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Summary

� MicroRNA (miRNA)-directed posttranscriptional gene silencing (miR-PTGS) is an integral

component of gene regulatory networks governing plant development and responses to the

environment. The sequence homology between Sly-miR4376, a miRNA common to

Solanaceae and reported to target autoinhibited Ca2+-ATPase 10 (ACA10) messenger RNA

(mRNA) in tomato, and Arabidopsis miR391 (Ath-miR391), previously annotated as a non-

conserved member of the deeply conserved miR390 family, has prompted us to revisit the

function of Ath-miR391, as well as its regulatory conservation.
� A combination of genetic, molecular, and bioinformatic analyses revealed a hidden conser-

vation for miR-PTGS of ACA10 homologs in spermatophytes.
� We found that the Arabidopsis ACA10 mRNA undergoes miR391-directed cleavage

in vivo. Furthermore, transgenic overexpression of miR391 recapitulated the compact inflo-

rescence (cif) phenotypes characteristic of ACA10 loss-of-function mutants, due to miR391-

directed PTGS of ACA10. Significantly, comprehensive data mining revealed robust evidence

for widespread PTGS of ACA10 homologs directed by a superfamily of related miRNAs shar-

ing a conserved sequence core. Intriguingly, the ACA-targeting miRNAs in Poaceae also direct

PTGS for calmodulin-like proteins which are putative Ca2+ sensors.
� The PTGS of ACA10 homologs is therefore directed by a miRNA superfamily that is of

ancient origin and has undergone rapid sequence diversification associated with functional

innovation.

Introduction

MicroRNAs (miRNAs) are small regulatory RNAs expressed
from defined genomic noncoding RNA loci in a distinct biogene-
sis pathway (Bologna & Voinnet, 2014; Song et al., 2019).
Mature miRNAs typically of 21- to 22-nucleotide (nt) in length
act as sequence determinants for posttranscriptional gene silenc-
ing (PTGS) of homologous transcripts in both plants and ani-
mals. In plants, an essential role of miRNA-directed PTGS
(miR-PTGS) in development is well established. First, Arabidop-
sis loss-of-function mutants defective in miRNA biogenesis or
function are embryonic lethal (Schauer et al., 2002; Vaucheret,
2008). Secondly, perturbation of a specific miRNA-target regula-
tory module, caused by either genetic lesions or transgenic
manipulation often leads to profound phenotypic alterations as
have been shown in numerous cases (Chen, 2009). Furthermore,
interference of miR-PTGS by virus-encoded suppressors of RNA
silencing (VSR) has been shown to largely account for viral dis-
ease symptoms in the infected hosts, which may be viewed as
pleiotropic developmental defects that can often be recapitulated

by transgenic expression of a VSR (Burgyan & Havelda, 2011).
These observations are consistent with the fact that regulatory tar-
gets for some of the most conserved plant miRNAs include mem-
bers of several plant-specific transcription factor (TF) families
known to be integral parts of the regulatory networks governing
development (Riechmann et al., 2000; Jones-Rhoades et al.,
2006).

Several remarkable features are known to characterize the
interaction between miRNAs and their targets in plants. First,
the miRNA-target interaction exhibits high sequence specificity
which often involves a near-perfect base-pairing between the two,
with few mismatches (mm) tolerable only at certain positions
(Bologna & Voinnet, 2014). This feature explains why a plant
miRNA may have only a few cellular targets. Another remarkable
feature is the target site location. Both protein-coding and non-
coding transcripts may serve as miRNA targets. In cases of
protein-coding targets, the miRNA-interacting site is commonly
found within the coding region, with a few exceptions in which a
target site is found in either 50 or 30 untranslated region (UTR)
(Jones-Rhoades et al., 2006). Additionally, the interaction
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between a miRNA and its cellular target often results in a cleav-
age of the target, catalyzed by the ribonucleolytic activities of an
Argonaute (AGO) family protein in miRNA-associated ribonu-
cleoprotein complexes (Vaucheret, 2008). Intriguingly, in some
cases the miRNA-directed cleavage triggers production of 21-nt
phased, secondary small interfering RNAs (phasiRNAs) from the
cleaved target in a distinct pathway that requires RNA-dependent
RNA Polymerase 6 (RDR6) and Dicer-like 4 (DCL4) (Fei et al.,
2013). A 22-nt miRNA arising from a pre-miRNA harboring an
asymmetric bulge within the miRNA : miRNA* duplex was
shown to be both necessary and sufficient to trigger phasiRNA
biogenesis (Chen et al., 2010; Cuperus et al., 2010), although the
underlying mechanism remains unknown. Some of the
phasiRNAs may direct PTGS of homologous transcripts that
would otherwise not be directly targeted by the ‘trigger’ miRNA
per se.

miR391, a 21-nt miRNA first identified in Arabidopsis and
common to other Brassicaceae species but with no experimentally
validated target, was annotated as a member of the deeply con-
served miR390 family due to an apparent sequence similarity
(Xie et al., 2005). This annotation has been challenged by find-
ings from biochemical studies in Arabidopsis. miR390 which
bears a 50 terminal adenosine (50-A) was shown to functionally
associate with AGO7, whereas miR391 which bears a 50 terminal
uridine (50-U) was found to be mainly associated with AGO1
(Mi et al., 2008; Montgomery et al., 2008). Interestingly, Ara-
bidopsis miR391 (Ath-miR391) also shares extensive sequence
homology to a more recently identified miR4376 (Sly-miR4376)
in tomato (Solanum lycopersicum L.), a 22-nt miRNA thought to
be conserved only in Solanaceae (Wang et al., 2011). Sly-
miR4376 was shown to target the 50 UTR of messenger RNA
(mRNA) encoding an autoinhibited Ca2+-ATPase (ACA) which
is closely related to Arabidopsis ACA10, and elicit phasiRNA
production (Wang et al., 2011). It has been noticed that Ath-
miR391, Sly-miR4376, and several other plant miRNAs includ-
ing miR3627 and miR5225 in dicots and miR1432 in monocots
all share partial sequence homology with miR390 and may be
evolutionarily related (Xia et al., 2013; Chavez Montes et al.,
2014).

The Ca2+-ATPases, also known as calcium-transporting
pumps, are a core component of calcium signaling which is
known to play an essential role in cellular life (Clapham, 2007).
The Ca2+-permeable channels and Ca2+-ATPases represent two
major players operating the influx and efflux of the Ca2+ ions,
respectively, in defining the cytoplasmic Ca2+ levels. Key compo-
nents of cellular calcium signaling also include a variety of Ca2+-
sensing proteins that contain the characteristic calcium binding
helix-loop-helix motifs known as the EF hand (EF-h), also
dubbed as the professional Ca2+ chelator (Clapham, 2007; Gif-
ford et al., 2007). In addition to calmodulins (CaM) which are
well known Ca2+ sensors, plant genomes encode a remarkable
repertoire of calmodulin like proteins (CMLs) which contain a
diverse number of EF-h motifs and may also function as
Ca2+ sensors (Zhu et al., 2015). Of note, an ACA family
Ca2+-transporter is autoinhibited under low cytosolic Ca2+ con-
centrations. Upon elevated Ca2+ levels, CaM-binding to the

N-terminal cytosolic regulatory domain of a plant ACA releases
the autoinhibition and activates its ATP-dependent Ca2+-
transporting activity (Dodd et al., 2010). Consistent with a uni-
versally essential role of calcium signaling, genetic studies have
revealed an important role of ACA family members including the
Arabidopsis ACA10 (AtACA10) in plant development, immu-
nity, and responses to the environment (Dodd et al., 2010; Yang
et al., 2017). We have been particularly intrigued by the presence
of a putative miR391 target site in the 50 UTR of AtACA10
mRNA, and several CMLs reported as the predicted targets for
miR1432 in rice (Oryza sativa L.) (Lu et al., 2008; Sunkar et al.,
2008) and maize (Zea mays L.) (Zhang et al., 2009). These obser-
vations have prompted us to examine the unknown conservation
for miR-PTGS of calcium signaling components in plants.

