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Abstract 

Plant long noncoding RNA enod40 is in v olv ed in the regulation of symbiotic associations with bacteria, in particular, in nitrogen-fixing root 
nodules of legumes, and with fungi in phosphate-acquiring arbuscular m y corrhizae f ormed b y v arious plants. T he presence of enod40 genes 
in plants that do not form such symbioses indicates its other roles in cell ph y siology. T he molecular mechanisms of enod40 RNA function are 
poorly understood. Enod40 RNAs form several str uct ured domains, conserved to different extents. Due to relatively low sequence similarity, 
identification of enod40 sequences in plant genomes is not straightf orw ard, and man y enod40 genes remain unannotated e v en in complete 
genomes. Here, w e used comparativ e str uct ure analysis and sequence similarity searches in order to locate enod40 genes and determine 
enod40 RNA str uct ures in nitrogen-fixing clade plants and in grasses. The str uct ures combine conserved feat ures with considerable diversity 
of str uct ural elements, including insertions of str uct ured domain modules originating from transposable elements. Remarkably, these insertions 
contain sequences similar to tandem repeats and se v eral stem-loops are homologous to microRNA precursors. 
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ntroduction 

lant enod40 gene has been initially identified as one of the
arly nodulin genes activated upon the formation of nitrogen-
xing root nodules during the primal stages of symbiotic asso-
iation of legumes with soil rhizobial bacteria ( 1 ,2 ) . It is also
nvolved in the stimulation of colonization of plant roots by
ungi with the formation of phosphate-acquiring arbuscular
ycorrhizae ( 3 ,4 ) . On the other hand, enod40 homologues
ave been found in multiple non-legume plants, which do
ot form symbiosis with rhizobial bacteria, including those
hat do not establish effective mycorrhizal symbioses ( 5 ) .
dentification of enod40 expression in non-symbiotic tissues
nd studies on its biological effects indicate its importance
eyond the regulation of symbiosis ( 6–12 ) . However, not
uch is known about the molecular mechanisms of enod40

unctions. 
In many plant species, enod40 transcripts can be classified

s so-called dual RNAs, that is, structured molecules with
oth RNA-mediated functions and polypeptide-coding capac-
ty ( 13 ) . Legume enod40 genes contain two conserved re-
ions ( coined region I and region II ) with short open reading
rames ( sORFs ) . Region I codes for a short peptide of 12–
3 amino acids, which is also conserved in many, but not all,
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The Author ( s ) 2023. Published by Oxford University Press on behalf of NAR G

his is an Open Access article distributed under the terms of the Creative Comm
hich permits unrestricted reuse, distribution, and reproduction in any medium, 
non-leguminous species, whereas in region II no conserved
sORF can be proposed despite the prominent conservation
of its core nucleotide sequence ( 5 ,8 ) . Translation in vitro of
enod40 sORFs has been demonstrated and the peptide prod-
ucts have been shown to bind to sucrose synthase ( 14–16 ) .
Such a binding activates sucrose cleavage activity whereas its
synthesis activity remains unchanged ( 17 ) . 

The presence of conserved structured domains in enod40
RNAs, even in those lacking conserved sORFs, suggests that
the enod40 function is mostly determined by its RNA struc-
ture ( 5 ) . In Medicago truncatula , enod40 RNA has been
shown to bind a protein MtRBP1 ( for Medicago truncatula
RNA Binding Protein 1 ) and export it from nuclear speck-
les into the cytoplasm during nodule development ( 18 ) . The
closest homologs of MtRBP1 in plants are nuclear speckle
RNA-binding proteins, regulators of alternative splicing, sug-
gesting that enod40 RNA can regulate the alternative splic-
ing of specific mRNAs upon a switch in organogenesis
( 13 , 19 , 20 ) . 

