conserved noncoding
genes (mostly miRNAs), and those are mostly limited to just
a few species. Interestingly, in bryophytes, the TAS3 genes are
different from those found in flowering plants. Although bryo-
phyte TAS3 genes also have two miR390 target sites, they
generate tasiRNAs targeting not only ARF genes but also AP2
genes (described, for example, in the moss Physcomitrella
patens) (Axtell et al., 2007). Moreover, the bryophyte ARF-
targeting tasiRNA is a different sequence compared with the
tasiARF in flowering plants (Allen et al., 2005; Axtell et al., 2007).
How and when this transition in TAS3 gene composition
occurred in the evolution of land plants is fascinating but un-
known. We recently characterized ;20 TAS3 genes in the
gymnosperm Norway spruce (Picea abies), demonstrating di-
verse features of these genes distinct from those characterized
in flowering plants (Xia et al., 2015a). In this study, we aimed to
understand the evolutionary history of and critical changes in
the miR390-TAS3-ARF pathway for the major lineages of land
plants. We used >150 plant genomes and the large data set
from the 1000 Plant Transcriptome (1KP) project (Matasci et al.,
2014), in combination with additional sequencing data and
computational approaches; these resources identified hun-
dreds ofMIR390 genes and thousands of TAS3 andARF genes,
across numerous plant species. From these data, we illus-
trated with high resolution the dynamic nature of the evolu-
tionary route of themiR390-TAS3-ARF pathway, revealing new
regulatory features of the three critical components of the
pathway.

RESULTS

Gene Identification from Genomic and Transcriptomic Data

miR390-TAS3-ARF comprise a regulatory pathway highly con-
served in plants. To maximize the possibility of characterizing the
full diversity of the three main components of this pathway
(miR390, TAS3, and ARF genes), we collected 158 sequenced
plant genomes, ranging from liverworts to angiosperms, plus the
1KPdata (Matasci et al., 2014). Theanalysisworkflowanddetailed
criteria used for homologous gene identification are depicted in
Figure 1A. For example, for the identification of TAS3 genes, only
genomic loci from sequenced genomes (#500 bp) or transcripts
(from1KPdata) containing at least onemiR390 target site andone
tasiRNA targeting an ARF gene were considered valid for our
analysis. Using bioinformatics tools in combination with cus-
tomized scripts (see Methods), we identified 374 MIR390 genes
from 163 plant species (Supplemental Data Set 1), 1922 TAS3
genes from792species, and2912ARFgenes (targets of tasiRNAs)
from 934 species (Figure 1A; Supplemental Data Sets 1 to 5).
These genes were subjected to a series of comparisons and
statistical analyses to evaluate the evolutionary changes of the
three components of the pathway. Given the uneven composition
of species from major plant lineages, we classified all the plant
species into one of seven groups (liverworts, mosses, mon-
ilophytes or ferns, gymnosperms, basal angiosperms, monocots,
and eudicots); each group was considered independently in our
subsequent assessments (Figure 1B). Monocots and eudicots
accounted for the two largest groups of species and yielded the
vast majority ofMIR390 genes; many fewer were identified in the
liverwort, monilophyte, and basal angiosperm groups (Figure 1B).
Similarly, most of the TAS3 genes identified were from angio-
sperms, although there were many from gymnosperms as well
(Figure 1B). We were unable to identify homologs of MIR390 or
TAS3 genes in five algal genomes, consistent with the earlier
conclusion that themiR390-TAS3-ARFpathwayoriginated in land
plants (Krasnikova et al., 2013). In Arabidopsis, the proper exe-
cution of themiR390-TAS3-ARF pathway requires that miR390 is
loaded into a specific and highly selective AGO partner protein,
AGO7 (Montgomery et al., 2008a). Therefore, we also retrieved all
the AGO homologs ($800 amino acids) to trace the history of
AGO7 in plants (Figure 1A, described below).

The Lower Stem Region of MIR390 Is under Selection
for Conservation

miR390 is one of the most ancient miRNAs and is well conserved
in land plants. During the course of evolution,MIRNA genes (i.e.,
the precursor mRNAs) were relatively labile, typically displaying
conservation only in the sequences of the miRNA and miRNA* in
the foldback region (Jones-Rhoades et al., 2006; Fahlgren et al.,
2010; Ma et al., 2010). Indeed, in our analysis, the sequences of
miR390 andmiR390* were extremely conserved in land plants, as
shown in the sequence alignment in Figure 2A. Interestingly, in
addition to themiR390/miR390* region, we identified another two
regions of relatively high conservation in the precursors (Figure
2A). These sequences forming the lower stem of the MIR390
stem-loop structure (Figure 2B) displayed a substantially greater
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consensus, especially within the seed plants, than any other re-
gions of the precursors outside of the miR390/miR390* duplex
(Figure 2A).

For the effective loading of miR390 to AGO7, the initial adenine
“A” of themiR390 sequence and the central region of themiR390/
miR390* duplex are critical (Endo et al., 2013). We checked the
duplex structures of all identifiedMIR390 precursors. Indeed, the
first nucleotide of miR390 was exclusively an “A,” and the central
region of the duplex, especially the mismatch at position 11 (rel-
ative to miR390), was extremely conserved as well (Figure 2C).
Although other features appeared to be conserved in the duplex,
suchas themismatchatposition21andG:Uwobbleatposition3,
nonewasasexclusively conservedamongall theplant lineagesas
the mismatch at position 11 (Supplemental Figure 1), suggesting
that the central mismatch region is functionally essential in all the
land plants. A detailed analysis of position 11 revealed that only
twoout of the 374miR390/miR390* duplexeswere aG:Cpair. The
vast majority contained a G-A mismatch, but the U-C mispairing
also accounted for an appreciable percentage of the mismatches

in this position (24 of 372 mismatches, 6.45%; Figure 2C). In the
context of AGO7 loading, these findings indicate that, along with
the predominant G-Amismatch, a U-Cmismatch is a permissible
interaction at position 11.

Specification of AGO7 Occurred Late, Possibly with the
Appearance of Seed Plants

AGO7 is an indispensable component for the proper function of
the miR390-TAS3-ARF pathway; thus, we also investigated the
evolutionary history ofAGO7.Tocomplement our recent surveyof
AGOproteins thatmainly focusedonfloweringplants (Zhangetal.,
2015), our analyses here focused on AGO proteins from non-
flowering plants. We identified 237 AGO protein sequences with
$800 amino acids, and these were used for the construction of
a phylogenetic tree in combination with AGO proteins from three
representative angiosperms: Amborella trichopoda, rice (Oryza
sativa), and Arabidopsis. As previously documented (Vaucheret,
2008; Mallory and Vaucheret, 2010; Zhang et al., 2015), AGO

Figure 1. Homologous Gene Identification from Genomic and Transcriptomic Data.