Here we report Ath-miR391-directed PTGS of ACA10 in Ara-
bidopsis. Moreover, comprehensive mining of small RNA data
and expressed sequence tags (ESTs) further revealed robust evi-
dence for a previously unrecognized conservation for miR-PTGS
of ACA family members in seed plants. Our data also revealed a
lineage-specific acquisition of CML targets for ACA-targeting
miRNAs in Poaceae, a regulatory innovation in miR-PTGS
which may have been implicated in the rapid sequence diversifi-
cation of the ACA-targeting miRNAs.

Materials and Methods

Plant materials and growth conditions

The Arabidopsis compact inflorescence 1 (cif1-1) and aca10-1
mutants in Nossen (No-0) genetic background have been previ-
ously described (George et al., 2008). Arabidopsis plants includ-
ing wild-type accessions of Columbia (Col-0), Landsberg erecta
(Ler), and No-0 ecotypes, as well as mutants and transgenic lines
were grown in commercial soil mix (SunGrow LC-1) in a growth
chamber with a daily cycle of 16 h light at 24°C and 8 h dark at
22°C. Rice (Oryza sativa L. ssp. japonica cv. Nipponbare)
seedlings were grown in bench top containers filled with the same
soil mix and kept in a glasshouse.

Mapping internal cleavage of mRNA

Mapping of miRNA-directed cleavage in the predicted mRNA
targets was done following the modified RNA ligase-mediated
rapid amplification of complementary DNA (cDNA) 50 end
(RLM-50 RACE) procedure (Llave et al., 2002), using either poly
(A)+-enriched (Arabidopsis Col-0) or total RNA extracts (rice)
prepared from young seedlings. Sequence information for both
gene-specific primers and adapter-specific primers used in RLM-
50 RACE is provided in Supporting Information Table S1.

Plasmid constructs

A set of three constructs featuring a length variation, and inclu-
sion or exclusion of a vector-derived ‘leader’ sequence, in the pre-
cursor transcripts of MIR391 transgene were made. Targeted
regions of the endogenous MIR391 locus were PCR amplified
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from genomic DNA extracted from wild-type Arabidopsis (Col-
0) using DNeasy Plant Mini Kit (Qiagen). A short (S), 149 bp
MIR391 fragment was amplified using primer pairs with an engi-
neered EcoR I or Nco I restriction site in the forward primer, and
a BamH I site in the reverse primer to facilitate the subsequent
cloning into the pRTL2 vector (Restrepo et al., 1990). Similarly,
a longer (L), 225 bp extended MIR391 fragment was also ampli-
fied with engineered Nco I and BamH I sites at the 50 and 30 end,
respectively (see Table S1 for primer sequences). Notice that des-
ignation of the constructs incorporated the restriction sites (EcoR
I, Nco I, and BamH I) used for cloning and the length (Short or
Long) of the insert (Fig. 2a). Thus the construct harboring the
149 bp MIR391 fragment inserted using EcoR I and BamH I was
designated as 35S::MIR391EB, or EB for short. Likewise, those
harboring either the 149 bp or the 225 bp MIR391 fragment
inserted using Nco I and BamH I were designated as 35S::
MIR391NBS and 35S::MIR391NBL (or NBS and NBL for short),
respectively (Fig. 2a). The expression cassettes were then excised
from pRTL2 using Pst I and inserted into the binary vector
pCB302 (Xiang et al., 1999).

Arabidopsis transformation and analysis of transgenic lines

Transgenic Arabidopsis overexpressing miR391 was made in
both No-0 and Ler ecotypes by Agrobacterium-mediated transfor-
mation using the vacuum infiltration method (Clough & Bent,
1998). Seeds from primary transformants were grown in soil
under selection for BASTA (phosphinothricin) resistance. Puta-
tive transgenic T1 plants were further confirmed for the presence
of transgene by a diagnostic PCR from genomic DNA (see
Table S1 for primer information). Seeds from selected transgenic
lines were collected for advanced generations. For each of the
three constructs, and only for those in No-0 genetic background,
progenies (T2 and T3) from multiple independent T1 lines were
grown for phenotypic and expression analysis. Nomenclature of
the transgenic lines followed the designation of corresponding
constructs.

Gene expression analysis

Analysis of miRNA expression was done by small RNA (sRNA)
blot assays using radio-labeled oligonucleotide probes, essentially
as described (Xie, 2010). Modifications included preparation of
low molecular weight (LMW) RNA extracts from rosette stage
seedlings using mirPremier microRNA isolation kit (Sigma),
and a lower amount (3.25 lg LMW RNA per lane) of sample
loading.

Radioactive signals from a probed blot were first captured in a
storage phosphor screen, then visualized and analyzed on a phos-
phorimager (Bio-Rad, Hercules, CA, USA). For analysis of
mRNA levels by reverse transcription quantitative polymerase
chain reaction (RT-qPCR) or RT-semi-qPCR, total RNA
extracts were prepared from rosette stage Arabidopsis seedlings
(T2) using Spectrum plant total RNA kit (Sigma), followed by
DNase treatment using TURBO DNA-free kit (ThermoFisher
Scientific, Waltham, MA, USA). Up to 4.5 lg of total RNA was

used in each oligo d(T)-primed RT reaction using the
SuperScriptTM III first-strand synthesis system (ThermoFisher
Scientific). A parallel set of RT reactions with no reverse tran-
scriptase added (control RT reactions) were also run as a negative
control, which was used in the subsequent semi-qPCR assays for
evaluation of residual genomic DNA contamination. ACTIN1
(At2g37620) was used as an internal control. The qPCR reac-
tions with PowerTrackTM SYBR green master mix (Applied
Biosystems, Waltham, MA, USA) were run using the ABI 7500
system. PROTEIN PHOSPHATASE 2A SUBUNIT A3
(PP2AA3; At1g13320) was used as an internal control (Cze-
chowski et al., 2005).

Sequence collection and computational analysis

Sequence information for mature miRNAs and associated precur-
sors was mainly collected from miRBase (Kozomara et al., 2019)
and the sRNAanno-associated database (Chen et al., 2021).
Additional miRNA sequence information was also collected from
other published works for Brassica oleracea var. italica (Li et al.,
2017), Chrysanthemum morifolium (Xia et al., 2015), Eucommia
ulmoides (Wang et al., 2016), Eutrema halophilum (Zhang et al.,
2013), Hordeum vulgare (Schreiber et al., 2011), Monotropa
hypopitys (Shchennikova et al., 2016), Nelumbo nucifera (Hu
et al., 2016), Picea glauca (Liu & El-Kassaby, 2017), Solanum
lycopersicum (Wang et al., 2011), Solanum melongena (Yang et al.,
2013), and Triticum aestivum (Pandey et al., 2014; Ma et al.,
2015).

Identification of ESTs for ACA and EF-h/CML targets were
done by reiterative BLAST search using either cognate mature
miRNA or homologous target sequences as query at the National
Center for Biotechnology Information’s (NCBI’s) web interface.

ESTs encoding putative miRNA-targeted ACA family mem-
bers were generally recovered from species for which a dedicated
effort for full-length cDNA sequencing has been made. Examples
for some of the published effort include Brachypodium distachyon
(Mochida et al., 2013), Brassica oleracea var. viridis (Araki et al.,
2013), Cucumis melo (Clepet et al., 2011), Eucalyptus camaldulen-
sis (Hirakawa et al., 2011), Eucommia ulmoides (Suzuki et al.,
2012), Hordeum vulgare (Tanaka et al., 2013), Medicago sativa
(Aziz et al., 2005), Populus nigra (Nanjo et al., 2007), Solanum
pennellii (McDowell et al., 2011), and Eutrema halophilum
(formerly Thellungiella halophila) (Taji et al., 2008).