Experimental data on enod40 RNA structure have been
obtained for the molecules from only two species, Glycine
max ( 21 ) and Lupinus luteus ( 16 ) . Despite the relatively
low sequence similarity, even within legumes, RNA structure
0, 2023. Accepted: September 22, 2023 
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probing of these enod40 RNA molecules has demonstrated
the formation of homologous structured stem-loop domains,
also supported by comparisons with enod40 sequences from
other legumes ( 16 ,21 ) . RNA structure predictions have iden-
tified six stem-loop domains, named domains 1–6 in the 5 

′ -
3 

′ direction, conserved in enod40 RNAs from all legumes or
at least in some of them ( 21 ) . Domains 1–3 are conserved in
diverse leguminous species, whereas domain 4 insertion has
been observed only in a cluster of plants known to produce
indeterminate nodules. Domains 5 and 6 are less conserved;
for instance, domain 5 is absent in the Lupinus luteus enod40
RNA ( 16 ) . 

Using nucleotide sequence database similarity searches and
structure predictions, we have previously identified a number
of unannotated enod40 genes and the most conserved struc-
tural elements in legume and non-legume enod40 RNAs ( 5 ) . In
particular, a conserved core secondary structure encompassing
the region II surrounded by the the lowest part of domain 2
upstream and the domain 3 downstream turned out to be con-
served in all enod40 sequences available at that time. Apart
from these elements, enod40 RNA structure seems to be highly
variable. Although the domain 2 lower closing stem presents a
frequently recurring motif GUUUG / CAAAC in both legumes
and non-legumes, and the domain itself has a conserved topol-
ogy with stable extended stem-loop structure, its size varies
enormously in a range of 40–200 nucleotides. Domain 1 has
not been identified in some non-legume plants, and no con-
served structure could be found in non-legumes downstream
of domain 3 ( 5 ) . 

Since 2007, no systematic study on the enod40 RNA sec-
ondary structure has been published. On the other hand, a
number of complete or almost complete plant genomes have
been sequenced in this period. Apparently, enod40 gene is con-
served in angiosperms. Here, we focused on mining unanno-
tated enod40 genes in the genomic data for two groups of
plants: the nitrogen-fixing clade and grasses. The nitrogen-
fixing clade comprises the Fabales, Fagales, Cucurbitales and
Rosales orders, which contain both species that form nitrogen-
fixing root nodule symbiosis with diverse bacteria and those
that do not ( 22 ,23 ) . Grasses ( Poaceae ) are an economically
important group of plants, with many genomes sequenced
and well-studied phylogeny ( 24 ) . Comparative analysis of pre-
dicted RNA structures of retrieved enod40 sequences from
genomes of these two clades, presenting the dataset with both
closely and distantly related species, refined the main features
of enod40 RNA structure and evolution. Surprisingly, the re-
sults also showed a striking pattern of non-coding RNA evo-
lution exploiting frequent insertions of transposable elements
( TEs ) as novel blocks of its functional structure. These inser-
tions share similarities with tandem repeats and microRNA
precursors. 

Materials and methods 

Mining of enod40 genes in plant genomes 

Enod40 genes were searched for in genomes available in the
NCBI Genome database ( 25 ) using sequence database sim-
ilarity search by BLAST program ( 26 ) . The option ‘BLAST
Genomes’ was executed sequentially, using previously iden-
tified enod40 sequences as queries for genomes of the
most related species according to the phylogenetic trees
( 24 ,27–30 ) . 
RNA secondary structure predictions 

RNA secondary structures were predicted using the algo- 
rithms Fold of RNAstructure Web Servers ( 31 ) ( https:// 
rna.urmc.rochester.edu/ RNAstructureWeb/ ) and RNAfold of 
ViennaRNA Web Services ( 32 ) ( http://rna.tbi.univie.ac.at/ 
#webservices ). The calculations were done using tempera- 
ture 20 

◦C as suitable for enod40 RNAs which are functional 
in plant roots. Predictions were done separately for specific 
domains, using the sequences of the domains with putative 
boundaries derived from alignments to the closely related 

enod40 genes. As a rule, the lowest free energy conformation 

was consistent with the typical extended stem-loop structure 
of a domain, but sometimes one of suboptimal structures was 
more similar to the consensus. 

