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Several classes of small RNAs function to regulate stress and development pathways in

all kingdoms of life. In animals and plants, microRNAs have been widely studied as
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important regulators of gene expression. However, non-conserved microRNAs have
proven more difficult to study, raising questions as to their functionality. Using the
legume family of plants as reference, we discuss this concept and provide examples
where miRNAs functions have been described, highlighting their potential role in reg-
ulating important processes in these plants, such as stress responses and communica-
tion with other organisms, including bacteria and fungi. These examples suggest that
non-conserved miRNAs are likely to contribute to more gene regulation circuits than

currently appreciated, and in a wider range of plant species.
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SMALL RNAS ARE PRESENT IN THE THREE DOMAINS
OF LIFE

It has been widely documented that small RNAs (sRNAs) play
a significant role in regulating various cellular processes across
a wide range of organisms, from bacteria to multicellular
eukaryotes (Fig. 1). In bacteria, several sSRNAs play relevant
roles in stress responses and in adapting to fluctuations in
nutrient availability (Thomason et al. 2012; Holmqvist & Wag-
ner 2017). In multicellular eukaryotes, a particular kind of
sRNAs, known as microRNAs (miRNAs), has been extensively
studied, along with other sSRNAs involved in epigenetic regula-
tion (Yu et al. 2019; Shi et al. 2022). Interestingly, miRNA-like
sRNAs have also been predicted in Archaea, the third domain
of life (Wang et al. 2014a), and numerous investigations have
experimentally validated the existence of small non-coding
RNAs. These archaeal sRNAs are generally found to act in trans
with respect to their target mRNAs, some of them are clearly
related to eukaryotic snoRNAs dedicated to rRNA modifica-
tion, while others show a base-pairing preference for mRNAs,
mediated by either short or imperfect base-pairing, akin to
miRNA function (Busch et al. 2008; Bernick et al. 2012; Prasse
et al. 2013). Hence, translational repression or activation
guided by sRNAs in Archaea can be contrasted to their coun-
terparts in Eukarya. Based on current evidence, it has been pro-
posed that sSRNA-mediated regulation in Archaea might be a
primitive mechanism by which members of this domain are
prompted to respond to adverse environmental conditions (Xu
et al. 2012), thus offering a comparative viewpoint for phe-
nomena observed with eukaryotic miRNAs.
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Unlike sRNAs in Eukarya, most of the sRNAs present in
Archaea and Bacteria involved in posttranscriptional regulation
show limited conservation across species (Vogel 2009; Gémez-
Lozano et al. 2012). For instance, the response to nitrogen limi-
tation mediated by sSRNAs seems to enhance the fitness to this
condition exclusively in the Archaea family Methanosarcina-
ceae (Jager et al. 2009; Prasse et al. 2017; Buddeweg
et al. 2018). Moreover, sRNAs identified in Haloferax volcanii
were not found even in other closely related species (Jaschinski
et al. 2014). Cyanobacteria, one of the most diverse prokaryotic
phyla, has a large number of late-emerging sRNAs (Hu &
Wang 2018). The biogenesis of sSRNAs in the three kingdoms
of life differs significantly, and only limited comparisons can be
drawn. In eukaryotes, miRNAs are first processed from longer
precursor RNAs by RNAse III-type enzymes, and later are
recruited to effector complexes where Argonaute proteins tar-
get complementary RNAs for regulation. In contrast, sSRNAs in
prokaryotes are generally not processed post-transcription and
primarily utilize the RNA chaperone Hfq (an ancient homo-
logue of eukaryotic Sm proteins) for stabilization of sRNA:tar-
get RNA interactions (Kavita et al. 2018). Interestingly, ancient
homologues of Argonaute proteins exist in both bacteria and
archaea. While most of them are involved in DNA interactions,
an RNA-binding Argonaute protein was recently identified in
an Asgard archaeon, demonstrating RNA silencing functional-
ity (Bastiaanssen et al. 2024).

In Eukarya, mainly in animals and plants, miRNAs have
been widely characterized. In contrast to the lack of conserva-
tion observed in Archaea and Bacteria, miRNA sequences of
very ancient origin have been identified separately in animals
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Fig. 1. Small RNAs are present in all three kingdoms of life. Archaea possess
pseudoU-gRNAs, sRNAs similar to snoRNAs, and other sRNAs with comple-
mentarity to potential target mRNAs, which could be regulated by an Hfg/
Sm factor. Bacteria carry a battery of sSRNAs with different degrees of sec-
ondary structure that employ base-pairing interactions to regulate partially
complementary RNAs, mostly mediated by Hfg. Eukaryotes display several
types, including snoRNAs, siRNAs, miRNAs, in addition to piwi-RNAs in ani-
mals and phasiRNAs in plants. Processing and function of miRNAs requires
Dicer and Argonaute proteins, respectively. Remarkably, Argonaute homo-
logue proteins exist in the three domains of life. Other sRNAs include the
ubiquitous tRNAs (not shown).