The miRNA-target sequence complementarity was assessed
using a position-weighted scoring matrix known as TargetFinder
(Fahlgren & Carrington, 2010), which typically yields TF scores
ranging from 0 to 3.5 for authentic miRNA targets. For multiple
sequence alignment (MSA)-based conservation analysis involving
noncoding (i.e. 50 UTR) sequences, sections of sequences with a
defined length and features (e.g. 50 UTR or open reading frame
(ORF)) were first manually compiled from the collected entries
as the raw input sequences. Subsections of sequences with desired
lengths were then computationally extracted using extractalign
(https://www.bioinformatics.nl/cgi-bin/emboss/extractalign), one
of the open web-based tools provided by the European Bioinfor-
matics Institute (EMBL-EBI), for use as input sequences. MSA
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was executed using the T-Coffee web server (Tommaso et al.,
2011). MSA of cDNA sequences encoding the EF-h/CML family
members was done using TranslatorX (Abascal et al., 2010), a
tool for DNA sequence alignment guided by the corresponding
amino acid sequence. Pictograms were generated using the
WebLogo online server (Crooks et al., 2004). Whenever applica-
ble, presentation of miRNA and ACA target sequence informa-
tion in the Supporting Information tables generally followed the
Angiosperm Phylogeny Group classification (Byng et al., 2016).

Results

AtACA10 mRNA undergoes miR391-directed cleavage
in vivo

Based on the apparent sequence similarity, Ath-miR391 was con-
sidered a member of the deeply conserved miR390 family in
plants (Xie et al., 2005). However, substantial sequence similarity
also exists between Ath-miR391 and the Sly-miR4376 (Fig. 1a),
raising the possibility of Ath-miR391 being an ortholog of Sly-
miR4376. Such a proposal, although consistent with the presence
of a putative target site in the 50 UTR of AtACA10 mRNA
(Fig. 1b), lacked experimental substantiation. As a first step to
address this issue, we mined evidence for Ath-miR391-directed
cleavage of AtACA10 mRNA using existing datasets known as
degradome or PARE libraries (Addo-Quaye et al., 2008; German
et al., 2008). Specifically, numerous Arabidopsis degradome
libraries from sequence read archive (SRA) repository at NCBI
were searched for predicted ACA10-derived tags. This effort
yielded inconclusive results due to either none or very low reads

that were indistinguishable from the background (data not
shown). We reasoned that degradome tags derived from either 50

UTR or 50 proximal coding region could be intrinsically under-
represented due to oligo (dT)-primed reverse transcription often
involved in library preparation. We therefore resorted to the con-
ventional RLM-50 RACE for a closer check. A control 50 RACE
reaction for miR171-directed cleavage of Scarecrow-like27
(SCL27) mRNA (Llave et al., 2002) yielded the expected 472 bp
cDNA fragment (Fig. 1c, lane 2). The ACA10-specific reaction
gave rise to a 166 bp fragment seen as a distinct sharp band in an
agarose gel, along with some more diffused, larger-sized products
likely resulted from nonspecific amplifications (Fig. 1c, lane 1).
Sequencing of the 50 RACE clones mapped the cleavage site to
14-nt upstream of the AUG codon (Fig. 1b), as predicted for a
miR391-directed cleavage.

Transgenic overexpression of miR391 recapitulated the
compact inflorescence phenotypes characteristic of the
AtACA10 loss-of-function mutants

To demonstrate a specific causal relationship for miR391-PTGS
of ACA10 in Arabidopsis, we examined the outcomes of per-
turbed miR391 expression through transgenic manipulation.
Wild-type Arabidopsis of No-0 ecotype was chosen for this pur-
pose, due to the well characterized ACA10 loss-of-function
mutant phenotypes known as compact inflorescence (cif ) observed
specifically in this genetic background (George et al., 2008). A set
of three binary vectors, each containing a cauliflower mosaic virus
(CaMV) 35S promoter-driven MIR391 expression cassette that
differs slightly from each other in the transcription unit, were

(a)

(b) (c)

Fig. 1 miR391 directs cleavage of ACA10 mRNA at the 50 UTR in Arabidopsis. (a) Aligned mature miRNA sequences of Arabidopsis (Ath) miR391, tomato
(Sly) miR4376, and the deeply conserved miR390 from both species. A 10-nt segment shared by Ath-miR391 and Sly-miR4376, which differs only by 1-nt
from that of miR390, is shown in red. (b) A schematic diagram of AtACA10 mRNA showing the predicted miR391-interacting site in its 50 UTR. Shown on
top is the sequence alignment between miR391 and its predicted target site. The miR391-directed cleavage, which mapped to 14-nt upstream of the AUG
codon (shown in red and underlined) using RLM-50 RACE, is indicated by a vertical arrowhead. The number of sequenced 50 RACE clones confirming the
cleavage site is shown underneath the arrowhead. The two horizontal arrowheads represent a set of two ACA10-specific primers used in the 50 RACE.
(c) A section of agarose gel image showing detection of the ACA10-specific 50 RACE fragment (lane 1, indicated by a horizontal arrowhead). A reaction
specific to miR171-directed cleavage of AtSCL27mRNA was included in the assay to serve as a positive control (lane 2). The positions of DNA size markers
are shown on the left.
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constructed for Arabidopsis transformation (Fig. 2a). For control
purposes, transgenic plants for each of the three constructs were
generated in both No-0 and Ler genetic backgrounds, as disrup-
tion of ACA10 function is not expected to cause noticeable phe-
notypic changes in Ler or Col-0 as it would in No-0 (Goosey &
Sharrock, 2001; George et al., 2008).

While primary transformants (T1) in Ler background exhib-
ited no noticeable phenotypic differences from the wild-type

control plants (data not shown), most of those in No-0 back-
ground displayed a range of interesting phenotypes reminiscent
of the cif1 mutants, which is consistent with an effective knock-
down of ACA10 expression due to the transgenic overexpression
of miR391. The cif phenotypes were consistently observed in
the T2 and T3 plants propagated from the selected T1 lines
(Figs 2b, S1). Of note, we did not observe substantial pheno-
typic differences among the transgenic lines of 35S::MIR391EB,
35S::MIR391NBS, and 35S::MIR391NBL, both in terms of the
percentage of plants that displayed the cif-like phenotypes, or
the spectrum of cif-like phenotypes observed in each line
(Figs 2b, S1). A morphometric survey on mature T2 and T3
plants also provided a more quantitative measurement in indi-
cating the phenotypic similarities between the transgenic lines
and the cif1-1 and aca10-1 mutant plants grown under same
conditions (Fig. S1b,c).

To confirm that the observed cif-like phenotypes were indeed
attributable to specific knockdown of ACA10 due to miR391-
PTGS, the expression levels of miR391 and ACA10 in transgenic
plants were examined. In sRNA northern blot assays, comparable
low levels of miR391 signal, seen as a faint band corresponded to
a 21-nt marker position, was detected from each of the two wild-
type controls, Col-0 and No-0, respectively (Fig. 3a, lanes 1 and
2 of the two upper panels). Signals of comparable intensity were
also detected for the cif1-1 and aca10-1 mutants (Fig. 3a, lanes 3
and 4). In each of the selected transgenic lines, however, miR391
accumulated to substantially elevated levels when compared with
the wild-type controls (Fig. 3a, lanes 5–10 in the upper panels).
These data indicate that effective transgenic overexpression of
miR391 was achieved with each of the three transgene constructs.
Overexpression of miR391 did not appear to perturb the expres-
sion of unrelated endogenous miRNAs, as the levels of miR167
accumulation in transgenic lines were comparable to those
observed in the nontransgenic wild-type controls or the mutant
lines (Fig. 3a, middle panel).