Analysis of sequence similarities 

Searches for similarities with TEs were carried out using 
BLAST algorithm ( 26 ) with screening corresponding genome 
from the NCBI Genome database or the REPETDB database 
of plant transposable elements ( 33 ) ( https://urgi.versailles. 
inra.fr/ Data/ Transposable-elements/ REPETDB ). In order to 

detect distantly related sequences, the searches with word size 
of 7 were used (lower than the usual default 11). For similar- 
ities to microRNA genes, BLAST programs in the databases 
miRBase ( 34 ) and PmiREN2.0 ( 35 ) were used. 

Sequence logos were generated by the WebLogo algorithm 

( 36 ) ( https:// weblogo.berkeley.edu/ ). 
Potential peptides encoded by enod40 sequences were iden- 

tified using the ORF finder program of the NCBI resources 
( 25 ). Protein motifs in the polypeptides encoded by the ORFs 
in the putative LINE transposon inserted in the maize enod40- 
2 were studied using the InterProScan algorithm ( 37 ). 

Results 

Searching for enod40 genes 

The conserved topology of enod40 core structure (Figure 1 A) 
allowed us to localize enod40 genes in almost all available 
genomes of nitrogen-fixing clade and grasses using a sequen- 
tial application of BLAST searches followed by RNA sec- 
ondary structure predictions (see Materials and Methods).
The genomic positions of identified enod40 domains are given 

in the Supplementary Table S1. The fact that enod40 genes 
were not found in some genomes could be due to incomplete 
sequencing data. 

Similar to previous identification of more than one enod40 

gene in some species ( 9 , 10 , 38 , 39 ), we identified duplicated 

enod40 homologues in a number of genomes (Supplemen- 
tary Table S1). In particular, the majority of legumes have 
two enod40 genes, with some species comprising three or 
four copies. On the other hand, in three other orders of the 
nitrogen-fixing clade (Rosales, Cucurbitales and Fagales) two 

enod40 genes were found in just a few species. Grasses, typ- 
ically possess two enod40 genes, although in some species 
only one or up to four were detected, the latter case being 
apparently due to minor variations in multiple copies due to 

polyploidy. 
Pairwise comparisons of enod40 genes and phylogenetic 

clustering showed that some enod40 duplications have oc- 
curred before speciation resulting in the extant species. For 
instance, enod40 genes of the Caesalpinioidae are split into 

two clusters, with genes from both clusters present in each 

https://rna.urmc.rochester.edu/RNAstructureWeb/
http://rna.tbi.univie.ac.at/#webservices
https://urgi.versailles.inra.fr/Data/Transposable-elements/REPETDB
https://weblogo.berkeley.edu/
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Figure 1. An example of the enod40 RNA str uct ure and its evolution. ( A ) Conserved domains in the Senna tora enod40-1 RNA. ( B ) Trinucleotide CUU 

repeat expansion in the domain 2 of Chamaecrista fasciculata enod40-1. ( C ) Evolutionary relationships between two different types of enod40 RNAs in 
Caesalpinioideae. CUU triplets in the repeat expansion regions are labeled with alternate colours. 
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f the species (Figure 1 C). Duplicated enod40 genes of other
egumes and grasses (Supplementary Table S1) also exhibited
uch clustering patterns of two distinct types, consistent with
nd extending the previous observations ( 9 , 10 , 38 ). 

BLAST searches in available transcriptome assemblies and
NA-seq sequence read archives (SRAs) identified RNA tran-

cripts corresponding to almost all found enod40 homologues
Supplementary Table S1). This supports the expression of
nod40 genes, including the duplicated ones. On the other
and, we could not identify RNA sequences of additional
enod40 copies in transcriptomic data for some species. Thus,
no enod40-2 transcripts of Juglans species and related Pte-
rocarya stenoptera (Fagales) were identified, while enod40-1
sequences of these plants are covered by RNA-seq SRA reads
(Supplementary Table S1). In each of the genomes of Triticum
aestivum and Panicum miliaceum (Poales), we could identify
RNA transcripts for all but one enod40 gene out of four and
five copies, respectively . Probably , some enod40 gene copies
are not expressed or expressed only under specific conditions
and / or at specific stages of plant cell development. 
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Enod40 sORF1 

The conserved short reading frame sORF1 sequence, charac-
terized by the presence of tryptophane in the middle and the
histidine-glycine-serine C-terminus ( 8 , 40 , 41 ), was found in al-
most all enod40 genes identified in legumes and grasses (Sup-
plementary Table S1). Its typical length varied in the range of
11–13 amino acids. In contrast, enod40 genes in three non-
legume orders of the nitrogen-fixing clade are characterized
by multiple deviations from or no translatable homologous
sORF1 in the species closely related to those possessing it. 