(A) General workflow of the identification of homologs of MIR390, AGO7, TAS3, and ARF2, ARF3, or ARF4 (ARF2/3/4). Main criteria used in gene
identification are listed in yellow boxes, and downstreambioinformatics and statistical analyses conducted for each gene family are itemized in light-brown
boxes.
(B)Proportion ofMIR390 and TAS3 genes in different lineages of land plants, organized as seven groups of species. For TAS3, two genes found in the only
lycophyte (P. drummondii ) were grouped in the monilophytes for simplicity.
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proteins clustered into threemajor clades,AGO1/5/10,AGO2/3/7,
andAGO4/6/8/9 (Supplemental Figure2andSupplemental File 1).
The AGO2/3/7 clade consisted of members all from vascular

plants, except two moss AGO proteins (4_Pp3c17_350V3.1 from
P. patens and 4_Sphflax0148s0007.1 from Sphagnum fallax)
(Figure2D);we interpreted thisasan indication that theancestorof

Figure 2. Conservation of MIR390 and the Specification of AGO7 in Land Plants.

(A)Nucleotide sequence alignment ofMIR390 precursor genes (650 bp before/after themiR390/miR390* region) with different sequence regions denoted
above. The consensus rate of diversity of each position in the alignment is shown in the plot below with the orange line indicating the 25% level, since in
a sequence randomized by neutral evolution, each nucleotide (A/U/C/G) would comprise 25% of each position.
(B) Examples of stem-loop structures ofMIR390 precursor transcripts. ThemiRNA and lower-stem regions are indicated according to the colors shown in
the top of (A).
(C) Structure conservation of themiR390/miR390* duplex. Sequence logos were generated usingWebLogo. Different nucleotide pairings at each position
between themiR390 andmiR390* are indicated by different colors, with A:U/C:Gmatches denoted in green, G:Umatches in purple, and all mismatches in
pink. The yellow shading highlights position 11 of the duplex. The plot at the bottom shows the composition of different parings at the position 11.
(D)Enlargedsubtreeof theAGO2/3/7clade fromthe treeofSupplemental Figure2.SubgroupsAGO7andAGO2/3arehighlighted,withArabidopsis and rice
AGO7 copies labeled in red. Scale bar of branch length is 0.1. The branch length values are the mean expected rates of substitution per site.
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the AGO2/3/7 clade likely separated from the AGO1/5/10 clade
in mosses. Also, AGO7 was apparently not specified until the
emergenceofgymnosperms, asonlygymnospermandAmborella
trichopoda AGOs joined the eudicot AGO7 copies to form
a subclade (Figure 2D). These results suggest that the specific
partner AGO of miR390, AGO7, emerged much later than the
miRNA and the pathway, possibly to enable unique functions of
the miR390-TAS3-ARF pathway in seed and flowering plants.

Ancient Origin of TasiRNA-Mediated Regulation of ARFs

TAS3 genes in bryophytes were first characterized in the moss
P. patens, consisting in that genome of a small family of six genes
(Axtell et al., 2007; Arif et al., 2012). Many TAS3 genes were
subsequently described in mosses (Krasnikova et al., 2013). All
known moss TAS3 genes have similar sequence components:
two miR390 target sites, a tasiRNA that targets AP2 genes
(tasiAP2), and a tasiRNA that targets ARF genes (tasiARF)
(Axtell et al., 2007; Krasnikova et al., 2013). A TAS3 genewas also
identified in a liverwort Marchantia polymorpha, representing the
mostancientextant lineageof landplants (Krasnikovaetal., 2013).
This TAS3 gene was described as producing only a single
tasiRNA, with a sequence similar to that of the moss tasiAP2
(Krasnikova et al., 2013). Here, we found five TAS3 genes from
liverwort species in addition to that ofM. polymorpha. Sequence
alignment of these six liverwort genes revealed the presence of
another conserved region, aside from the two miR390 target
sites and the previously described tasiAP2, that could also
produce a siRNA (Figure 3A). Analyses of public sRNA data from
M. polymorpha showed that a highly abundant tasiRNA was
produced from the antisense strand of this siRNA site. This
tasiRNA (hereafter, “tasiARF-a1”) was predicted to target anARF2
gene inM.polymorpha (Mapoly0011s0167.1),with thecleavageof
the target site confirmed by robust PARE data (category 0;
Figure 3A). While the previously described tasiAP2 site is highly
conserved, we were unable to validate its target interaction in
M.polymorpha, despite combiningwhole-genome target analysis
with sRNA and PARE data. No AP2 homolog was predicted as
a target of the tasiRNA even using relaxed prediction criteria
(alignment score# 7). Furthermore,whencheckingM.polymorpha
homologs of moss AP2 genes that are validated targets of moss
tasiARF-a1, we still found no tasiAP2 target sites (data not shown).
Moreover, the tasiAP2 analog was of low abundance and had
potential target genes other than AP2 genes (Supplemental Data
Set 6), suggesting that the tasiAP2 analogmay not be functional or
have a function other than targeting AP2 genes inM. polymorpha.
Therefore, themiR390-TAS3machinery likelyoriginated to regulate
ARF genes, and not AP2 genes, unlike previous reports.

For the bryophytes, we identified a large number of TAS3 genes
including 67 genes from 36 moss species, in addition to the six
liverwortTAS3 copies described above. For the 67 genes,webuilt
a multiple sequence alignment; from this, conserved sequence
motifs, including the two miR390 target sites, and both tasiAP2
and tasiARF, were detected as previously reported and as ob-
served in the mosses (Supplemental Figure 3A). In addition, we
identifiedanother tasiRNAsite thatwasconservedonly inasubset
of the moss TAS3 genes. Target predictions indicated that this
tasiRNAmay target ARF genes as well, and it is conserved in only

a fewmembersof theTAS3 family. For instance, threeTAS3genes
ofP. patens (a/d/f) encode this tasiRNA sequence, but TAS3b/c/e
lack it (Figure 3B; Supplemental Figure 3A). In contrast to the
previously identified tasiARF (tasiARF-a2, on the 39 end), which
was produced in the antisense strand and in phase with the 39
miR390 target site, the newly identified tasiARF-a3was located in
thesensestrandand inphasewith the59miR390 target site (Figure
3B). These three tasiARFs in liverworts (tasiARF-a1) and mosses
(tasiARF-a2, -a3) had no sequence similarity, originated from
either strandofTAS3genes, and targeted different regions ofARF
genes—all characteristics consistent with independent origins.
To infer the possible evolutionary path of TAS3 in bryophytes,

we constructed a phylogenetic tree using their TAS3 genes. The
phylogenetic tree (Supplemental Figure 3B) yielded three major
classes: class I contained all six liverwort TAS3 genes (tasiAP2
and tasiARF-a1); class II included moss TAS3 genes containing
tasiAP2and tasiARF-a2; andclass III comprisedmossTAS3swith
tasiAP2, tasiARF-a2, and tasiARF-a3. Intriguingly, class II was
closer to liverwort TAS3 genes (class I), indicating that class III
TAS3 genes likely evolved after the appearance of the class II
TAS3 genes, which raises an interesting question of the origin of
tasiARF-a3.