(such as let7) and plants (like miR390, present from the moss
Physcomitrium patens to Arabidopsis), while shared miRNA
sequences do not seem to exist between these domains (Pasqui-
nelli et al. 2000; Axtell et al. 2011; Xia et al. 2017). In both
cases, conserved miRNAs are important components of path-
ways involved in development and responses to external stim-
uli. In contrast to those deeply conserved miRNAs, several
unique miRNAs have evolved independently and more recently
in those lineages where they have been sought. Their lack of
conservation suggests that they may have arisen as recent evo-
lutionary novelties. Often, a specific target mRNA has not been
identified for those miRNAs, and coupled with their relatively
low expression levels, this has led to the hypothesis that they
may not have been integrated into molecular pathways and, as
a result, might lack a defined biological function. In the case of
plants, accumulated evidence in recent years, however, points
to a different picture, where non-conserved miRNAs play
important roles in specific cellular processes. Thus, in this
review we’ll focus on the origin of these unique miRNAs, their
biogenesis, and the roles they play in legumes, a plant family of
economic importance and with a wide repertoire of biotic
interactions (Fig. 2).

HOW ARE NEW MIRNAS BORN?

There are different hypotheses describing the origin of new
miRNAs. Among these, inverted gene duplication (Allen
et al. 2004), spontaneous evolution (Felippes et al. 2008), and
miniature inverted-repeat transposon elements (Piriyapongsa
& Jordan 2008) have been proposed. These models have been
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Fig. 2. Unique features present in the biogenesis and functions of plant
non-conserved miRNAs. The canonical biogenesis and action of miRNAs pro-
ceeds through the transcription of precursor miRNAs, the formation of a
hairpin structure and its processing by DCL1 and associated factors (not
shown). From the resulting RNA duplex, one strand is selected as the mature
miRNA, which will find a target mRNA by sequence complementarity. The
specific features of non-conserved miRNAs are highlighted here in green
and discussed in the main text. These features include the relevance of pro-
moter acquisition by inverted repeat sequences to form a new MIR gene;
the subsequent generation of multiple SRNAs from a single pre-miRNA, and
processing by different DCL proteins. In the case of the legume-specific
miR1510, modification of the 3’-end by uridylation is shown. Newly
emerged miRNAs may produce secondary sRNAs known as phasiRNAs, and
examples are given in the text of how miRNAs contribute to regulation of
gene expression in response to biotic and abiotic cues.

documented in previous reports (Voinnet 2009; Cuperus
et al. 2011; Cui et al. 2017). However, how miRNAs arise de
novo is still of interest to researchers attempting to uncover
functions for these newly emerged molecules. Recently, two
hypotheses have offered novel options on other possible events
that could give rise to a new miRNA.

Partial inverted duplication of antisense-transcribed
sequences

Gramzow et al. (2020) recently proposed that miRNA (MIR)
genes may emerge when its future target has been transcribed
in an antisense orientation, following the acquisition of a pro-
moter. Subsequently, a partially inverted duplication at the
future target site may lead to an antisense transcript that folds
into a stem-loop structure, which is then processed by the
miRNA biogenesis machinery to produce a mature miRNA. As
a result, the MIR and target genes are naturally arranged in an
antisense orientation. However, the natural antisense organiza-
tion could be lost if the target gene is duplicated, with the new
copy becoming a new target of the emerging miRNA (Gram-
zow et al. 2020).

Short inverted repeats generation

This model hypothesized that promoter activity is gained
before the de novo origination of a miRNA, due to the insertion
of a transposon element into the 3"UTR region of an ancient
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target gene (Lu 2019). Subsequently, short, inverted repeats are
generated from palindromic-like sequences or from imperfect
inverted repeat sequences present in the ancient target. This
process eventually leads to the formation of miRNA precursors
and their characteristic hairpin structures, giving rise to new
miRNAs (Lu 2019).

All models proposed to date attempt to elucidate the origin
and evolution of miRNA secondary structures. However,
unlike previous models, recent proposals highlight the impor-
tance of acquiring a functional promoter prior to the origin of
a new MIR gene. In addition, it has been suggested that inser-
tion of transposons with significant ci-regulatory elements may
have contributed to promoter gain (Lu 2019). This may be a
crucial step, as promoter activity will determine the accurate
regulation of the MIR gene transcription and, to some extent,
its integration into regulatory networks (Schlotterer 2015).
Thus, the promoter might have a relevant effect in the evolu-
tionary fate of the MIR gene (Li & Mao 2007). Although, dif-
ferent origin mechanisms are observed in the evolution of
miRNA genes and their targets, these new findings support and
enrich our existing knowledge. However, there is still much to
discover, particularly how hairpin-forming sequences are gen-
erated remains unclear (Allen et al. 2004; Lu 2019), as well as
other processes leading to hairpin formation that may arise
from the characterization of other precursor sequences.