In the evolution of Fagales, enod40 apparently has lost
its sORF1 coding capacity several times (Figure 2 , Supple-
mentary Table S1). For instance, while Castanea mollissima
and Quercus gilva do have typical enod40 sORF1 sequences,
both Castanea and Quercus genera include species with the
sORF1 interrupted by a stop-codon. In some Quercus species,
this nonsense mutation is also accompanied by a mutation
disrupting the stop-codon that defines the typical sORF1 C-
terminus (Figure 2 ). In a number of other Fagales genera, the
conserved enod40 sORF1 is interrupted by up to three stop-
codons, sometimes combined with frameshifts due to indels.
Such frameshifts resulting from single nucleotide deletion in
the second codon neutralize the effect of the downstream non-
sense mutation(s), but, as it has previously been noted for
the Casuarina glauca enod40 ( 42 ), they also inhibit the con-
served sORF1 peptide expression. On the other hand, in Fagus
species the sORF1 is longer because of stop-codon disruption,
coding for a peptide with additional 15 amino acids down-
stream of the conserved histidine-glycine-serine motif (Figure
2 ). Remarkably, the codons for this motif are also present in
Fagales enod40 sequences where they are not translated, sug-
gesting a role in the context of enod40 being a noncoding
RNA. 

Several Rosales enod40 genes possessed consensus sORF1s,
but a number of enod40 RNAs contained sORFs which devi-
ated from the consensus in terms of sequence and / or length,
while in some species no obvious sORF1 homologue could be
identified (Supplementary Table S1). No sORF1 homologues
were found in Cucurbitales, although stop-codons not further
than 13 nucleotides upstream of the domain 1 were present
in the majority of the species. Maintained codons for the
histidine-glycine-serine motif, being apparently not translated
because of the in-frame stop-codon upstream, were found only
in Datisca glomerata . 

The maize ( Zea mays ) enod40-2 gene turned out to con-
tain the insertion of 4614 nucleotides between the 8th and
9th codons of its sORF1 (Supplementary Table S1). Sequence
analysis of this insertion indicated that this is a long inter-
spersed nuclear element (LINE) with two ORFs, flanked by
target site duplication sequences, typical for this type of non-
LTR retrotransposons ( 43 ). Furthermore, although we could
not assign any function to the protein coded by the first ORF,
BLAST and protein motif searches showed the second pro-
tein to contain endonuclease and reverse transcriptase motifs.
Available sequences of transcripts in NR and EST databases,
mapped to this enod40-2 gene (accessions EU960460 and
DN209550), have no transposon. 

Domain 1 

The domain 1 of enod40 RNA structure has previously been
identified as a stable stem-loop structure downstream of the
sORF1, usually with a purine-rich 5’-half and a pyrimidine-
rich 3’-half ( 14 , 21 , 44 ). It is conserved in legumes, but its lo-
calization in the enod40 RNAs of other plants may be less 
straightforward due to the poor conservation and possible 
folding of alternative structures ( 5 ). For the modelling of do- 
main 1 in enod40 RNAs of the nitrogen-fixing clade and 

grasses, we used secondary structure predictions of the frag- 
ments between sORF1 stop-codon (or homologous position in 

sORF1-less genes) and domain 2. Relatively stable structures 
were predicted in all analyzed enod40 RNAs (Supplementary 
Table S1). 