Specific miR391-PTGS of ACA10 in transgenic Arabidopsis

Expression of ACA10 was assessed by RT-semi-qPCR or RT-
qPCR. In RT-semi-qPCR assays, the ACA10-specific band with
substantially reduced intensity was seen from each of the trans-
genic samples (Fig. S2, lanes 4–9 of the top panel). RT-qPCR
assays also showed consistent results. Compared with the wild-
type control, the relative expression levels of ACA10 in the cif1-1
and aca10-1 mutants were found to be 75.3% and 121.3%,
respectively (Fig. 3b), which was in general agreement with previ-
ous reports (George et al., 2008). Significantly reduced levels of
ACA10 expression were observed in the transgenic lines, which
ranged from 23.1% to 31.3% of the wild-type control (Fig. 3b),
confirming an effective miR391-mediated knockdown of ACA10
expression, as manifested by the phenotypic observations.

As an indirect assay for potential miR391-induced perturba-
tion of miR390 targets, the expression of Auxin Response Factor 3
(ARF3) and ARF4, two known targets of miR390-dependent
TAS3-derived trans-acting small interfering RNAs (ta-siRNAs)
(Allen et al., 2005) was analyzed. Should miR391 be able to act

EB

NBS

NBL
miR391*miR391

Nco I BamH I

Nco I BamH I

50 bp

EcoR I BamH I

EcoR I Nco I BamH I

35S Promoter MCS

TEV leader Terminator

35S::MIR391

EB (6) NBS (1) NBL (3)
35S::MIR391 T3 Plants

cif1-1 aca10-1No-0 (WT)

(a)

(b)

Fig. 2 Transgenic overexpression of miR391 in Arabidopsis Nossen-0 (No-
0) genetic background recapitulated the phenotypes of the loss-of-
function ACA10mutant known as compact inflorescence 1 (cif1).
(a) Schematic diagrams showing a set of three binary constructs for trans-
genic overexpression of miR391 driven by cauliflower mosaic virus (CaMV)
35S promoter. These constructs will give rise to transcripts containing
either a 149 bp (EB, NBS) or 225bp (NBL) Ath-MIR391 precursor
sequence, with (NBS, NBL) or without (EB) a 133 bp vector-derived TEV-
leader. Designation of the constructs incorporated the restriction sites
(EcoR I; Nco I; and BamH I) used for cloning and the length (Short or Long)
of the insert. MCS, multiple cloning site. (b) Photographs of representative
transgenic lines (T3) along with the wild-type and mutant controls show-
ing the compact inflorescence phenotypes. The scale bar in the No-0
image is 5 cm, and 1 cm in all others.
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on TAS3 transcripts, the direct targets of miR390, and promote
the biogenesis of TAS3-derived ta-siRNAs (TAS3-siRNAs), an
enhanced knockdown of ARF3 and ARF4 expression would have
occurred upon transgenic overexpression of miR391. However,
results from both RT-semi-qPCR and RT-qPCR assays showed
that neither ARF3 nor ARF4 exhibited significantly altered
expression in transgenic lines compared with the nontransgenic
wild-type control or the cif1-1 and aca10-1 mutants (Figs 3b, S2,
middle panels). These data argue against a regulatory interaction
between miR391 and TAS3 transcripts.

Evidence for widespread miRNA-directed PTGS of ACA
family members in seed plants

Our data presented so far strongly indicated that Ath-miR391 is
an ortholog of Sly-miR4376, although the two mature miRNAs
differ by 1-nt in size and share only a 14-nt identity in alignment
(Fig. 1a). These observations, in combination with those made
by others (Xia et al., 2013; Chavez Montes et al., 2014), raised
the interesting possibility that Ath-miR391 and Sly-miR4376
may represent members of an ACA-targeting miRNA superfam-
ily that has undergone rapid sequence diversification. A closer
inspection of several Sly-miR4376-related miRNAs including
miR3627 and miR5225 from other dicots, and miR1432 from
monocots, revealed a highly conserved 10-nt core (50-
CAGGAGAGAU-30) in mature miRNA sequences. Interestingly,
a homologous 10-nt segment is also found in the deeply con-
served miR390 family, but differs consistently by 1-nt, with the
A in the seventh position replaced by a G (50-CAGGAGGGAU-
30; Fig. 1a). A search in the public domains using the 10-nt core
as query recovered putative members of the ACA-targeting
miRNA superfamily from 105 species representing 40 families
(Table S2). This collection included many entries that are either
new or previously reported miRNAs with diverse designations.
Significantly, putative members of the ACA-targeting miRNA
superfamily were also found in Amborella trichopoda, a basal
angiosperm species, and gymnosperm species including gingko
(Gingko biloba) and the Norway spruce (Picea abies) (Table S2).

If ACA-targeting miRNAs have undergone rapid sequence
diversification in association with functional innovation, com-
pensatory sequence changes would be expected in the miRNA-
interacting site of cognate ACA targets in diverse lineages, if the
miR-PTGS of ACA family members has been maintained. We
therefore examined the presence of putative miRNA target site in
cDNAs encoding ACA family members homologous to the Ath-
and Sly-ACA10. To avoid potential pitfalls of recovering false
positives due to annotation-associated artifacts, which could
occur in short sequence reads-based genomic or transcriptomic
assembly, we focused our analysis on the publicly accessible
ESTs. This effort collectively identified 79 ACA-specific EST
accessions (52 distinct sequences) as putative targets of miR391
superfamily members, which represented 60 species from 23 fam-
ilies (Table S3). The cross-species sequence conservation in the 50

UTR of the putative miRNA-targeted ACA family members was
analyzed by MSA. In addition to a nonredundant set of ESTs
representing distinct ACA family members, alternative cDNA
entries (e.g. 50 RACE clones from (Wang et al., 2011), or cDNAs
from annotated reference genomes) were included in some cases
for an enhanced phylogenetic representation of the analysis.
Strikingly, the sequence corresponding to the putative miRNA-
interacting site stood out as the only highly conserved motif other
than the ATG start codon in the MSA for ACA sequences in a
129 bp region (120 bp 50 UTR sequence proximal to the start
codon, plus the first 9 bp of the coding sequence) analyzed. These
features were easily identifiable in an MSA-based heatmap and
were further illustrated by the consensus residues which are indi-
cated with asterisks at the bottom of the aligned sequences
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Fig. 3 Expression analysis for miR391 and ACA10 in 35S::MIR391

transgenic Arabidopsis. (a) sRNA northern blot assays for miR391. Images
shown (from top to the bottom) are sRNA blot probed for miR391,
miR167, and U6 snRNA, respectively, along with an ethidium bromide-
stained gel section corresponding to the zone of 5S rRNA and tRNAs.
(b) RT-qPCR assays for ACA10, ARF3 and ARF4 with PROTEIN

PHOSPHATASE 2A SUBUNIT A3 (PP2AA3; At1g13320) as an internal
control. Each plotted data point represents the mean value calculated from
three biological replicates, each assayed with three technical replicates,
with an error bar representing the standard deviation. Data points labeled
with different alphabets denote statistically significant differences
(P < 0.05) upon pairwise comparison.
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(Fig. 4a). Of note, 10 of the 12 most conserved residues identi-
fied within the putative miRNA target site corresponded (in
reverse complement) to the 10-nt core found in putative ACA-
targeting miRNAs (Fig. 4a).