FEATURES OF YOUNG microRNA BIOGENESIS

Plant MIR gene expression follows a sequence of steps that
closely resemble those found in animal systems, with some dis-
tinct differences unique to plants. These steps ultimately result
in the processing of a single-stranded mature miRNA of 20-22
nucleotides in length. In general, non-conserved miRNAs fol-
low the same general path with some peculiarities that will be
highlighted below. In plants, the biogenesis of miRNAs is com-
partmentalized between the nucleus and cytoplasm. MIR genes
are located mostly in intergenic regions of the genome (Naqvi
et al. 2012) and transcribed as independent transcription units
(Ramalingam et al. 2014). In the nucleus, MIR loci are tran-
scribed by the RNA Polymerase II, generating primary miRNA
(pri-miRNA) transcripts that are 5’ capped and 3’ polyadeny-
lated (Xie et al. 2005). This initial pri-miRNA is cleaved to
form a precursor miRNA (pre-miRNA), which is processed
to produce sRNA duplex, where one strand becomes the
mature miRNA (Park et al. 2002; Kurihara et al. 2006). Several
protein factors participate in the excision of the hairpin struc-
ture, in particular, members of the DICER-LIKE (DCL) protein
family. DCL enzymes cleave dsRNA to release small RNA
duplexes containing a 5'-phosphate group and two overhang-
ing nucleotides at the 3’-ends (Wu er al. 2010; Axtell
et al. 2011; Qin et al. 2014). DCLI is exclusively responsible for
orrect processing of conserved miRNAs (Bologna et al. 2013),
whereas those of recent origin are generated by DCL1 and can
also be processed by different members of this RNAse III family
of enzymes (Rajagopalan et al. 2006; Vazquez et al. 2008).

In addition to DCL1, DCL2, DCL3, and DCL4 have been very
well described in Arabidopsis and Oryza sativa (Liu et al. 2005;
Vazquez et al. 2008). Pre-miRNAs processed by these enzymes
result in miRNAs and/or other sSRNA variants (Axtell et al. 2011;
Qin et al. 2014). For instance, DCL1 can generate 22-nt isoforms
if the pre-miRNA has an asymmetric internal bulge (Manavella
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et al. 2012). Likewise, DCL4 produces ~ 21-nt RNAs when
processing dsRNA precursors to generate trans-acting siRNAs
(ta-siRNAs) and phased siRNAs (phasiRNAs) (Liu et al. 2007).
In turn, DCL2 and DCL3 produce ~ 22-nt natural antisense siR-
NAs (nat-siRNAs) and ~ 24-nt phasiRNA or heterochromatic
siRNAs (hc-siRNAs), respectively (Xie et al. 2005 Bouché
et al. 2006; Xia et al. 2019). In general, inverted repeat transcripts
are processed by non-canonical biogenesis pathways (Axtell
et al. 2011). Different studies have demostrated that young miR-
NAs can mediate the formation of specific siRNAs, among them,
phasiRNAs (Liu et al. 2017; Sosa-Valencia et al. 2017; Guo
et al. 2018; Wang et al. 2018). For example, the legume-specific
miR1514 regulates NAC gene mRNAs by cleaving them, which
leads to the subsequent production of phasiRNAs (Sosa-
Valencia, Palomar, et al. 2017). Likewise, the IncRNA termed
WSGAR in wheat (Triticum aestivum L.) is cleaved by tae-
miR9678, triggering the biosynthesis of phasiRNAs (Guo
et al. 2018), which might be processed by DCL4 as they derive
from a long hairpin precursor. On the other hand, although
lineage-specific miRNAs are of recent origin, their biogenesis is
generally processed by DCL1 (Qin et al. 2014). Interestingly, it
has been revealed that miR6026, a tomato (Solanum lycopersicum
L.) specific miRNA, is processed by DCL2 (Wang, Hardcastle,
et al. 2018). In turn, the antiviral factor DCL2 mRNA is targeted
by miR6026, yielding DCL2-derived phasiRNAs. This is a pecu-
liar example where the absence of bulges in the pre-miR6026
makes it dependent on DCL2 rather than DCL1 (Wang, Hard-
castle, et al. 2018). Thus, different SRNAs can be generated by the
action of distinct DCL enzymes. In addition, imperfect proces-
sing by DCL1 can generate different SRNA sequences from the
same precursor, a feature observed more frequently for
non-conserved miRNAs. While several isoforms result in one- or
two-nucleotide variants that do not affect target specificity,
others can show larger variations that have not been character-
ized thus far, hence their regulatory effects, if any, remain
unknown. In addition, conserved miRNAs exhibit a marked
preference for carrying a uridine (U) at the 5'-end, aligning with
AGO1 known binding affinity for sSRNAs that possess this fea-
ture. Consequently, if non-conserved miRNAs are indeed func-
tional, there may be evolutionary pressure for them to include a
5’-U as well. However, this issue has not been directly addressed
in published reports.

Following the precursor cleavage events, the miRNA/miRNA*
duplex is methylated by HEN1 at the 2’0OH position, contribut-
ing to its stability (Yang et al. 2007). Alternatively, an interesting
mechanism of miRNA uridylation has been reported in the Pha-
seoleae tribe of legume species. HEN1 can only partially methyl-
ate the legume-specific miR1510 duplex due to a 3'-end
mismatch in the dsRNA region. This defect is counteracted by 3'-
uridylation of this miRNA isoform via HESOIl. Whether
AGO-bound uridylated 22-nt miR1510 is methylated by HEN1
is not known yet, but what is clear is that this isoform produced
during biogenesis safeguards the generation, fate, and function of
miR1510 in Phaseoleae (Feli et al. 2018).