TasiARF in Vascular Plants Likely Evolved from the
Duplication of the 59 miR390 Target Site

TAS3 genes found in seed plants are different from the bryophyte
TAS3s. As summarized in Figure 4A, two types of TAS3 genes,
TAS3L with two tandem tasiARFs and TAS3S with one tasiARF,
have been previously characterized in gymnosperms and many
angiosperms. Despite a similar arrangement of twomiR390 target
sites, the near-identical tasiARFs inTAS3L andTAS3S aredistinct
from moss tasiARFs (tasiARF-a1, tasiARF-a2, and tasiARF-a3) in
bryophyteTAS3genes, in termsof sequence, position, andstrand
(Figure 4A). These differences suggest a significant change oc-
curred during TAS3 evolution in land plants. To better understand
when this change happened, we cataloged TAS3 genes with
tasiARFs. We found two TAS3 genes from a lycophyte Phyllo-
glossumdrummondii, onewith two tasiARFs (Pdr-TAS3L) and the
other with a single tasiARF (Pdr-TAS3S) (Figure 4B); the cDNA
sequence of Pdr-TAS3S was too short to include the 59 miR390
target site. We generated sRNA sequencing data that confirmed
the phased generation of tasiARFs from Pdr-TAS3L (Figure 4C).
Both tasiARFs were predicted to target two ARF genes found
among the cDNA sequences from the same species (Figure 4C).
Therefore, we believe that this transformation of TAS3 genes, and
particularly the tasiARF transition, occurredafter thedivergenceof
mosses and before or in lycophytes, perhaps with the emergence
of vascular plants. Accordingly, we termed the TAS3 genes
producing these characteristic tasiARFs (i.e., not tasiARF-a1/a2/
a3) “vascular TAS3” genes.
We next asked how the transition of TAS3 genes happened. In

other words, howwas this signature tasiARF sequence generated
in vascular plants? We compared the tasiARF sequence to
available cDNA or genome sequences. We found the tasiARF
sequence shared substantial sequence similarity with a region
partially overlapping the 59 miR390 target site from the cognate
TAS3 gene in some species, as exemplified in a few TAS3 genes
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shown in Figure 4D. In aTAS3geneof the liverwortM.polymorpha
(Mpo-TAS3), the tasiARF sequence had 15 nucleotides of identity
with the 59 miR390 target sequence, with an overlap of 11 nu-
cleotides (Figure 4D). This sequence similarity was even greater in
TAS3 genes in a monotypic gymnosperm, Welwitschia mirabilis
(Wmi-TAS3), and the basal angiosperm A. trichopoda (Atrich-
TAS3) (Figure 4D). This finding of sequence similarity is consistent
with ahypothesis that the tasiARFwasderived from the59miR390
target site from TAS3.

We previously reported that the genome of the gymnosperm
Norway spruce includes a large number of TAS3 genes, among
which many have noncanonical sequence features (Xia et al.,
2015a). We extended this observation to other plant species,
finding TAS3 genes with varied motif structures in our large data
set (Supplemental Figure 4). For example, some TAS3 genes had
two59or 39 target sitesdue to short sequenceduplications; others
had two or three nonadjacent tasiARFs. We propose a model
consistent with these extant TAS3 arrangements for the tasiARF
transition from bryophyte TAS3 genes to vascular TAS3 genes
(Figure4E). In thefirst step, the59miR390 target siteof abryophyte
TAS3 gene was duplicated through segmental duplication, as

evidenced in a couple of gymnosperm TAS3 genes. Next, the
miR390 target site in the middle evolved into a tasiARF and was
retained because of its essential function, yielding the short TAS3
gene (TAS3S); after this, two tasiARFs in a single TAS3 gene
resulted from the duplication of tasiARF. Finally, the gap between
the two tasiARFs was lost, forming a tandem repeat of tasiARFs,
yielding the long TAS3 gene (TAS3L) present in vascular plants.
This series of steps is consistent with the TAS3 variants present in
plant genomes (Supplemental Figure 4).

Distinct Pairing Patterns of Two miR390 Target Sites

TAS3 genes usually comprise a small gene family in plants. For
instance, in bryophytes, only one TAS3 gene was identified in
M. polymorpha, and six TAS3 copies were found in P. patens. For
comparison, there are three TAS3 copies in Arabidopsis, five in
rice, and nine inmaize—all vascular plants. Comparing across the
157 vascular plants with full-genome sequences that we utilized,
we found that this size of the TAS3 gene family is maintained
across angiosperms, with most having fewer than ten TAS3
genes and a mean of four genes (Supplemental Figure 5). In

Figure 3. TAS3 Originated to Regulate ARF Genes in Land Plants.

(A)Conservedmotifs in TAS3 transcripts from liverworts. Purple arrows indicate the encoded strand of tasiRNAs; the left-pointing arrow indicates that the
functional tasiRNA is located on the antisense strand, and the right-pointing arrow indicates that the tasiRNA is on the sense strand. tasiARF-a1 encoded in
liverwortTAS3genes targetsARFgeneswith the tasiRNA:targetpairing (cleavagesitemarkedwitha redarrow) andvalidating, experimentally derivedPARE
data shown in the middle T-plot. The red dot in the plot of PARE data marks the cleavage site directed by tasiARF-a1.
(B) Conserved motifs in a few representative TAS3 genes in mosses. Besides tasiARF-a2, previously reported to target ARF genes, another tasiRNA,
denoted as tasiARF-a3, was predicted to targetARF genes. The tasiARF-a2 and tasiARF-a3 sequences are encoded in the antisense and sense strands of
TAS3 transcripts, respectively.

Evolution of the miR390-TAS3-ARF Pathway 1237

http://www.plantcell.org/cgi/content/full/tpc.17.00185/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00185/DC1
http://www.plantcell.org/cgi/content/full/tpc.17.00185/DC1


Figure 4. The Inferred Evolutionary Progression of TAS3 Genes in Land Plants.