The conserved nature of the putative miRNA-target site within
the 50 UTR of mRNAs encoding ACA family members in diverse
plant species is indicative of biological relevance as well as poten-
tial functional significance of the sequence motif. However,
cross-species variations in target site sequences (notably toward
the 50 end, upstream of the consensus 10-nt core), as well as their
positioning relative to the start codon were readily appreciable
from the MSA-based heat map (Fig. 4a).

Compensatory sequence changes at the miRNA-interacting
site of the cognate ACA targets were evident, as a near-
perfect sequence complementarity characteristic of canonical
miRNA : target interaction in plants was observed for all repre-
sented species in which such an analysis is possible (see the TF
scores in Fig. 4a). Specifically, sequence alignment between a
member of the proposed miR391 superfamily and the predicted
ACA target is shown for rice (Fig. 4b) and Amborella trichopoda
(Fig. 4d), the two representative species that occupied the bottom
portion of the heatmap (Fig. 4a). Remarkably, the predicted
miR1432-directed cleavage of the OsACA mRNA was supported
by independent degradome datasets (Fig. 4c), although our
attempt of 50 RACE validation with total RNA extracts prepared
from young seedling was unsuccessful (data not shown). It
remains possible that the use of total RNA instead of poly (A)+-
enriched fraction may have limited the sensitivity for RLM-50

RACE detection of the predicted cleavage at the 50 UTR of the
OsACA mRNA.

Evidence for lineage-specific non-ACA targets of the ACA-
targeting miRNA superfamily

Several EF-h/CMLs were previously reported as the predicted tar-
gets for miR1432 in rice (O. sativa L.) (Lu et al., 2008; Sunkar
et al., 2008) and maize (Z. mays L.) (Zhang et al., 2009). We
wondered if miR1432, a member of the ACA-targeting miRNA
superfamily acts as a dual-targeting miRNA in these and perhaps
other grass species. In our EST-focused analysis for ACA targets,
EST accessions encoding EF-h/CML family members were also
recovered from multiple Poaceae species as putative targets of
miR1432. The cross-species conservation of putative miR1432
target site in the EF-h/CML-encoding cDNAs was analyzed
using MSA with a total of 13 ESTs and three annotated cDNAs
representing seven species including rice, maize, barley (Hordeum
vulgare), wheat (Triticum aestivum), sorghum (Sorghum bicolor),
wild oats (Avena barbata), and stiff brome (Brachypodium dis-
tachyon) (Table S4). MSA using TRANSLATORX (Abascal et al.,
2010), a tool for amino acid (aa) sequence-guided DNA sequence
alignment, revealed the putative miR1432 target site as a block of
sequence with outstanding conservation, as shown in a pictogram
for a 30-nt window (Fig. 5a). The target site cDNA sequence is
associated with codons for 8 aa residues near the N-terminus of
the encoded EF-h/CML proteins (Fig. 5a). Protein-based MSA
also identified up to two putative Ca2+-binding EF-h/CML

motifs as conserved blocks in the translated cDNA sequences
(Fig. S3).

Focusing on rice, RLM-50 RACE was used to validate the pre-
dicted miR1432-directed cleavage in an EF-h/CML mRNA
(Fig. 5b). A control 50 RACE reaction for miR160-directed cleav-
age of OsARF18 (Os06g47150) mRNA (Zhou et al., 2010)
yielded the expected 255 bp cDNA fragment (Fig. 5c, lane 1).
The OsEF-h/CML-specific reaction gave rise to a 248 bp fragment
seen as a bright band in an agarose gel (Fig. 5c, lane 2). Sequenc-
ing of the 50 RACE clones mapped the cleavage to the predicted
site which is 52-nt downstream from the AUG codon (Fig. 5a).
This result represents the very first experimental validation for
miR1432-directed cleavage of an EF-h/CML-encoding mRNA
in grass species. Significantly, it also serves as a solid piece of
experimental evidence for lineage-specific acquisition of novel
target by members of the proposed miR391 superfamily in
Poaceae.

As an independent validation for functional interaction
between miR1432 and predicted targets in grass species, we ana-
lyzed numerous publicly available degradome sequencing datasets
for sequence tags with a perfect match to the predicted EF-h/
CML targets. Indeed, miR1432-directed cleavage of EF-h/CML
mRNAs was generally supported by degradome data in species
for which high quality data are available (Table S4). Notably,
available degradome datasets provided strong support for
miR1432-directed cleavage of EF-h/CML mRNAs in rice
(Fig. 5d), which is consistent with the 50 RACE data, as well as in
barley and wheat, as manifested by a high signal-to-noise ratio in
the region of interest (Figs 5d, S4). Significantly, the same
degradome datasets also provided robust support for miR1432-
directed cleavage of the predicted ACA-targets in these species
(Fig. S4), indicating that miR1432 family members are truly
dual-targeting miRNAs in grasses.

Discussion

We found that Arabidopsis miR391 directs PTGS of ACA10, a
central component of Ca2+ signaling important for plant devel-
opment, immunity, and responses to the environment. We then
gathered evidence showing that miR-PTGS of ACA family mem-
bers represents conserved regulatory modules likely common to
seed plants. We further showed that the ACA-targeting miR1432
family in grasses also directs PTGS of mRNAs encoding mem-
bers of the conserved EF-h/CML family proteins thought to
function as cellular Ca2+ sensors. Collectively, these findings give
rise to an interesting emerging picture for conserved miR-PTGS
of calcium signaling components in plants directed by members
of a rapidly evolving miRNA superfamily.

The miR391-directed PTGS of ACA10 in Arabidopsis

We showed that the AtACA10 mRNA undergoes an internal
cleavage in vivo, precisely at the predicted miR391 target site
within the 50 UTR proximal to the AUG codon. This observa-
tion is indicative of active operation of miR391-PTGS of ACA10
in Arabidopsis. Transgenic overexpression of miR391 resulted in
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------------------------ 5′ UTR ------------------------------------------

No. Family Spe. Seq Id.

1 Cba RACE
2 Jpr RACE
3 Stu RACE
4 Sly RACE
5 Spe GT158445.1
6 Bau RACE
7 Pfr RACE
8 Nla EB698321.1
9 Nta EB427392.1
10 Icy RACE
11 Wso RACE
12 Sme FS017619.1
13 Phy RACE
14 Convolvulaceae Iba RACE
15 Rubiaceae Opu HX715668.1
16 Eucommiaceae Eul FY898708.1
17 Lsa DW124991.1
18 Bsp GE538452.1
19 Bsp GE549493.1
20 Cso EH773940.1
21 Tko DR402183.1
22 Cmo DK942993.1
23 Malvaceae Tca CU481417.1
24 Ath AT4G29900.1
25 Bna EV118501.1
26 Bol DK458934.1
27 Bna GT079597.1
28 Bol DK473730.1
29 Eha BY830765.1
30 Myrtaceae Eca FY786521.1
31 Euphorbiaceae Mes JG987913.1
32 Rhizophoraceae Bgy DB992577.1
33 Pni DB879393.1
34 Ptr CV240729.1*
35 Juglandaceae Jhi EL894048.1
36 Rosaceae Rhy BQ104621.1
37 Pac HO781593.1*
38 Rps BI677750.1
39 Lco BP033824.1
40 Msa CO515026.1
41 Nelumbonaceae Nnu 10278415.2
42 Ranunculaceae Afo DT750857.1
43 Sbi 4G061400.2
44 Shy CA115772.1
45 Zma FL398482.1
46 Bdi KQJ93608
47 Osa CB675852.1
48 Tae CA704748.1
49 Tae JZ891528.1
50 Hvu DK686907.1
51 Osa CI775365.1
52 Tae LU092165.1
53 Hvu DK620978.1
54 Amborellaceae Atr SRA_454

Fabaceae

Poaceae

CON.