Once the duplex is methylated (or monouridylated), it is
exported to the cytoplasm. Until recently, the exportin HASTY
was thought to be solely responsible for this task (Park
et al. 2005). Two research groups have linked the function of
HASTY to pri-miRNA transcription and processing as well as
regulation of miRNA movement (cell-to-cell and long dis-
tances) (Brioudes et al. 2021; Cambiagno ef al. 2021). Recently,
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a study revealed that nuclear export of miRNAs can be per-
formed by ARGONAUTE (AGO) proteins, which associate
with the miRNA duplex inside the nucleus and transport it to
the cytosol via EXPORTINI in a pathway dependent on a
nuclear-export signal present in AGO1 (Bologna et al. 2018).
Moreover, a recent study by Zhang et al. (2020) revealed that
the TREX-2 complex plays a key role in coordinating the
export of miRNA/AGO complexes through the nuclear pore
(Zhang et al. 2020). Once in the cytosol, the RNA-induced
silencing complex (RISC) regulates the miRNA-directed cleav-
age, degradation, or translational repression of target mRNAs
(Llave et al. 2002; Chen 2004). Alternatively, 22-nt miRNAs
initiate secondary siRNA formation upon target cleavage
(Sosa-Valencia, Palomar, et al. 2017; Wang, Hardcastle,
et al. 2018); nevertheless, their biogenesis has been reviewed
recently (Liu et al. 2020; Sanan-Mishra et al. 2021) and will not
be covered here.

ARE NEWLY EMERGED MIRNAS FUNCTIONAL?

Non-conserved miRNAs have been generally defined as
recently evolved molecules that are often weakly expressed,
imprecisely processed, apparently lack functional targets, and
thus they may represent a burden of ineffective products for
the plant genome, potentially on a path to elimination. Because
miRNA levels have been shown to modulate the degree to
which a target transcript is silenced (Denzler et al. 2016), stud-
ies on miRNAs have focused on those that display relatively
high expression levels. Nevertheless, a study performed by Pers-
son et al. (2006) on small vault RNAs with miRNA like activity
(or svRNAs), demonstrated that these molecules can efficiently
repress CYP3A4 expression in human cells, even when present
at relatively low levels. Moreover, target gene repression medi-
ated by miRNAs can occur in a dose-dependent manner of
miRNA accumulation, as has been shown for miR-17~92 in
mice (Jin et al. 2017). In Arabidopsis, miR159 regulates the
expression of a subgroup of MYB genes, while the lower
expression of the sequence-related miR319 prevents it from
recognizing those same transcripts and instead it targets TCP
mRNAs for cleavage (Palatnik et al. 2007). Thus, to ensure
appropriate target gene regulation, the functional concentra-
tion of miRNA will be defined by a minimum and a maximum
threshold level with respect to the abundance of a given target
transcript (Jin et al. 2017). Consequently, differential expres-
sion of the target transcripts may require variable miRNA con-
centrations, leading to significant fluctuations in their
functional levels, depending on the specific miRNA:target pair
being studied. Therefore, using conserved miRNAs as a refer-
ence to define low expression levels in non-conserved miRNAs
may introduce a biased framework that could obscure our
understanding of the roles of other miRNAs.

A second argument to dismiss recently emerged miRNAs as
relevant regulators is their imprecise precursor processing, which
produces a cohort of small RNAs. While some of these may be
functional, others could be harmful if they target unintended
transcripts. Given that the newly emerged miRNAs have rela-
tively low accumulation levels, in some cases not reaching a func-
tional concentration (see above discussion), the contribution of
alternate sSRNAs to targeting certain mRNAs may be minimal. In
addition, RNA:target recognition in plants relies on extensive
base-pairing and therefore the presence of complementary
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sequences in transcripts may also be limited. Thus, miRNA regu-
lation of only a few selected sequences that have an impact on
regulatory pathways may undergo positive selection, while other
sRNAs may not persist over evolutionary time.

Interestingly, one of the pathways to generate phasiRNAs
(discussed above) involves cleavage of a target RNA directed by
the activity of 22-nt miRNAs, followed by double-stranded
RNA formation and phased-sRNA generation by a DCL
enzyme. Known examples of 22-nt miRNAs are predominantly
found among non-conserved miRNAs (Liu et al. 2020), indi-
rectly suggesting that non-conserved miRNAs may have a
larger contribution to phasiRNA formation and, consequently,
a distinct functional impact than conserved miRNAs.

TARGETS OF NON-CONSERVED MICRORNAS

Do non-conserved miRNAs lack functional targets? Gene gains
and losses have been observed throughout the evolutionary his-
tory of biological systems, leaving as a major legacy, the great
diversity that exists today. Newly emerged miRNAs are not
exempt from these evolutionary processes. The accelerated evo-
lutionary rate of SRNA/miRNA observed in different animal
species (Mao & Cao 2016) may result in sequence changes that
cause the loss of base-pairing to its original target genes. How-
ever, other potential binding sites exist on the immense pool of
mRNA sequences (Jin et al. 2017), which may allow young
miRNAs to acquire new functions through their new targets.
Those new miRNAs that succeed to integrate into pre-existing
regulatory networks become functionally relevant and are
retained by positive selection pressure, as observed for mir-
972¢ in Drosophila (Lyu et al. 2021). In this way, new miRNAs
could recruit additional targets over time, expanding their con-
tribution to different gene regulatory pathways and gradually
modulating their expression levels to accommodate cellular
needs (Mao & Cao 2016).