(A)A summary of TAS3 gene structures observed in land plants. Colored bars denote different features, as indicated; the gray 59miR390 site is not cleaved.
The question mark indicates that the function of tasiAP2 (targeting AP2 genes) could not be validated in liverworts.
(B) Two TAS3 gene structures found in the lycophyte species P. drummondii.
(C) TAS3 transcripts produce tasiARFs to regulate ARF genes in P. drummondii. The dotted line and box denote that the identified cDNA sequence of
Pdr-TAS3S was too short to include the 59 miR390 target site.
(D) TasiARF showssequence similarity to the regionpartially covering the 59miR390 target site of cognateTAS3genes. Three representativeTAS3genes from
different species are displayed here. Identical nucleotides between tasiARF and the region partially covering the 59miR390 target site are highlighted in yellow.
(E)Anevolutionarymodel for thedivergence ofTAS3genes in landplants. The tasiARF sequenceoriginated from theduplicationof the 59miR390 target site
and the TAS3S genes (with a single tasiARF) might be the ancestor of the TAS3L genes (with two tandem tasiARFs).
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gymnosperms, the TAS3 family is substantially larger. The five
gymnosperm species surveyed each had at least 28 TAS3 genes,
with Pinus taeda encoding as many as 71 TAS3 copies. Notably,
almost all of the vascular species hadboth variants ofTAS3genes
(TAS3L and TAS3S) (Supplemental Figure 5), from which we infer
that these two types of TAS3 genes likely have nonredundant
functions.

We next evaluated how the pairing patterns for miR390 target
sites of TAS3 genes changed in land plants. We identified
3487 target sites of miR390 in 1922 TAS3 copies, including
1794 59 sites and 1693 39 sites (Supplemental Data Set 4). These
59 and 39 miR390 sites showed different patterns of pairing with
miR390, a miRNA with a highly conserved sequence (Figure 5A).
In general, the majority of the 59 sites encoded a central, 10th
position mismatch, while the last four nucleotides of the pairing
(18th to 21st, relative to the 59 end of miR390) were always
mismatched in the 39 target site (Figure 5A). More specifically, the
middle region (8th to 12th nucleotides) of the 59 target site was of
greater nucleotide diversity, with the 10th position generally un-
paired and the 11th position predominantly a G:U pair. By con-
trast, the 59 five nucleotides (17th to 21st, relative to the 59 end of
miR390)of the39 target sitesvariedsubstantially insequence,with
the last four (18th to 21st) always unpaired with miR390. The final
nucleotide of the 39 site (1st relative to miR390) was not well
conserved at all and wasmaintained as a mismatch with miR390,
unlike the 59 site (Figure 5A).

To assess the history of diversification of the pairing between
miR390 and its target sites in TAS3 genes, we grouped all iden-
tified miR390 target sites according to the seven lineages of land
plants described above, and we generated similar plots to rep-
resentmiR390-TAS3pairing.Weobservedsubstantial variation in
pairing in the 59 site, especially for the middle region (8th to 12th
positions) (Figure 5B). Interestingly, the position most important
for AGO-mediated slicing, the 10th position (of miR390), was
always matched in bryophytes. In later-diverged species, the
mismatch at this position appeared and seemed preferentially
retained, as the proportion of mismatches gradually increased
over plant evolution. This was particularly noticeable in the basal
angiosperms and monocots in which there were almost no
matched interactions at this position. For the 11th position of the
59 site, G:U pairing predominated in all the lineages (Figure 5B).
The plant groups showed little variation in themain features of the
39 site, including the 59 endmismatch region, the perfect match in
the middle, and the high proportion of mismatches for the final
nucleotide (except for the monilophytes) (Figure 5B).

Evolutionary Dynamic Distances between TasiARFs and
miR390 Target Sites

The tasiARF is another functionally essential component of the
pathway of our investigation. To correctly generate the tasiARF,
this siRNA needs to be in phase with amiR390 target site; in other
words, the distance from the cleavage site of a miR390 target site
to the end of the tasiARF must be a multiple of 21 nucleotides.
Therefore, we calculated the distances and evaluated their evo-
lutionary changes from both 59 and 39 miR390 target sites to
the tasiARF ends. Given that the tasiARF in vascular plants is
distinct from tasiARF-a1, tasiARF-a2, and tasiARF-a3 found in

bryophytes, which themselves vary substantially, and given the
large number of TAS3 genes identified for vascular plants, we
performed distance analyses only for vascular TAS3 genes.
Overall, therewas substantial variation in the tasiARF distances

(59 site to tasiARF and tasiARF to 39 site) in all lineages of vascular
plants, with the exception of the eudicots, in which the tasiARF to
39-site distance of TAS3L and the 59 site to tasiARF distance of
TAS3S were highly consistent in length (Figures 6A and 6B). For
TAS3L, both distances were significantly shorter in the mon-
ilophytes, but the gymnosperms had a much longer 59 site to
tasiARF region compared with other lineages (Figure 6A). Mon-
ilophyteTAS3S alsohada shorter 59 site to tasiARF region, but the
tasiARF to 39-site distance was more or less similar to those of
other lineages (Figure 6B).
Next, we assessed the distance from the tasiARFs to a miR390

cleavage site in terms of the phase cycles of phased siRNAs, to
determinewhich site was the trigger. The tasiARFs of TAS3Lwere
mostly out of phase with the 59 target site, with the exception of
those from gymnosperms (see below for a more granular analysis
of the relationships between cleavability of the 59miR390 site and
phasing of the tasiARF in gymnosperms). In gymnosperms, the
tasiARFswere consistently positioned at the 9th cycles according
to the cleavage site of the 59 site (Figure 6C, left). By contrast, the
TAS3L tasiARFs were consistently in phase with the 39 site; in
other words, the distances of the 39 site to tasiARF were almost
uniformly amultipleof21nucleotides, despiteconsiderable length
variation in some groups (Figure 6C). For TAS3S, its tasiARF was
largely not in phase with the 59 site, except in the eudicots, which
hadaconsistent 59site to tasiARFdistanceof approximately three
cycles, or 65 nucleotides. Aswith TAS3L, although variation in the
lengthwasobserved for the39site to tasiARF regionofTAS3S, the
distance was almost uniformly phased as well, i.e., a multiple of
21 nucleotides (Figure 6D). These results indicated that the 39 site
is the main trigger site of tasiARF generation in both TAS3L and
TAS3S, but the gymnosperm TAS3L and eudicot TAS3S likely
also generate tasiARFs triggered by the 59 miR390 target site.