The conserved topology of a single stem-loop with pairings 
between purine- and pyrimidine-rich halves was predicted 

in all Fabales, Rosales and Cucurbitales enod40 RNAs. The 
same shape was conserved in RNAs coded by the enod40- 
1 genes of Fagales and grasses. However, domains 1 in the 
enod40-2 molecules of Cary a , Pterocary a and Juglans species 
(Fagales) and of all PACMAD clade plants folded into two 

stem-loop structures instead of one. Within these clades, such 

structures were conserved and had optimal or close to opti- 
mal values of folding free energy. In some enod40 RNAs of 
grasses, an additional small hairpin between typical domain 

1 structure and domain 2 was predicted. No other conserved 

alternative structures were predicted. 

Insertion of a transposable element in the domain 1 

of Panicum virgatum 

Interestingly, two enod40 genes in Panicum virgatum , denoted 

as enod40-1a and enod40-1b, turned out to be close homo- 
logues differing by a rather large (138 nucleotides) insertion in 

domain 1 of enod40-1b. The insertion introduced an extended 

stable stem-loop structure with a closing stem of 15 bp into the 
domain (Figure 3 ). BLAST search in the P. virgatum genome 
using enod40-1b as a query retrieved a large number of high 

sequence similarity hits with local alignments restricted to 

the stem-loop insertion: 42 covering more than 90% of the 
stem-loop, two of them yielding identical sequences. This sug- 
gests that enod40-1b insertion is determined by one of the 
TEs, which are present in multiple dispersed copies in plant 
genomes ( 45 ). 

Domain 2 

Domain 2 has previously been identified as an extended stem- 
loop structure with conserved shape and variable size, located 

just upstream of the region II ( 5 ,21 ). While the domain size 
and interior sequences are highly variable, in the majority of 
enod40 RNA from both legume and non-legume plants the 
domain 2 has been predicted with a conserved closing double- 
helical stem GUUUG / CAAAC or its variations. 

Comparison of domains 2 in enod40 genes, mined in ge- 
nomic sequences (Supplementary Table S1), showed that the 
domain size and sequence variations in the plants of nitrogen- 
fixing clade were sometimes determined by insertions of trin- 
ucleotide repeats. For instance, in enod40-1 RNAs of the two 

closely related Senna tora and Chamaecrista fasciculata, a 
trinucleotide repeat expansion occurred, with 6 and 12 CUU 

triplets, respectively (Figure 1 ). Trinucleotide repeat expan- 
sions were also found in Chamaecrista fasciculata enod40-2 (4 

UGA triplets paired to 4 UUA), Morus alba (5 GAA vs. 3 GAA 

in related Artocarpus camansi ) and Quercus species (4 GAA 

vs. 3 GAA in related Castanea ). In the domains 2 of enod40 

RNAs from grasses, more than two triplet repeats were only 
found in the enod40-1 of Panicum virgatum (3 GGU). 
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 M  E  F  C  Y  R  Y      K  S  I  H  G  S
atggaattctgctacagatat----aaatccatccatgggtcctaa Castanea mollissima
...............t.....----..................... C. crenata
 M  E  F  C  Y  G  Y      K  S  I  H  G  S
...............g.....----..................... Quercus gilva
...............t.....----..................... Q.glauca, Q.wislizeni
...............t.....----...................t. Q.robur, Q.mongolica, Q.lobata
 M  E  V  -  Y  K  F      -  S  V  H  G  S  I (+15 aa)
......g..---..t.a..tc-------..ag...........at. Fagus sylvatica, F.crenata
...-..gc..tt...t...ga----t.gaatg.t.......t...c Casuarina glauca, C.equisetifolia
...-..gc..atc.tt....a----t..catg.t.....a.....g Betula pendula
...-..gc..atc.tt....a----t..catg.t..c........g B.nana
...-..gc..atc.tt....g----t...atg........ct...g Corylus heterophylla
...-..gc..atc.tt....atatat.gcatg.............g Alnus glutinosa
...-..gc..atc.-----------tt..atg.........t...g Carpinus fangiana
..a.......at..ttac..a----tc.cag..........a...g Morella rubra
......gca.at..tt....g----t...a-..............g Juglans regia, Jc, Jh, Jm, Jn, Js (1)
......gca.at..tt....g----g...a-..............g J.cathayensis, J.mandshurica (1)
......gca.at..tt....g----t...a-..............g Pterocarya stenoptera (1)
......gca.at..tt....g----t...a-..........t.... Carya cathayensis, C.illinoinensis (1)
...a..g...at.gtt...tatcgat...a.g.............g Juglans regia, Js (2)
...a..c...at.gtt...gatcgat...a.g.............g J.cathayensis, J.mandshurica (2)
...a..g...at.gtt...gatcgat...a.g.............g Pterocarya stenoptera (2)
...a..g...at.gtt...gatcgat...a.g.t.......g...g Carya cathayensis (2)
...a..g...at.gtt...gatcgat...a.g.t....a..g..gg Carya illinoinensis (2)