Unlike animals, clustering of MIR genes is not as common in
plants. However, polycistronic miRNA clusters have been identi-
fied in A. thaliana, Manihot esculenta, O. sativa and T. aestivum
(Rajagopalan et al. 2006; Patanun et al. 2013; Baldrich et al. 2016;
Singh et al. 2020). To the best of our knowledge, de la Rosa
et al. (2019) performed the first study of a polycistron containing
a conserved and a non-conserved miRNA in plants. Both miR-
NAs, the legume-specific miR2119 and miR398a, are co-
expressed in a single transcript to regulate their respective targets
in response to water deficit in Phaseolus vulgaris (de la Rosa
et al. 2019). Thus, the emergence of species-specific miRNAs
might have a relevant role in modulating diverse gene regulatory
networks, potentially serving as a source of genetic and func-
tional innovation. Considering that the new miRNAs are energy
wasting elements, is like involuting to the moment in which
non-coding DNA were considered as junk DNA (Ohno 1972;
Kuska 1998). We are at a point where we should turn our atten-
tion to the study of these miRNAs to reveal how they originated,
their evolutionary history, and present functions.

FUNCTIONS OF LINEAGE-SPECIFIC MICRORNAS

What role do miRNAs play in determining lineage identity and
regulating cellular functions in plants? Answering this question
will help us to better understand the emerging functions of
miRNAs and their influence on plant evolutionary history.
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An interesting example of a lineage-specific miRNA is
miR2275, which regulates reproduction in some angiosperms
(Xia et al. 2019). Initially miR2275-24-nucleotide phasiRNAs
pathway was thought to be unique to monocots (Zhai
et al. 2015). However, its recent discovery in some eudicots
changed this view; in addition, the absence of miR2275/DCL5
in some eudicot families such as Solanaceae and the contrasting
presence of phasiRNA revealed that not everything is known
about the 24-nucleotide phasiRNAs pathway (Xia et al. 2019).
Hence, the study of this mysterious route might reveal new
aspects of miRNA/PHAS-phasiRNA regulatory cascades.
Another miRNA that shows complex dynamics of gene regula-
tion associated with seed germination is miR9678. This miRNA
delays seed germination in wheat by targeting a IncRNA and
triggers phasiRNA production that modulates GA/ABA signal-
ling (Guo et al. 2018). The monocot-specific miR528 targets
genes involved in the regulation of drought stress and nitrogen
starvation in O. sativa. It plays a significant role in rice’s ability
to withstand water and nutrient scarcity (Yuan et al. 2015), a
crucial trait given its importance as a crop in different environ-
ments. In addition, miR528 contributes to the process of
somatic embryogenesis and responses to auxins and nitrogen
availability in maize (Lujdn-Soto et al. 2021, 2022). On the
other hand, the species-specific miR6026 may negatively regu-
late the resistance to potato virus X and tobacco mosaic virus
by targeting DCL2 mRNA and triggers secondary sRNA pro-
duction in tomato (Wang et al. 2018). However, transgenic
plants overexpressing a miR6026 target mimicry construct
showed decrease abundance of the cognate miRNA, upregula-
tion of DCL2, and improved antivirus resistance (Wang, Deng,
et al. 2018). This approach not only provides a means to pro-
tect crops from viral infections but also showcases the potential
of biotechnology to engineer plants with specific and beneficial
traits, contributing to agricultural sustainability and food secu-
rity. The functions identified for these non-conserved miRNAs
show that they contribute to diverse regulatory networks in dif-
ferent plant species. In the case of legumes, non-conserved
miRNAs have been characterized as playing essential roles in
the regulation of genes involved in processes like symbiotic
relationships and stress responses. These functions have
revealed unique pathways in legumes, with the most recent
advances on this subject presented in the following sections.

THE ROLE OF NON-CONSERVED MICRORNAS IN
LEGUMES

Why legumes?

Legume domestication started during the Neolithic period ca.
10,000 years ago (Koenen et al. 2021). Since then, trait selec-
tion and production have transcended geographic and cultural
boundaries. Consequently, pulse crops have adopted wide envi-
ronmental resilience, and the organoleptic characteristics of
their grains reflect their wide phenotypic diversity. Currently,
legumes are one of the most produced crops worldwide. Never-
theless, among the economically important pulses, soybean,
peas, lentil, and those known as dried beans (P. vulgaris), are
the most demanded as staple food and valuable source of fibre,
vitamins, and vegetal protein (Medendorp et al. 2022). In
recent years, legume consumption has gained relevant impor-
tance as part of free-gluten and/or vegan diets (Messina 2014;
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Gomaa & Flhadidy 2020), becoming a key component to safe-
guard human health. Legumes also play an essential role in
food diversification and sustainability.

The legume family, also called Leguminosae or Fabaceae, is
one of the largest in the plant kingdom, possibly due to its geo-
graphical distribution and colonization of different ecological
niches. The basis for this success can be found in its anatomical
and physiological diversity, and significantly, in the symbiotic
associations they form with some bacteria of the genus Rhizo-
biaceae and with mycorrhizal fungi. Both plant-microorganism
collaborations are important because of the nutrient exchange
occurring during symbiosis. Some members of this family (e.g.
P. vulgaris and Glycine max) are important as species for
human consumption and foraging in different parts of the
world, while model species such as L. japonicus and M. trunca-
tula have been adopted for the ease of gene transformation,
availability of mutant banks, and extensive omics databases
available. Small RNA sequencing (sRNA-seq) has offered a
powerful tool for the analysis of thousands of miRNA
sequences, enabling researchers to detect low-abundance miR-
NAs and to explore their regulatory roles across various biolog-
ical processes, including but not limited to, those related to
abiotic stress responses and the regulation of symbiotic interac-
tions, providing the research field with a vast volume of data to
explore. Given the significance of legumes, several studies have
explored the contribution of non-conserved miRNAs to the
regulation of these processes, which will be the focus of the fol-
lowing sections (summarized in Table 1).