Solanaceae

Asteraceae

Brassicaceae

Salicaceae

Ath-ACA ATT ATC TFS No.
ACA10 17 23 3.0 1
ACA10 17 23 3.0 2
ACA10 32 38 3.0 3
ACA10 32 38 3.0 4
ACA10 32 38 3.0 5
ACA10 32 38 3.0 6
ACA10 17 23 3.0 7
ACA10 16 22 3.0 8
ACA10 16 22 3.0 9
ACA10 17 23 3.0 10
ACA10 17 23 3.0 11
ACA10 34 38 1.0 12
ACA10 15 21 3.0 13
ACA10 18 21 2.5 14
ACA8 31 37 2.0 15
ACA10 22 24 0.5 16
ACA10 33 39 4.0 17
ACA10 27 n/a n/a 18
ACA10 27 n/a n/a 19
ACA10 30 n/a n/a 20
ACA9 27 31 n/a 21
ACA9 48 51 3.0 22
ACA10 15 18 3.5 23
ACA10 9 14 2.5 24
ACA10 9 14 2.5 25
ACA10 9 14 2.5 26
ACA10 11 16 3.0 27
ACA10 11 16 3.0 28
ACA10 9 14 3.5 29
ACA10 12 n/a n/a 30
ACA10 14 17 3.0 31
ACA8 11 n/a n/a 32
ACA10 17 21 2.0 33
ACA8 17 21 2.0 34
ACA10 9 9 2.5 35
ACA10 18 22 1.0 36
ACA8 24 28 2.0 37
ACA10 20 26 3.0 38
ACA10 9 n/a n/a 39
ACA10 18 24 4.0 40
ACA8 79 82 1.5 41
ACA10 35 n/a n/a 42
ACA8 17 24 2.0 43
ACA10 17 24 3.0 44
ACA9 17 25 1.0 45
ACA9 17 24 2.5 46
ACA8 19 26 3.0 47
ACA9 49 57 1.5 48
ACA9 14 22 1.0 49
ACA9 38 45 2.5 50
ACA10 62 69 3.0 51
ACA9 14 22 1.5 52
ACA10 14 21 3.5 53
ACA10 24 32 1.5 54

3 -CCGGCCGUAGUAGAGAGGACU-5  miR8602
○|||||:||||||||||||||

5 -AGCCGGUAUCAUCUCUCCUGA...AUG-3

ACA   SRX018157*

Amborella trichopoda

(*Matches ATR0580G425)
100bpmiR8602 

target site

0
5

10
15
20
25
30
35

Position in the 63-nt window of CB675852.1

R
aw

 d
eg

ra
do

m
e 

re
ad

s SRX7319961SRX7319960

AUG

10
7

3 -CAGCCACAGUAGAGAGGACUA-5  miR1432
|||||||||||||||||||oo

5 -GUCGGUGUCAUCUCUCCUGCG...AUG-3 

ACA CB675852.1*

Rice (Oryza sativa L. ssp. japonica)

(*Matches Os04g51610)
100bpmiR1432 

target site

(a)

(b) (c) (d)

′ ′

′ ′′′

′′

Fig. 4 Evidence for widespread conservation of miRNA-directed PTGS of ACA family members in plants. (a) Conservation of putative miRNA-interacting
site in the 50 UTR of ACA mRNAs in diverse species. Shown at the center is a section of MSA-based heatmap for cDNAs encoding ACA family members
identified as putative targets of miR391 superfamily members. A segment of up to 129 bp (120 bp of 50 UTR sequence proximal to the ATG, plus the first
9 bp of the ORF) from each of the 54 distinct sequence entries was analyzed. Some of the entries have less than 129 bp 50 UTR sequence available. The
residue numbers for each of the aligned sequences are shown on both sides of the heatmap. Consensus residues are indicated by asterisks at the bottom.
The conserved nature of the putative miRNA-interacting site spanning a 23 bp window within the aligned 50 UTR is also presented as a pictogram on the
top, with the conserved 10-nt core boxed. The family names, three-letter abbreviation of species names, along with accession numbers are shown on the
far-left, whereas additional ACA target information is shown on the far-right. Nonclassic EST entries include RACE (the 50 RACE clones fromWang et al.
(2011)), annotated cDNAs (shown in red), and one SRA read. Accessions with an asterisk (*) are reverse complementary to the coding strand. Ath-ACA:
top hit in BLASTX for Arabidopsis ACA homologs; ATT (distance from ATG to the 10-nt core): the number of nt between the ATG and the 30 terminal base of
the 10-nt core. ATC (distance from ATG to the cleavage site): the number of nt between the ATG and the predicted miRNA-directed cleavage site. A Tar-
getFinder score (TFS) shown in red indicates degradome data support. Additional information for redundant (with overlapping sequences) EST accessions,
ESTs of putative ACA targets with a good TFS but having a 1- or 2-nt mismatch in the conserved 10-nt core, as well as full species names are found in the
Supporting Information Table S3. (b) A schematic diagram of a representative ACA-encoding rice EST with the predicted miR1432-interacting site at 50

UTR. Sequence alignment between miR1432 and the predicted target site is shown on the top, with a vertical arrowhead indicating the miRNA-directed
cleavage site supported by degradome data. The three horizontal arrowheads represent a set of gene-specific primers used in the 50 RACE. (c) A bar graph
constructed by plotting degradome sequencing data against the rice EST sequence. Raw reads of degradome sequence tags from each of two selected
datasets (color-coded in red and blue, respectively, with the SRA accession numbers shown on the top) were plotted against a 63-nt window of the EST
sequence centered by the 21-nt miRNA target site (boxed with dotted lines). A numerical figure above the peak reads denotes the mapped position for 50

end of the degradome tags. The position of the start codon is also indicated. (d) A schematic diagram of a representative ACA-encoding Amborella tri-

chopoda EST (454 platform; see Table S3) with the predicted miRNA-interacting site at 50 UTR.
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miRNA-interacting site

20 3010No. Spe. Seq Id.

1 Hvu 1G094160.1
2 Osa 03g59770.1
3 Sbi OQU90756.1
4 Tae CK195521.1
5 Tae CJ861214.1*
6 Tae CJ678824.1
7 Tae CN011453.1
8 Osa CT855667.1
9 Bdi GT863792.1
10 Aba GR328432.1
11 Zma EU975155.1
12 Zma BT061220.2*
13 Zma DT653233.1
14 Tae CA665643.1
15 Hvu DK716890.1
16 Osa CX118811.1

Ath-CML EF-h LEN CDS TFS No.

CML43 2 1,069 561 2.0 1
CML7 2 847 642 1.0 2
EF-h 2 684 684 2.0 3
CML43 1 836 471 0.0 4
CML7 2 715 561 1.5 5
CML5 2 655 561 1.5 6
CML4 1 503 n/a 1.5 7
CML7 2 1,249 642 1.0 8
CML46 2 742 582 3.5 9
CML43 1 618 n/a 0.0 10
EF-h 2 1,074 669 0.5 11
EF-h 2 1,170 660 2.5 12
CML* 0 737 n/a 2.5 13
CML* 0 454 n/a 1.0 14
CML* 0 447 n/a 2.0 15
CML8 0 793 n/a 1.5 16

Position in the 63-nt window R
aw

 d
eg

ra
do

m
e

re
ad

s SRX7319960; SRX7319961

(CT855667.1)

0
10
20
30
40
50
60 12

2M
(bp)

200

300
250

350

21
RLM 5’ RACE

100bp

EF-h/CML

miR1432 
target site CT855667.1*

(*Matches Os03g59770.1)

3 -CAGCCACAGUAGAGAGGACUA-5  Osa-miR1432
|||||||||:||||||||||| 

5 -GUCGGUGUCGUCUCUCCUGAU-3 

10/10

5′ RACE primers 

(a)

(b) (c) (d)