Figure 2. Disruptions of sORF1 reading frame in Fagales species. Dots indicate identical nucleotides. Non-interrupted amino acid sequences are shown. 
In-frame stop codons are shown in bold and underlined. Jc, Juglans californica ; Jh, Juglans hindsii ; Jm, Juglans microcarpa ; Jn, Juglans nigra ; Js, 
Juglans sigillata . 
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As far as the closing stem of domain 2 is concerned, enod40
NAs with possible pairing between the CAAAC sequence or

ts homologues at the 5’end of the region II and the 5’proxi-
al nucleotides of the domain 2 were found in the majority of

pecies (Figure 4 ). However, in some enod40 RNA structures
onsiderable deviations from the GUUUG / CAAAC consensus
isrupted this stem. In particular, such disruptions are typical
n enod40 RNAs of grasses, that is compensated by evolu-
ionary stabilization of enclosed pairings with the consensus
UGCCUY / GAGGYAY, where R is G or A and Y is C or U

Figure 5 ). Despite variability of the closing stem and interior
art of domain 2, no alternative structures were predicted in
ts region. 

nsertions of TEs in domain 2 

n several legume enod40 RNAs domains 2 contain insertions
riginating from putative DNA transpositions. Thus, BLAST
earch in the Medicago truncatula genome with its enod40-2
omain 2 as the query yields 15 significant ( E ≤ 2e-06) hits
ith the lengths of about 130 nucleotides that cover at least
0% of the insertion in the domain as compared to its close
omologues (Figure 6 A, B). These homologous sequences can
orm extended stem-loop structures, like in the enod40-2 do-
ain 2 (Figure 6 C). The insertion occurred before speciation
f M. truncatula and Trifolium repens , because two of three
. repens enod40 genes contain its parts (Figure 6 A). More-
ver, blast search for sequences similar to the M. truncat-
la enod40-2 domain 2 in the T. repens genome yields even
ore significant alignments ( 45 ) than in the M. truncatula that

over at least 90% of the insertion. It should be noted that di-
ersity of these sequences is larger, as some alignments depict
igher E -values, up to 0.008. 
The domain 2 of the Lotus japonicus enod40-2 also con-

ains a similar type of insertion. One of the arms in the pre-
dicted Y-shaped structure of this domain ( 21 ) was found to
have a number of homologous sequences in the L. japonicus
genome that yield 35 BLAST alignments with > 90% coverage
and E -value at most 0.008. Not surprisingly, these fragments
can form similar stem-loop structures (Figure 6 D). 

Region II variations 

Previously, the consensus CGGC AAGUC A-N(6)-GGC AAN
sequence has been suggested for the region II core located be-
tween domains 2 and 3 ( 5 ,41 ). The majority of enod40 RNAs
of both nitrogen-fixing clade species and grasses did satisfy
this pattern. Typical deviations were insertions of up to three
nucleotides into the spacer between two conserved sequences
or just downstream of the second GGC motif and deletions of
one or two adenines at the latter location. Thus the consensus
CGGC AAGUC A-N(6,9)-GGC turned out to be conserved in
all but two cases: substitution of the 5’terminal C by U in the
Oryza meyeriana enod40-1 and deletion of the second GGC
motif together with the half of the spacer in Carya species.
A unique deletion of the half of the region II together with
the domain 3 occurred in the Lupinus albus enod40-2, leav-
ing just the CGGCAAGUC part, in contrast to the enod40-2
homologues from L. angustifolius (Supplementary Table S1)
and L. luteus , mRNA accession AF352374 ( 16 ), which have
no deviations from the consensus. 