Legume miRNAs in response to abiotic stress

Plants constantly cope with environmental challenges, such as
drought, salinity, temperature extremes, heavy metal exposure,
and nutrient deficiencies. These abiotic stresses modulate and
alter their development, impacting physiological processes,
homeostasis, and ultimately, yield. This is often reflected in a
significant reduction in the number and size of pods and seeds,
which are key productivity traits in Fabaceae species. Responses
to abiotic stress can be species-dependent and may fluctuate
among crop varieties. The ability of plants to adapt to these
stressors involves complex regulatory networks, including hor-
monal signalling, gene expression changes, and the activation
of stress-responsive pathways, all of which are essential for their
survival and productivity in shifting environments. At the basis
of these processes, miRNAs participate in the regulation of
expression profiles (Zhang et al. 2022; Samynathan et al. 2023).
For this reason, an exploration into legume stress response
pathways modulated by legume-specific miRNAs is indeed
necessary.

Recent studies have shown that diverse conserved plant miR-
NAs confer abiotic stress resistance, thereby ensuring sustain-
able agricultural production (Samynathan et al. 2023).
However, there are also documented examples of novel legume
miRNAs that specifically respond to abiotic stress. Most of
these have been identified through sRNA-seq approaches
(Barrera-Figueroa et al. 2011; Ruan et al. 2024), but only a few
have been fully validated.

Originally described in G. max, miR1511 is present in Faba-
ceae and at least in some Rosaceae species. In Phaseolus vul-
garis, miR1511 responds to metal toxicity, while the ALS3
(Aluminium Sensitive Protein 3) gene, known to play a critical
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Functions of non-conserved miRNAs in legumes

Table 1. Non-conserved miRNAs in legumes and other plants and their known biological functions.

miRNA lineage/species function

references

miRNAs involved in stress responses

miR528 Specific to monocots Response to water and nutrient scarcity
miR1510 Legume-specific Disease resistance
miR1511 Specific to Fabaceae and Aluminium detoxification
Rosaceae
miR1514 Legume-specific Response to stress
miR2109 Legume-specific Regulation of plant immunity
miR2119 Legume-specific Response to water deficit
miR6026 Solanum lycopersicum L. Defence against PSTVd infection
miR9678 Triticum aestivum L.

signalling
miRNAs involved in nodulation

miR1507 Legume-specific
miR1509 Legume-specific Control of nodulation
miR2111 Specific to dicots Controlling nodulation

Affects seed germination and modulating ABA/Gibberellin

Regulation of plant immunity and symbiotic interactions

Yuan et al. (2015)

Lujan-Soto et al. (2021, 2022)
Feietal. (2018)
Martin-Rodriguez et al. (2021)

Sosa-Valencia, Palomar, et al. (2017)
Sés-Heged(s et al. (2020)

de la Rosa et al. (2019)

Wang, Hardcastle, et al. (2018)

Guo et al. (2018)

Sés-Hegeds et al. (2020)
Tiwari et al. (2021)
Sexauer et al. (2023)

role in aluminium detoxification in several plant species, was
experimentally validated as a target of miR1511 (Martin-Rodr-
iguez et al. 2021). Interestingly, MIR1511 gene sequence analy-
sis in diverse genotypes revealed that many displayed a
truncated version of the gene (Martin-Rodriguez et al. 2021).
The absence of miR1511 due to a 58-bp deletion in the gene in
certain P. vulgaris genotypes, resulting in reduced degradation
of ALS3 transcripts, and appears to confer an evolutionary
advantage to high aluminium levels in soils with increased
drought conditions (Martin-Rodriguez et al. 2021).

More than a decade has passed since the first report of novel
miRNAs involved in responses to water deficit in legumes
(Arenas-Huertero et al. 2009). Based on these initial data, sub-
sequent functional analysis of miR1514a revealed its role in
controlling the expression of a NAC transcription factor gene
by inducing the production of phasiRNAs, which accumulate
under water deficit conditions in P. vulgaris (Sosa-Valencia,
Palomar, et al. 2017) and similarly in M. truncatula (Sosa-
Valencia et al. 2017). A second miRNA analysed more recently
is miR2119, which is encoded as a bicistronic miRNA along
with miR398a. Together, miR2119 and miR398a have been
linked to water scarcity responses through the regulation of
ALCOHOL DEHYDROGENASE 1 (ADH1) and COPPER-
ZINC SUPEROXIDE DISMUTASE 1 (CSDI1) transcripts,
respectively (de la Rosa et al. 2019). These examples are some
of the few miRNAs exclusively found in legumes that have been
characterized by experimental validation to uncover their bio-
logical relevance. Clearly, many non-conserved miRNAs
remain undiscovered and/or uncharacterized, representing
missed opportunities for crop improvement and underutiliza-
tion of genetic resources. Further research into these miRNAs
is essential to unlock the full potential of legume crops and
address the challenges posed by changing environmental
conditions.