Cleavability of the 59 Site and Its in-Phase TasiARF Are
Selected Coordinately in Eudicots

The noncleavability of the 59 miR390 target site is functionally
important for its role as a binding site of the miR390-RISC com-
plex; this noncleavability results from the presence of a mismatch
at the 10th position of the target site pairing (Montgomery et al.,
2008b; Axtell et al., 2006). Asmentioned before, our analysis of the
middle region of the miR390:target pairing of the 59 site (Figure 5B)
demonstrated that, consistent with previous studies, the 10th
positionmismatch is indeed conserved in the majority of the TAS3
genes in vascular plants. However, we also observed that a not
insignificant fraction of interactions of the 10th position of miR390
with TAS3 are perfectly paired, especially in monilophytes, gym-
nosperms, and eudicots (Figure 5B). Given the finding that the
tasiARF in gymnosperm TAS3L and eudicot TAS3S copies are
mostly in phase with the 59 site as well, it is conceivable that the
portion of loci with a matched 10th position is contributed by the
59 sites capable of setting the phase of the tasiARF. To check this
possibility,weseparated the59 sitesofTAS3L fromthoseofTAS3S
and focused our analyses on the middle region (8th to 12th
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positions, relative to the miRNA), as shown in Figures 6E and 6F.
Although the general pattern was similar for TAS3L and TAS3S,
i.e., a predominant 10th position mismatch in most lineages and
preferential 11thpositionG:Upairing,we founda fewdissimilarities
between TAS3L and TAS3S in the pairing at these positions. Most
noticeable was the level of perfect matches at the 10th position for
TAS3S compared with the majority of mismatches in TAS3L at the
same position (Figure 6E). We then asked whether those 59 sites in
phase to tasiARFweremore likely to display a 10thposition perfect
match.We divided these sequences into two groups, thematched
group (with a “U”matching the10thposition “A”ofmiR390) and the
mismatched group (“A,” “C,” or “G”). The matched group had
a much higher proportion of in-phase sites in eudicots (Figure 6G),

suggesting that the in-phase and cleavable 59 site was coordi-
nately selected during TAS3 evolution in eudicots.

Strong Mutual Selection between TasiARF and Its Target
Site in ARF Genes

The miR390-TAS3-ARF pathway exerts its function via the si-
lencing of a subgroup of ARF genes, ARF2, ARF3, and ARF4 in
Arabidopsis (Allen et al., 2005). In Arabidopsis, theARF genes are
classified into three clades:CladeA (ARF5,ARF6,ARF7, andARF8),
Clade B (ARF1, ARF2, ARF3, ARF4, and ARF9), and Clade C
(ARF10, ARF16, and ARF17) (Finet et al., 2012). The vascular
tasiARFs targetARF2,ARF3, andARF4ofCladeB, theancestor of

Figure 5. Pairing Features and Evolutionary Variation of the Two Target Sites of miR390 in TAS3 Genes.

(A)Distinct pairing patterns of the twomiR390 target sites in TAS3 genes. Sequence logoswere generated usingWebLogo. Different nucleotide pairings at
eachposition in the target site (comparedwith thehighly conservedmiR390sequence in themiddle) are indicatedbydifferent colors,withA:U/C:Gmatches
denoted in green, G:U matches in purple, and all mismatches in pink. The red arrow marks the 10th position, relative to the 59 end of miR390. The yellow
shading indicates regions of substantially imperfect pairing. The upper graph shows the 59 target site of TAS3, the lower graph shows the 39 target site; the
number of sequences (n) analyzed is indicated for each panel.
(B)Variation in thepairingof the twomiR390 target sites inTAS3genes indifferent speciesor lineagesof landplants. The imagesareasdescribed for (A), but
the left graph shows the analysis of the 59 target sites of TAS3, and the right graph shows the analysis of the 39 target sites.
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Figure 6. The Distances between the Two Target Sites of miR390 and the Central tasiARF Are under Strong Selection.

(A)and (B)Variationof thedistancesbetween twomiR390 target sitesand tasiARFofTAS3L (A)orTAS3S (B)genes indifferent lineagesof vascularplants. In
both panels, the lower graphs contain violin plots for each lineage representing the distribution of these distances; internal boxes represent the median as
a heavy line surrounded by a box defining the upper and lower quartiles.
(C) and (D) Distribution of the distances between two miR390 target sites and tasiARF of TAS3L (C) or TAS3S (D) genes in different lineages of vascular
plants. The y axis is the percentage of TAS3 genes with distances occurring within a given position (the x axis). The 21-nucleotide phased positions (phase
“cycles”) are marked as gray gridlines.
(E)and (F)Variation inpairingof the8th to12thnucleotidepositions (relative to the59endofmiR390)of the59 target siteofTAS3L (E)andTAS3S (F). The type
ofmiR390-TAS3pairing observed at different nucleotide positions, relative to the 59endofmiR390, are shownwithA:U/C:Gmatchesdenoted in green,G:U
matches in purple, and all mismatches in pink.
(G) Ratio of the 59 miR390 target sites in phase or out of phase to the tasiARF in terms of different nucleotide pairing at the 10th position (match, U;
mismatches, A, C, and G as the 10th nucleotide of miR390 is “A”).
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which likely emerged in liverworts (Finet et al., 2012). Typically,
ARF2hasasingle target site for the tasiARF,whileARF3andARF4
have two target sites (Allen et al., 2005; Axtell et al., 2006). As
described above, the ARF genes in Clade B of bryophytes were
regulated by tasiARF-a1 to -a3; thereafter in evolution, this group
was targeted by the tasiARF that emerged in vascular plants.
However, we found that some Clade B genes from mosses (for
example, from P. patens) include sequences analogous to the
target site of the vascular tasiARF, suggesting that this target site
predates the emergence of the tasiARF of vascular TAS3 genes
(Supplemental Figure 6). Combining these data with the ARF
evolution history illustrated in Finet et al. (2012), we summarized
the likely path of diversification of tasiARF target sites during the
evolution of the Clade B ARF genes (Figure 7A). The interaction
patternof tasiARFwithARFgeneswas likely formed in lycophytes,
with only one target site. In monilophytes, genes in Clade B were
targeted at a single site in most species, but a few species dis-
playeddual target sites. Thereafter, in evolutionary terms, thisdual
targeting was maintained in the subclade and likely eventually
gave rise to the ARF3/ARF4 genes, while the single targeting was
selectively retained in the ARF2 subclade, but lost in the ARF1/
ARF9 group (Figure 7A).