Domain 3 

Domain 3 is the most conserved enod40 structure, a relatively
small, yet stable, hairpin ( 5 ,21 ), predicted without alternative
suboptimal structures. In some enod40 genes of the nitrogen-
fixing clade we found more extended hairpins determined by
expansions of dinucleotide repeats, for instance, four CU re-
peats in the Glycine max enod40-3 and Macrotyloma uniflo-
rum enod40-2, five AU in the Arachis enod40-3 and enod40-4,
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3 AU in the Senna tora enod40-2, 10 AU in the Chamaecrista
fasciculata enod40-2, 3 AU in Fagus sylvatica (Figure 7 ). Simi-
lar to domain 2, domain 3 is characterized by more conserved
closing stem and variable apical part. 

Domains 4 in leguminous enod40 genes are 

derived from TEs 

Homologous extended stem-loop structures of domain 4 have
previously been identified in a group of closely related legumi-
nous plants known to produce indeterminate nodules, such as
Medicago truncatula, Trifolium repens, Pisum sativum and Vi-
cia sativa ( 21 ). The structures are folded by sequences inserted
in the enod40 RNAs of this group in the regions between the 
more conserved domains 3 and 5. 

Apart from this clade, we found extended stem-loop struc- 
tures at positions corresponding to domain 4 only in a few 

enod40 RNAs mined in legume genomes, namely, in the Ci- 
cer arietinum enod40-2, Nissolia schottii enod40-2 and the 
enod40-3 of two Lupinus species (Figure 8 , Supplementary 
Table S1). These structures most likely originated from di- 
verse DNA transpositions, because BLAST searches in corre- 
sponding genomes returned multiple similar sequences. Thus,
BLAST search in the C. arietinum genome with the C. ariet- 
inum enod40-2 yielded 108 significant ( E < 1e-03) hits cor- 
responding to its domain 4, seven of which covered each 
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ore than 90% of the domain sequence. In the N.schottii
enome, 38 fragments with coverage of more than 90% of
he N.schottii enod40-2 domain 4 were found among signifi-
ant BLAST alignments, with many more hits corresponding
o smaller parts of the domain. In the L. angustifolius genome,
7 fragments with significant BLAST alignments each cover-
ng more than 90% of the L. angustifolius enod40-3 domain
 were found on the chromosome LG17, where the gene is
ocated, and such hits were present on all 20 chromosomes.
omain 4 of the L. albus enod40-3 is very similar to its L.

ngustifolius homologue and therefore has the same origin. 
Next, we searched for sequences similar to the domains 4

f enod40 RNAs from the Medicago / Trifolium clade in order
o check whether these domains could also be derived from
NA transpositions. Indeed, many significant ( E < 0.001)
LAST hits corresponding to the domains 4 of M. truncatula,
. repens, P. sativum and V. sativa enod40 RNAs were found

n all four genomes. With any of the four domain 4 - contain-
ng enod40 sequences of these species (Supplementary Table
1) as the BLAST queries, the searches in genomes of M. trun-
atula and T. repens yielded more hits than those in P. sativum
nd V. sativa . The domain 4 of T. repens enod40-1 produced
he largest number of significant alignments: 172, 67, 15 and
0 in genomes of T. repens , M. truncatula , V . sativa and P .
ativum , respectively. Out of these 264 alignments, 12 covered
ore than 90% of the domain sequence: 6, 4 and 2 in genomes
f T. repens , M. truncatula and V. sativa , respectively. Among
0 significant BLAST alignments to M.truncatula enod40-1
equence, only one covered more than 90% of its domain 4,
n M. truncatula genome, involving the same sequence as given
y one of the best hits with the T. repens enod40-1 query.
earching in the T. repens genome with the P. sativum enod40
uery also yielded one such hit, which was not retrieved with
ther queries. On the other hand, it should be noted that the
majority of significant BLAST alignments covered only the 5’
half of the enod40 domains 4. 