microRNAs in nodulation, what we know and what remains
to be deciphered

When soil nitrogen levels are low, legume plants establish a
symbiotic relationship with rhizobia, free-living nitrogen-fixing
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bacteria in the soil. This interaction leads to the formation of
root nodules, specialized structures on the plant roots where
the bacteria reside. Inside, rhizobia convert atmospheric nitro-
gen (N,) into ammonia (NH;), which the host plant can uti-
lizee In return, legumes supply the bacteria with
photosynthetically derived carbon, supporting their growth
(Oldroyd et al. 2011).

miRNAs have been identified as crucial regulators of this
endosymbiosis. Coupled to in silico approaches, sSRNA-seq has
facilitated the identification of hundreds of both conserved and
novel miRNAs potentially involved in different stages of nodule
ontogeny in model legumes such as L. japonicus, G. max, P.
vulgaris, and M. truncatula (Subramanian et al. 2008; Wang
et al. 2009; Joshi et al. 2010; De Luis et al. 2012; Turner
et al. 2012; Formey et al. 2016; Yan ef al. 2016). Functional evi-
dence for their contribution in this process has been obtained
for a selected number of candidates. Several miRNA families
that, although deeply conserved in plants, modulate the expres-
sion of transcription factors that have been coopted to control
nodule development. In M. truncatula, miR166 modulates
meristem activity and vascular differentiation in both roots
and nodules by targeting HD-ZIP III transcription factor
mRNAs (Boualem et al. 2008; Carlsbecker et al. 2010). Mean-
while, miR169 controls the spatial distribution of the transcrip-
tion factor HAP2-1, which is involved in meristem
maintenance and bacterial release in nodules (Combier
et al. 2006). miR171 targets members of the scarecrow-like
(GRAS domain) family of transcription factors, which are pri-
marily expressed in inflorescence and floral tissues (Pei
et al. 2023). However, in legume lineages, other isoforms of this
family, such as miR171c in L. japonicus, miR171h in M. trunca-
tula, or miR171o and miR171q in soybean, specifically target
NSP2 transcripts, encoding a transcription factor essential for
nodulation (De Luis et al. 2012; Hossain et al. 2019). The
miR172 family targets APETALA2 (AP2) and AP2-like genes,
playing a significant role in promoting flowering (Aukerman &
Sakai 2003; Chen 2004) and modulating the juvenile-to-adult
phase transition during shoot development (Wu et al. 2009).
In legumes, however, miR172c¢ also acts as a crucial promoter
of nodulation (Wang et al. 2014b). Soybean miR172c,
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produced in root nodules, serves as a long-distance mobile sig-
nal, travelling from the nodules to the leaves, while nitrogen
fixed in the nodules stimulates the production of miR172¢ in
the leaves (Yun et al. 2023). Interestingly, the combined action
of symbiotic and locally expressed miR172c activates florigen-
encoding FLOWERING LOCUS T (FT) homologues by repres-
sing TARGET OF EAT1-like 4a, allowing legumes to reproduce
under low-nitrogen conditions (Yun et al. 2023). MiR172c¢ has
been also found in L. japonicus (Holt et al. 2015), P. vulgaris,
and M. truncatula (Nova-Franco et al. 2015).

Additionally, the miR397 family, which contains several con-
served members that target laccase genes involved in lignin
synthesis, are also essential during legume symbiosis (De Luis
et al. 2012). miRNAs such as miR393, miR164, miR167, and
miR160, which regulate auxin balance and are essential for
plant growth and development, have also been proven to be
crucial for nodule ontogeny (Navarro et al. 2006; Subramanian
et al. 2008; Wang et al. 2015; Cai et al. 2017).

Perhaps the most remarkable example of how conserved
miRNAs acquire novel functions during endosymbiosis is
miR2111. Exclusive to eudicotyledon plants, miR2111 partici-
pates in the regulation of lateral root formation (Sexauer
et al. 2023). However, in nodulating lineages, miR2111 controls
the number of nodules on the roots of the host plant. Initially,
rhizobia infection stimulates the production of CLE peptide
hormones in the roots, which are transported to the shoot to
induce the expression of miR2111. miR2111 is then trans-
ported back to the roots through the phloem, where it targets
transcripts of TOO MUCH LOVE (TML), a negative regulator
of nodulation, allowing nodulation to progress. Shoot percep-
tion of rhizobia-induced CLE peptides suppresses miR2111
expression, resulting in TML accumulation in roots and subse-
quent inhibition of nodule organogenesis (Gautrat et al. 2020).
The general mechanism of miR2111 controlling nodulation
was first demonstrated in M. truncatula, with subsequent stud-
ies in L. japonicus and soybean indicating that this regulatory
circuit is a common feature in legumes (Okuma et al. 2020;
Zhang et al. 2021).

The legume-rhizobia interaction and the subsequent root
nodulation process require the suppression of host defences to
ensure successful symbiosis and prevent immune responses
from the host plant (Yang et al. 2010). In M. truncatula, a spe-
cific subset of miRNAs, including miR1507, miR1509,
miR2109 (also known as miR5213), and miR2118 (a member
of the miR482 superfamily, which is closely related to soybean
miR482-3p and common bean miR482), target resistance (R)
genes with nucleotide-binding (NB) and leucine-rich repeat
(LRR) domains (NB-LRR) to regulate plant immunity and
facilitate the establishment of symbiotic interactions (Bazin
et al. 2012; Sés-Hegedts et al. 2020). In soybean, the overex-
pression of miR482, miR1512, and miR1515, which also target
NB-LRR genes, has been shown to increase nodule numbers
(Li et al. 2010). Collectively, these miRNAs may play a role in
regulating the crosstalk between nodulation and pathogenesis
to facilitate the onset of nodulation.