The target sites of the vascular tasiARF were located in the
middle region between two functional domains (ARF and AUX/
IAA) ofARF2/ARF3/ARF4 genes (Figure 7B).We recently reported
that the target sites of the miR482/miR2118 family display sig-
nificant sequence variation at positions matching the 3rd nucle-
otide of codons, implying a strong selection from the functionally
important P-loop motif of NB-LRR proteins that shapes miRNA-
target pairing (Zhang et al., 2016). By contrast, the tasiARF se-
quence isofmuch lower sequencedivergence, and it didnot show
a pattern like themiR482/miR2118 family, indicating the selection
on tasiARF pairing is distinct from that in the miR482/mrR2118
case. Similarly, the tasiARF target sites, unlike the miR390 target
sites in TAS3geneswhich are relatively diverse, are less divergent
in sequence and consistently encode the amino acid sequence K/
RVLQGQE (Figure 7B). We also assessed nucleotide diversity of
the ARF2, ARF3, and ARF4 genes and found that the three
functional domainswere, as expected, of relatively low nucleotide
diversity. However, the tasiARF target sites (one in ARF2 and two
in ARF3/ARF4) showed substantially lower nucleotide diversity,
even compared with the encoded, conserved functional domain,
indicating strong conservative selection (Figure 7C). Given that
tasiARF sequences in TAS3 genes are also highly conserved in
vascular plants, we hypothesize that there is strong mutual se-
lection between tasiARF in TAS3 genes and its target sites inARF
genes.

DISCUSSION

The miR390-TAS3-ARF pathway is a highly conserved, func-
tionally important, and archetypal regulatory circuit in land
plants. Taking advantage of vast amounts of publicly available
genome and transcriptome data, we demonstrated the dy-
namic evolutionary nature of the pathway, and we uncovered
new features of the three key components of the pathway
(Figure 8).

Conservation of MIR390 and Specification of Its
Partner AGO7

In plants,miRNA/miRNA*duplexes are releasedby twosequential
cuts of their hairpin precursors by DCL1; these cuts occur di-
rectionally, either base-to-loop or loop-to-base (Bologna et al.,
2009, 2013). For base-to-loop processing, the first cut is defined
by thedistance (;15nucleotides) from themiRNA/miRNA*duplex
to a large loop at the base (Werner et al., 2010; Song et al., 2010;
Mateos et al., 2010).miR390 is one suchbase-to-loop-processed
miRNA, with the first cut by DCL1 occurring at a position ;15
nucleotides fromabasal unpaired region (>4 nucleotides) (Bologna
et al., 2013). We unexpectedly found conservation in this lower-
stem region in seed plants, indicating that selection can maintain
bases in the hairpin outside of the miRNA/miRNA*. The conser-
vation in the MIR390 lower stem likely maintains a consistent
distance of;15 nucleotides to ensure the accuracy of the first cut
by DCL1 of the precursor. The conservation of this paired region
occurs for many other miRNAs in plants (Chorostecki et al., 2017).
For the proper function of miR390, it must be loaded to its

specific partner AGO7. The specificity of this interaction is pre-
sumably influenced by features of miR390, including the 59 nu-
cleotide “A” and the mismatched central region of the miR390/
miR390* duplex. We found that these two features are extremely
conserved for MIR390 genes in all land plants. However, the
phylogenic analysis of AGO7 suggested a more recent origin,
coincidentwith theappearanceof seedplants andmuch later than
miR390. Thus, the ancestor of AGO7 already had the capacity to
recognize unique features of miR390 prior to the specification of
AGO7. Since seed plants are complex organisms in which auxin
plays broad regulatory roles, the specificity of AGO7 likely helps
accommodate these roles via the miR390-TAS3-ARF pathway.
Alternatively, as the phased siRNA regulatory network expanded
apparently at least when gymnosperms emerged to includemany
protein-codinggenes (Xiaetal., 2015a), perhaps theemergenceof
AGO7 specified for miR390 separated or compartmentalized the
miR390 pathway relative to themany other phasiRNA-generating
targets. This compartmentalization may have allowed the two-hit
biogenesis of miR390-TAS3 to persist in an evolutionary sense,
even asotherPHAS loci initiated by22-nucleotide, one-hitmiRNA
triggers became more prevalent.

Evolutionary Route and Diversification of TAS3 Genes

The presence ofmiR390 andTAS3was tracked back to liverworts
(Lin et al., 2016), while the ARF domain encoded by ARF genes
likely first appeared in land plants (Finet et al., 2012). We dem-
onstrate that TAS3 in liverworts produces tasiRNAs to targetARF
genes, suggesting this was the earliest function of TAS3, a key
function maintained throughout land plants. We also observed in
liverworts theconservationofanotherTAS3-derived tasiRNAthat,
inmosses, targetsAP2genes (referred to as tasiAP2), butwewere
unable to confirm this function in liverworts. It is possible that this
tasiRNA in liverwort TAS3 genes emerged before the appearance
of tasiAP2 target sites in AP2 genes or that this tasiRNA has an
unidentifiable function or target.
Although the role of TAS3 in regulatingARF genes is conserved

across land plants, the bryophyte TAS3 genes are structurally
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different from those in vascular plants (Axtell et al., 2006). In other
words, tasiARFs are different in sequence between bryophytes
and vascular plants. In our model for tasiARF evolution, the
tasiARF was derived from the duplication of the 59 target site of
miR390, and the short TAS3 variant (TAS3S) is the ancestor of the
long TAS3 (TAS3L). We identified the vascular TAS3 in a lyco-
phyte, indicating that the transition of tasiRNA sequences is likely
associated with the development of vascular tissue in plants, as
lycophyteswereamong thefirst vascular plantsonearth.Measured
across the vascular plants, there are nearly always two types of
TAS3genes (TAS3SandTAS3L) present in eachplant genomeand
totaling approximately four members in most species. The deep
conservation of these structures suggests they are not functionally

redundant. Future work could address why, perhaps by selective
deletion of these two types using CRISPR/Cas9. Another striking
observation was that the TAS3 copy number is significantly
expanded in conifers, reminiscent of the expansion of NB-LRR-
targeting miRNAs (Xia et al., 2015a). Despite evidence of whole-
genome duplications in spruce (Li et al., 2015), the >10-fold higher
copy number in conifers relative to angiosperms is extraordinary.
Oneof themajordifferencesbetween the twomainmechanisms

of tasiRNA/phasiRNAbiogenesis (“one-hit”and “two-hit”models)
is the direction of tasiRNA production. In the two-hit model,
tasiRNAs are produced in a 39 to 59 direction, in contrast to the
predominant 59 to 39 Dicer processing (i.e., the one-hit model).
miR390-TAS3 is the quintessential two-hit locus, yet its

Figure 7. Evolutionary Diversification of tasiARF Target Sites in ARF Genes.