′ ′

′′

Fig. 5 The miRNA-directed PTGS of EF-h/CML family members in Poaceae. (a) Amino acid (aa) sequence-based MSA analysis identified the segment of
peptide encoded by the putative miRNA target site sequence as a highly conserved N-terminus proximal block in the EF-h/CML family members. The
residue numbers are indicated on top of the aligned sequence blocks. A pictogram generated based on aa-sequence-guided MSA of cDNA sequences is
shown on the top, which illustrates an outstanding sequence conservation at the putative miR1432 target site within a 30 bp window of the EF-h/CML-
encoding ESTs from multiple grass species. The three-letter species names along with accession numbers are shown on the far-left, whereas additional
CML target information is shown on the far-right. Annotated cDNA accessions are shown in red. Accessions with an asterisk (*) are reverse complementary
to the coding strand. Ath-CML: top hit in BLASTX for Arabidopsis homologs. CML* denotes homology identified in BLASTX at NCBI. EF-h: number of con-
served EF-h motifs detected (see Supporting Information Fig. S3); LEN and CDS denote the length (bp) of the EST and CDS, respectively. A TargetFinder
score (TFS) shown in red indicates degradome data support. Additional information including redundant (with overlapping sequences) ESTs, and full species
names are found in Table S4. (b) A schematic diagram of an EF-h/CML-encoding rice EST as a predicted miR1432 target. Sequence alignment between
miR1432 and the predicted target site is shown on the top, with a vertical arrowhead indicating the miRNA-directed cleavage sites validated by RLM-50

RACE. The number of sequenced 50 RACE clones confirming the cleavage site is shown underneath the arrowhead. The three horizontal arrowheads repre-
sent a set of gene-specific primers used in the 50 RACE. (c) A section of agarose gel image showing detection of the EF-h/CML-specific 50 RACE fragment
(lane 2, indicated by a horizontal arrowhead). A reaction specific to miR160-directed cleavage ofOsARF18 (Os06g47150) mRNA was included in the assay
to serve as a positive control (lane 1). The positions of DNA size markers are shown on the left. (d) A bar graph constructed by plotting degradome reads
against the rice EST sequence. Raw reads of degradome tags from each of two selected datasets (color-coded in red and blue, respectively) were plotted
against a 63-nt window of the EST sequence centered by the 21-nt miRNA target site (boxed with dotted lines). A numerical figure above the peak reads
denotes the mapped position for 50 end of the degradome tags.
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profound phenotypic alterations in Arabidopsis, most notably in
the inflorescence architecture, which essentially recapitulated the
cif phenotypes characteristic of AtACA10 loss-of-function
mutants in No-0 genetic background (George et al., 2008).
Expression analysis confirmed substantially elevated levels of
miR391 accumulation in the transgenic plants, concomitant with
substantially reduced (up to a 77% reduction) levels of ACA10
mRNA accumulation. Transgenic overexpression of miR391 did
not seem to interfere with the expression of unrelated endoge-
nous miRNAs, as evidenced by miR167 for which no altered
expression was observed in any of the transgenic lines examined
(Fig. 3a). Such a nonspecific global interference would have
occurred if introduction of the transgene (MIR391 in this case)
had resulted in a saturation or an overload of the miRNA path-
way machinery, which appears to be unlikely and rarely reported.
Importantly, our data did not show any significant change in the
expression levels of ARF3 and ARF4, two known targets of
TAS3-siRNAs, in response to miR391 overexpression (Figs 3b,
S2). This observation provided indirect evidence against possible
involvement of miR391 in biogenesis of TAS3-siRNAs, a process
known to be initiated by miR390-directed cleavage of TAS3 pre-
cursor transcripts (Allen et al., 2005). Taken together, these data
unambiguously established specific miR391-directed PTGS of
ACA10 in Arabidopsis that is distinct from the miR390-
dependent, TAS3-siRNAs-mediated PTGS of ARF3 and ARF4.

Conservation of miR-PTGS of ACA family members in seed
plants

Confirmation of miR391-directed PTGS of ACA10 in Arabidop-
sis immediately brought up questions on the origin and evolution
of the ACA-targeting miRNAs in plants. First and foremost, are
Arabidopsis miR391, Sly-miR4376, and the homologous
miR1432 in grass species evolutionarily related? In a common
origin or divergent evolution scenario, how deeply conserved are
the ACA-targeting miRNAs in plants? Or, alternatively, do they
represent miRNAs that arose through independent, lineage-
specific events? Our sequence homology-based search for both
putative miRNAs that resemble Ath-miR391, Sly-miR4376, or
monocot miR1432 and cognate ACA targets revealed a previously
unappreciated level of conservation for miR-PTGS of ACA family
members in plants. The common 50 UTR location of target site
proximal to the AUG codon, and the highly conserved 10-nt core
shared among the putative ACA-targeting miRNAs strongly indi-
cate a common evolutionary origin of the miRNA-ACA regulatory
modules identified across a wide spectrum of plant species. Of
note, the depth of EST-based analysis on putative ACA targets suf-
fered from the generally limited availability of EST accessions that
contain adequate 50 UTR sequence information. In fact, it is inter-
esting to notice that identification of candidate ESTs encoding
putative miRNA-targeted ACA family members was biased to
species for which a dedicated effort focusing on full-length cDNA
identification has been made. Nonetheless, the EST-based ACA
target data gathered in this study is consistent with the existence of
conserved miRNA-ACA regulatory modules across angiosperm
lineages. It is obvious that there was a substantially unbalanced

availability between sRNA and EST datasets for many of the sam-
pled species. This was particularly true for ferns and gymnosperm
species where conventional EST data were scarce. Based on the
available sRNA data from Picea abies and G. biloba, it seems safe
to conclude that the miRNA-ACA regulatory module also oper-
ates in gymnosperms, although the phylogenetic placement of G.
biloba remains a matter of debate. Our data therefore collectively
indicate that the ACA-targeting miRNAs are most likely conserved
across seed plants. We propose to consider the related ACA-
targeting miRNAs with the conserved 10-nt core as members of
the miR391 superfamily.

Sequence and functional diversification in ACA-targeting
miRNAs

Having proposed a common origin for ACA-targeting miRNAs
in seed plants, several outstanding questions relevant to plant
miRNA evolution remain unanswered. In addition to the cross-
species variation in mature miRNA sequences, another notable
variation among the ACA-targeting miRNAs is the size of mature
miRNAs. Specifically, while a subgroup of the proposed super-
family members (which include miR391 in Brassicaceae and
miR1432 in Poaceae) represent mature miRNAs of the most
common 21-nt species, others exemplified by the Sly-miR4376
represent the 22-nt species known to be functionally associated
with biogenesis of target-derived phasiRNAs (Wang et al.,
2011) (Fig. 6). Although an asymmetric bulge within the
miRNA : miRNA* duplex of a stem-loop precursor has been
shown to be critical to give rise to a 22-nt miRNA capable of trig-
gering phasiRNA biogenesis (Chen et al., 2010; Cuperus et al.,
2010), what drove the emergence of, or the selection for such an
asymmetric bulge in MIRNA loci remains poorly understood
(Fig. 6). An obvious potential advantage of a 22-nt miR-PTGS
system would be a rapid, phasiRNA-mediated destruction of
related (e.g. paralogous) target transcripts that otherwise could
not be directly targeted by the 22-nt miRNA per se. Consistent
with the target gene duplication model for MIRNA gene evolu-
tion (Allen et al., 2004), a recent study has revealed a good corre-
lation between species expressing members of the miR482
superfamily, which are predominantly 22-nt species, and those
contain large numbers of NBS-LRR (for nucleotide-binding site
leucine-rich repeat) genes in their genomes (Gonzalez et al.,
2015). In this regard, the proposed miR391 superfamily with an
enriched cross-species diversity in mature miRNA sequence, as
well as functionally associated variations in mature miRNA size,
could be a fertile ground for future study focusing on the evolu-
tionary drive underlying the emergence of 22-nt miRNAs and
associated phasiRNAs (Fig. 6).