While significant progress has been made in uncovering the
role of miRNAs in legume nodulation, several crucial aspects
remain unresolved. Both conserved and novel miRNAs have
provided valuable insights into the regulatory networks gov-
erning legume-rhizobia symbiosis.
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The role of miRNAs in the mycorrhizal colonization of
legume plants

Most land plants, including legumes, establish endosymbiosis
with mycorrhizal fungi. Arbuscular mycorrhiza (AM) is a root
endosymbiosis between fungi from the ancient phylum Glo-
meromycota and terrestrial plants. This symbiosis occurs in
70-90% of land plant species, enhancing their ability to absorb
water and mineral nutrients. Despite its vital ecological role,
the mechanisms behind the formation of this symbiosis are not
well understood, primarily due to the obligate biotrophic life-
style and multinucleate nature of AM fungi. Like the rhizobia—
legume symbiosis, the partnership between the host plant and
the fungi begins with a molecular dialogue, leading to mutual
recognition and the penetration of the outer cells of the plant
root by the fungal hyphae. This allows the fungi to colonize the
inner cortical cells, where they form intricately crafted struc-
tures called arbuscules. Mycorrhizal endosymbiosis enhances
the supply of water and uptake of immobile or low-availability
nutrients from the soil, mainly phosphate, to the host plant in
return for sugars produced through photosynthesis by the
plant (Parniske 2008; Luginbuehl & Oldroyd 2017). Addition-
ally, arbuscular mycorrhizal (AM) symbiosis enhances plant
resistance to biotic and abiotic stresses (Lenoir et al. 2016).

Small-RNA seq coupled with degradome studies of non-
mycorrhizal and mycorrhizal roots of M. truncatula identified
20 distinct miRNAs that are differentially expressed (Devers
et al. 2011). However, few studies have functionally linked
these miRNAs to AM symbiosis. The contribution of conserved
miRNAs has been recently reviewed (Ledford et al. 2024) and
will be only briefly recounted here.

One notable example is miR399, previously identified in A.
thaliana as a systemic signal for phosphate starvation (Bari
et al. 2006). In M. truncatula, miR399 accumulates to higher
levels in mycorrhizal roots compared to non-mycorrhizal roots
under low phosphate (Pi) conditions (Branscheid et al. 2010).
This miRNA suppresses its target transcript, MtPho2, which
would otherwise increase in response to symbiotic Pi uptake
(Branscheid et al. 2010). Since Pho2 is a ubiquitin-conjugating
enzyme that negatively regulates a group of Pi-starvation
inducible genes, including some Pi-transporters (Bari
et al. 2006), it is believed that miR399 regulates arbuscular
mycorrhizal symbiosis both locally and systemically, linking it
to phosphorus status.

Another example is the regulatory role of miR171h, which is
also activated in M. truncatula in response to AM colonization
(Lauressergues et al. 2012). This miRNA targets MtNSP2
(Branscheid et al. 2011; Devers et al. 2011; Lauressergues
et al. 2012), a GRAS transcription factor involved in both the
biosynthesis of strigolactone and the mycorrhizal signalling
pathway (Liu et al. 2011; Lauressergues et al. 2012). Strigolac-
tones have been demonstrated to activate spore germination
and hyphal proliferation of AM fungi (Akiyama et al. 2005;
Besserer et al. 2006). Therefore, it was proposed that in roots
invaded by the fungus, the induction of miR171h, which
downregulates NSP2, may decrease strigolactone content and
thus control fungal colonization (Lauressergues et al. 2012).

Remarkably, there are no reports of legume—AM symbiosis
involving non-conserved miRNAs, perhaps this is evidence that
the interaction is so ancient that it recruited miRNAs
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regulatory networks from its origins. Continued research may
deepen our understanding about the role of miRNAs, particu-
larly those of more recent emergence, in this ancestral yet
unique symbiosis.

CONCLUDING REMARKS

Several classes of small RNAs are present in all kingdoms of
life, however, research has focused on a few of those families,
in particular miRNAs, present in plants and animals. The study
of these organisms has revealed their contribution to the regu-
lation of growth, development, and environment interactions
in several biological contexts.

The emergence of new miRNA-encoding genes is a phenom-
enon that threats to imbalance existing gene regulatory path-
ways, as they can alter the balance of transcripts within them.
Thus, this has been a focus of discussion: how novel miRNAs
are selected over evolutionary time and whether they are func-
tional. While some of them may disappear into oblivion, others
have gained regulatory functions. As is evident from the

Functions of non-conserved miRNAs in legumes

examples described here for the legume family of plants, at least
some of them have an important influence in major biological
processes, including symbiosis with rhizobia and the responses
to adverse conditions in their different forms. Clearly, other
processes — such as mycorrhizal symbiosis — need to be further
explored to identify other players, including miRNAs, not only
in legumes, but surely present in most, if not all, land plant
families.
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