(A)Evolution of thenumber of tasiARF target sites in plantARFgenes. Theevolutionary route ofARFgeneswasadapted fromFinet et al. (2012). Thenumber
of short yellow lines inorangeboxesdenote thenumberof tasiARF target sites. Thegray linemeans that therearepotential tasiARF target sites inARFgenes
in mosses. In monilophytes (marked with an asterisk), some ARF3/ARF4 homologous genes have already evolved two tasiARF target sites.
(B) Sequence features of the target site of tasiARF in ARF genes and their encoded proteins. Gene structures of tasiARF-targeted ARF2/ARF3/ARF4 are
displayed on the top, including the encoded proteinmotifs, with the tasiARF target site indicated as pink bars. The target site encodes a short peptide with
a consensus sequence of K/RVLQGQE, as indicated with the encoding sequence. Pairing between tasiARF and its target site is color-coded with A:U/C:G
matches denoted in green, G:U matches in purple, and all mismatches in pink.
(C) Distribution of nucleotide diversity along tasiARF-targeted ARF2/ARF3/ARF4 genes, with the encoded functional domains and tasiARF target site
marked in colors according to those in (B).
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39 to 59processing is distinctive and rare. Evolutionary analyses of
miR390-TAS3 pairing revealed two distinct patterns of pairing of
the two target sites: (1) a conserved mismatched region mainly
caused by the 10th position of the 59 site (previously known; see
below), and (2) an open, unpaired region in the 39 end of the
39 target site (from our study). The wide conservation in vascular
plants of these features implies functional relevance. Studies in
Arabidopsis have shown that the noncleavability of the 59 site,
caused by the central mismatch (10th position), is essential,
mediating miR390 binding via AGO7 (Rajeswaran and Pooggin,
2012). Changing the 10th mismatch into a perfect match com-
promisestasiRNAbiogenesis (Axtell etal., 2006;Montgomeryetal.,
2008a). However, a substantial portion of TAS3 genes, especially
the TAS3S subset, have a cleavable 59 site (A:U pair at the 10th
position), and many of these sites, particularly in eudicots, trigger
tasiARF production. This indicates that the noncleavability of the
59 site is helpful but not necessary for tasiARF production. Another
notable feature of the 59 site pairing is the predominant G:U pairing
at the11thposition; thispreferentialwobblepairingmightbehelpful
formaintaining thenoncleavabilityof the59site,which isbelieved to
be mainly caused by the 10th position mismatch. By contrast, the
pairing of the 39 site has a consistently matchedmiddle region, but
an open, unpaired 39 end region. The paired middle region could
ensure the cleavageof the 39 site andmake it the typical trigger site
for secondary tasiRNAs.The39endopen regionmaydirect the39 to
59productionofTAS3 tasiRNAs.Perhapsafter cleavage, the39end
open region makes the cleaved mRNA end more accessible to
RDR6 to facilitate downstream tasiRNA production.

Besides the cleavability of the target site, the distance between
the miR390 target site and tasiARF also appears to be a de-
terminant for phasiRNA biogenesis. TasiARF production requires
distances in multiples of 21 nucleotides from the cleavage site
(“in register”). We showed that the distance of the 39 side of TAS3
is more consistently a multiple of 21 nucleotides despite con-
siderable length variation; the 39 site also displayed fewer 10th
position mismatches (i.e., better cleavability). However, we noted
several exceptions. TheTAS3L in gymnospermsand theTAS3S in
eudicots had a highly consistent distance on the 59 side, in ap-
proximate phase with tasiARF, and the cleavability of the 59 site
was coordinately selected with the in-phase distance to the
tasiARF in eudicots, suggesting that the 59 site in those TAS3
genes is likely to serve as a trigger site of tasiARF production as
well. Therefore, our results suggest that some TAS3 loci in vas-
cular plants are likely bidirectionally processed, consistent with
the observation of the original bidirectional processing of func-
tional tasiRNAs inbryophytes (Axtell et al., 2006). For instance, the
two target sites of TAS3 in P. patens are both cleavable, and
tasiARF-a2 is inphasewith the39site,while tasiARF-a3 is in phase
with the59 site. This bidirectional processing thus yields additional
questions about this “two-hit” mechanism. How is the activity of
the twositescoordinated?Doescleavageoccursimultaneouslyat
both sites or one site at a time?

Selection between TasiARF and Target Sites in ARF Genes

miRNAs, tasiRNAs, and other type of sRNAs together with their
target geneseach represent apair of partners, functioning via their
interactions, based on sequence complementarity. Few studies
have deeply investigated this sRNA:target partnership over
evolutionary time. In the case of the widely conserved miR482/
2118 family, we previously described selection from target
protein-coding genes tomiRNAs; in that case, the essential function
of the P-loop encoded in NB-LRR genes, targeted by miR482/
2118, is most important, as miRNA variation matches a de-
generate nucleotide change at the third position of each codon in
the target gene (Zhang et al., 2016). In this study, we detected
a distinct pattern of selection between tasiARF and target site in
ARF genes in vascular plants. Both were depleted of variation,
indicating a strong mutual selection. The tasiARF target site se-
quences inARF genes showed no periodical variation (at the third
position), indicating that the target site sequence is not under
strong selection at the amino acid level, in accordance with the
location of the tasiARF target site between two encoded domains
of ARFproteins, the ARFdomain andAUX/IAA domain. The target
site in the middle region is of less functional importance at the
protein level. This is in contrast with the location of miR482/2118
target site in a functionally critical domain (Zhang et al., 2016).
However, the sequence variation (nucleotide diversity) of the
tasiARF target sites in ARF genes is dramatically lower than that
of other gene regions, even the conserved functional protein
domains, suggesting that the tasiARF target site is under a se-
lective force stronger than that experienced by the encoded
protein domains. Combined with the fact that tasiARF sequences
in vascular TAS3 genes demonstrate substantially less sequence
variation, we believe that there is a robust selective connection

Figure 8. Evolutionary Emergence of the miR390-TAS3-ARF Pathway in
Land Plants.

A simplifiedphylogenetic tree of plants is drawnon the left. The evolution of
each component of themiR390-TAS3-ARF pathway is denoted by arrows
of different color on the right. Major evolutionary events are labeled at the
corresponding points (referring to the phylogenetic tree). “AGO*” denotes
that AGO proteins emerged much earlier than the appearance of plants.
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between tasiARF and its target site in ARF genes, which permits
littlesequencevariation ineithercomponentoverevolutionary time.