The initial designation of ACA-targeting miRNAs from
diverse plant species as distinct families reflects the unusual extent
of sequence variations found in the mature miRNAs. Several fac-
tors may have contributed to the observed extensive sequence
diversification. First, whereas most plant miRNAs target the cod-
ing region or ORF of mRNAs (Jones-Rhoades et al., 2006), the
ACA-targeting miRNAs which share a common 50 UTR location
of target sites represent a minority of plant miRNAs that target
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noncoding sequences. The noncoding nature of the target site
sequence involved in miRNA-target interaction may have permit-
ted sequence diversification through compensatory mutations in
both the miRNA and the target sequences due to the absence of
coding constraints. Such a ‘compensatory mutation’ hypothesis
could also explain the cross-species offsets in mature miRNA
sequences observed among members of the proposed ACA-
targeting miRNA superfamily. Second, the lineage-specific acqui-
sition of EF-h/CML targets may have limited the sequence diver-
sification of mature miR1432 in Poaceae, as the ORF location of
miRNA target site in CML mRNAs could have imposed coding
constraints on the target site sequence. The dual-targeting
Poaceae miR1432 and the ACA-targeting miRNAs in other seed
plant lineages could therefore have been evolving under different
sequence constraints.

Acquisition of EF-h/CML targets in Poaceae represents a
regulatory innovation for miR1432 (Fig. 6), a member of
the proposed miR391 superfamily. Although the functional

significance for the emergence of dual-targeting miR1432 in
Poaceae remains to be examined, two recent reports collec-
tively showed an important regulatory role for rice miR1432
in both grain development and defense response to the fungal
pathogen Magnaporthe oryzae (Zhao et al., 2019; Li et al.,
2021). It is worth noting that although both studies involved
transgenic manipulation of miR1432, neither has considered
the putative ACA targets, most likely due to a target search
effort focusing exclusively on coding sequences. A role for the
miR1432-CML regulatory module in rice immunity was fur-
ther supported by directly manipulating the expression of the
miR1432-targeted CML, with higher levels of CML expres-
sion associated with an enhanced disease resistance (Li et al.,
2021). We noticed that evidence for OsACOT (acyl-CoA
thioesterase) being a miR1432 target, as presented in Zhao
et al. (2019), is generally weak. Furthermore, our attempt of
RLM-50 RACE in rice yielded a negative result for OsACOT
(Table S1, and data not shown).

Fabids

Angiosperms

Core
angiosperms

Magnoliids

Monocots

Commelinids

Gymnosperms

Eudicots

Core eudicots

Superrosids

Superasterids

Malvids

Campanulids
Lamiids

Bryophytes
Pteridophytes

Funariales 0 0 0 0 0 0

Polypodiales 0 0 0 0 0 0

Ginkgoales 1 1 1 1 0 0

Pinales 2 0 1 1 0 0

Amborellales 1 1 1 1 1 0

Laurales 1 1 1 1 0 0

Piperales 1 0 0 0 0 0

Acorales 0 0 0 0 1 0

Alismatales 1 0 0 0 0 0

Asparagales 3 2 1 0 0 0

Arecales 2 2 1 1 0 0

Poales 18 17 2 0 8 8

Zingiberales 1 1 0 0 0 0

Ranunculales 0 0 0 0 1 0

Proteales 1 1 1 1 1 0

Vitales 1 1 1 1 0 0

Fabales 8 6 1 1 4 0

Rosales 11 11 10 7 4 0

Fagales 1 0 1 1 3 0

Cucurbitales 2 2 2 2 1 0

Malpighiales 4 1 4 4 4 0

Oxalidales 1 1 1 1 0 0

Myrtales 1 1 1 1 1 0

Sapindales 4 1 4 4 0 0

Brassicales 12 12 1 0 6 0

Malvales 6 4 6 6 2 0

Ericales 3 3 1 0 0 0

Asterales 4 0 1 1 6 0

Apiales 2 2 1 1 0 0

Garryales 1 1 1 1 1 0

Gentianales 2 2 2 1 1 0

Solanales 11 9 8 8 14 0

Fig. 6 A phylogenetic map for miRNA-
directed PTGS (miR-PTGS) of calcium
signaling components in seed plants. An
order-based phylogenetic tree showing the
number of species in each order for which
components of miR-PTGS for either ACA or
EF-h/CML family members have been
identified. Data presented here (columns
from left to right) include: (1) number of
species with members of the ACA-targeting
miRNA superfamily identified; (2) number of
species with ACA-targeting miRNAs
containing the conserved 10-nt core
sequence without a mismatch; (3) number of
species with 22-nt ACA-targeting miRNA
present in sRNA-seq data; (4) number of
species with 22-nt ACA-targeting miRNA
supported by an asymmetric bulge presented
in the folded pre-miRNA; (5) number of
species with putative ACA target identified;
(6) number of species with putative EF-h/
CML target identified. Construction of
phylogenetic tree followed the Angiosperm
Phylogeny Group classification (Byng et al.,
2016).
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Of note, some plant miRNAs are known to have dual tar-
gets of genes involved in the same metabolic pathway. Mem-
bers of the miR395 family in Arabidopsis, for instance, are
known to target mRNAs of both AST68 (also known as
‘SULTR2;1’, a low-affinity sulfate transporter) (Allen et al.,
2005) and APS (isoforms of ATP sulfurylases) (Jones-
Rhoades & Bartel, 2004), proteins involved in two distinct
steps of sulfur assimilation. Intriguingly, current data includ-
ing those from transgenic manipulation of miR395 expression
support a role for miR395 in coordinated regulation of sulfur
translocation and assimilation in response to changing condi-
tions of sulfur supply (Liang et al., 2010; Kawashima et al.,
2011). The EF-h/CML proteins are thought to function as
cellular Ca2+ sensors which undergo conformational changes
upon binding to Ca2+ ions (Zhu et al., 2015). A few EF-h/
CML proteins in plants have been subjected to functional
analysis. The Ca2+-binding activity for Arabidopsis CML43,
as well as its tomato homolog, have been shown biochemi-
cally using recombinant proteins (Chiasson et al., 2005; Ben-
der et al., 2014). Interestingly, data from expression analysis
and transgenic manipulation have collectively indicated a role
for Arabidopsis CML43 and its tomato homolog as mediators
of Ca2+-dependent signaling in plant immune response to
bacterial pathogens (Chiasson et al., 2005). Biochemical evi-
dence also supports Arabidopsis CML7 as a functional Ca2+

sensor (Trande et al., 2019). Considering our current under-
standing of cellular signaling involving CaM or CML pro-
teins as Ca2+ sensors and the Ca2+-dependent activation of
ACA activities, it will be interesting to see if the miRNA-
regulated CML and ACA operate in the same signaling path-
way in Poaceae.

In conclusion, this work unambiguously establishes miR391-
directed PTGS of ACA10 in Arabidopsis and uncovers previ-
ously unrecognized conservation for miR-PTGS of ACA family
members in seed plants. The data presented here collectively
indicate conserved miR-PTGS of core calcium signaling com-
ponents, directed by members of a miRNA superfamily that is
of ancient origin and has undergone rapid sequence diversifica-
tion associated with functional innovation. The PTGS of cal-
cium signaling components by the miR391 superfamily
therefore represents an interesting case of miR-PTGS in plants
with a remarkable evolutionarily dynamic feature. Considering
the central role of calcium signaling in cellular life, this work
is anticipated to stimulate future investigations on regulatory
innovation and functional adaptation of ACA-targeting
miRNAs associated with sequence diversification in diverse
plant lineages.
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