METHODS

Genome Sequences and 1KP Data

Genome sequences of 158 species were retrieved from either the Phy-
tozome or NCBI. The assembled transcriptome data of the 1000 Plant
Transcriptome Project (1KP) was kindly shared by the Wang lab at the
University of Alberta, Canada (Matasci et al., 2014).

NGS Data and Analyses

RNA of Phylloglossum drummondii was extracted using PureLink Plant RNA
Reagent. A sRNA library was constructed using the Illumina TruSeq sRNA kit
and sequenced on the Illumina HiSeq platform at the University of Delaware.

sRNA and PARE data of Marchantia polymorpha were retrieved from
NCBI Short Read Archive under accession numbers SRR2179617 and
SRR2179371, respectively (Lin et al., 2016). sRNA reads were mapped to
reference genome or transcripts by Bowtie (Langmead et al., 2009), and
PARE data were analyzed using Cleaveland 2.0 (Addo-Quaye et al., 2009).

Homologous Gene Identification

For the identification ofMIR390 genes, mature sequences of miR390were
retrieved from miRBase and used to search for homologous sequences
using FASTA36 allowing two mismatches. After that, 6500-bp sequence
was excerpted for each homologous sequence from reference sequences
andused for theevaluationof secondarystructure.Only thosegenomic loci
or transcripts with a stem loop structure (#4-nucleotide mismatches and
#1-nucleotide bulge) and with the mature miRNA in the 59 arm were re-
garded as bona fide MIR390 genes.

For the identification of TAS3 genes, #500-bp genomic loci (for ge-
nomes) or EST sequences (for transcriptomedata)with evidence of at least
one miR390 target site and at least one signature tasiRNA (tasiARF for
vascular plants, tasiAP2 or tasiARF-a2 for bryophytes) were considered as
TAS3 candidates. Their identities as TAS3 geneswere further assessed by
manual sequence comparisons. The tool MEME (Bailey et al., 2009) was
also used to profile the signature sequence motifs of TAS3 genes.

To identify tasiARF-targeted ARF genes, first, Arabidopsis thaliana and
subsequently rice (Oryza sativa) ARFproteinswere used as bait sequences
to identify ARF homologous genes, using either TBLASTN for annotated
genomes or 1KP transcriptome data or genBlast (She et al., 2011) for
unannotated genomes. Second, TargetFinder (https://github.com/
carringtonlab/TargetFinder) was used to identify tasiARF-targetedARF
genes. Third, ARF3/ARF4 and ARF2 genes were distinguished by the
number of target sites as ARF3/ARF4 genes have two tasiARF target sites
and ARF2 genes have only one target site. AGO proteins were identified
using BLASTP for selected annotated genomes or TBLASTN for 1KP data
using Arabidopsis and rice AGO proteins as bait sequences. Only full-
length AGO protein sequences from sequenced genomes and AGO se-
quences with $800 amino acids from the 1KP data were chosen for
subsequent phylogenetic tree construction.

Multiple Sequence Alignment and Tree Construction

Sequences of ARGONAUTE proteins ($800 amino acids), annotated from
transcripts andgenomes,werealignedusingMUSCLEv3.8.31withdefault
parameters (Edgar, 2004). The regions poorly aligned were trimmed using
trimAl v1.4 (Capella-Gutiérrez et al., 2009), and the trimmed alignments
(Supplemental File 1) were used for construction of a maximum likelihood
tree usingRAxMLv8.1.1 under theGTRCATmodel (Stamatakis, 2014). For
a tree of bryophyte TAS3 genes (Supplemental Figure 3B), the nucleotide

sequences of those geneswere alignedandedited similarly (Supplemental
File 2), and themaximum likelihood treewasmade using RAxML under the
PROTGAMMAAUTO model. For each tree, 1000 replicates were con-
ducted to generate bootstrap values. The trees were viewed using Den-
droscope v3.5.7 (Huson and Scornavacca, 2012).

Jalviewwasused for the viewingof alignment results (Waterhouse et al.,
2009). TheRpackagewasused tomake violin plots and conduct statistical
analyses. Sequence logos of sRNA and target sites were generated using
Weblogo (Crooks et al., 2004). To calculate the nucleotide diversity (p) of
ARF genes, the amino acid sequences of ARFs were generated by
translation of the genes, aligned using MUSCLE, and then the protein
sequence alignment was used to generate the alignment of nucleotide
sequences using PAL2NAL (Suyama et al., 2006). Poorly aligned regions,
those with <30% nucleotide coverage, were removed, and finally the
nucleotide diversity (p) at a single nucleotide level was calculated using
a 20-nucleotide sliding window.

Accession Numbers

Sequence data from this article can be found in the NCBI Gene Expression
Omnibus under accession number GSE90706 for the sRNA data from
P. drummondii. The accession numbers for the analyzed AGO and TAS3
sequences can be found in Supplemental Files 1 and 2, respectively, and
those for the ARF genes are in Supplemental Data Set 5. The entire pre-
cursor sequences for miR390 are given in Supplemental Data Set 1.

Supplemental Data

Supplemental Figure 1. Variation of miR390 and miR390* pairing in
the miR390/miR390* duplex in different groups of plants.

Supplemental Figure 2. Phylogenetic tree of AGO proteins from
plants prior to angiosperms (except including Amborella trichopoda,
Oryza sativa, and Arabidopsis thaliana).

Supplemental Figure 3. Evolution of bryophyte TAS3 genes.

Supplemental Figure 4. TAS3 genes with abnormal structures from
vascular plants.

Supplemental Figure 5. Numbers of TAS3 genes found in species
with sequenced genomes.

Supplemental Figure 6. Potential target sites of vascular tasiARF
matched to ARF proteins of Physcomitrella patens.

Supplemental Data Set 1. MIR390 genes identified.

Supplemental Data Set 2. TAS3 genes identified in bryophytes.

Supplemental Data Set 3. TAS3 genes identified in vascular plants.

Supplemental Data Set 4. TasiARF-targeted ARF genes in vascular
plants.

Supplemental Data Set 5. Sequences of tasiARF-targeted ARF genes.

Supplemental Data Set 6. Predicted target genes of Marchantia
tasiAP2.

Supplemental File 1. Text file of the AGO protein alignment used for
the phylogenetic analysis in Supplemental Figure 2.

Supplemental File 2. Text file of the TAS3 nucleotide alignment used
for the phylogenetic analysis in Supplemental Figure 3B.
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