Clade-specific enod40 RNA structural elements 

Stem-loop structures of domain 5 and 6 have previously been
identified by structure probing of the G. max enod40 RNA
and shown to be conserved in a number of leguminous plants
( 21 ). Homologous domains have not been found in non-
leguminous species ( 5 ), and the absence of domain 5 in the
legume Lupinus luteus enod40 RNA has been shown by struc-
ture probing ( 16 ). 

Identification of enod40 genes in the broader phylogenetic
range allowed us to determine the extent of conservation of
domains 5 and 6 more precisely. It turned out that these do-
mains could be found only in the Papilionoideae subfamily of
Leguminosae ( 27 ). Within this subfamily, conserved domain
6 can fold in at least one enod40 RNA of all species (Supple-
mentary Table 1). Domain 5 is less conserved, it is absent in a
number of enod40 RNAs with stable domain 6 homologues,
and in several Papilionoideae plants it was not found in any
of the identified enod40 RNAs. 

Of course, the absence of the homologous stem-loops does
not mean the absence of secondary structure, as alternative
structures may be folded as well. However, without experi-
mental evidence or phylogenetic support it is difficult to verify
the existence and functional relevance of alternatives. 

Notably, a stable stem-loop structure upstream of the sORF
region was predicted in enod40 RNAs of several Rosales
species (Supplementary Figure S1). In particular, some enod40
RNAs formed the hairpin with perfect double-helical stem
consisting of 22 bp. The location of this hairpin just up-
stream of the sORF1 start codon suggests its possible involve-
ment in translational regulation, but no correlation was found
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between its folding and the presence of translated consensus
sORF1 peptide. 

Similarities of enod40 domain insertions to 

repetitive elements 

Sequence database similarity searches in the RepetDB
database of plant transposable elements ( 33 ) yielded sev-
eral BLAST alignments between insertions into the enod40
structures and the database entries. The most significant ( E -
values in the range between 1e-05 and 5e-05) similarities
were revealed between domains 4 of the enod40 RNAs from
the Medicago / Trifolium clade and the M. truncatula trans-
poson ‘Mtru_TEdenovoGr-B-G6045-Map3’, classified by the
database as a class I LTR retrotransposon of the Ty1 / Copia
type. While this transposon, denoted here as Mtru_G6045,
contains only parts of the functional full-length LTR retro- 
transposon, TBLASTN alignments showed its close similar- 
ity to the Mtr30 family of M. truncatula LTR retrotrans- 
posons ( 46 ). The Mtru_G6045 region that shares similarity 
with the M. truncatula enod40 domain 4 is located in the mid- 
dle of the transposon, downstream of the region containing 
codons corresponding to the part between integrase and rever- 
tase domains of the transposase (Supplementary Figure S2A).
Remarkably, the similarity to enod40 involves the sequence 
which is duplicated with few deviations at the distance of 
27 nucleotides. 

Inspection of the results of BLAST searches in genomic se- 
quences showed that other enod40 domain insertions shared 

similarities with fragments of repetitive motifs as well (Sup- 
plementary Figures S2, S3). The arrangements of these mo- 
tifs resemble that of tandem repeats, which are abundant in 
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                                                      Domains 2:
Mt_enod40-1  guuugcuuugugcuuuagcuuuuggcuucucauauca 
Tr_enod40-1  guuugcuuugugcuuuagcuauuggcuucucauauca 
Mt_enod40-2  guuugcuu-aagc-uuagccauugguuucuaugauca 
Tr_enod40-2  guuugcau-aagcuuaaccauugaguuucucugauca
Tr_enod40-3  guuugcau-aagcuuaaccauugaguuucucugauca
             ****** *   ** * * *  *  * ****   ****

Mt_enod40-1  caaagggauuaug-----cuuuuuucugaguagcagaagcaaauaauuaagcauuu---------
Tr_enod40-1  caaagagauuauauguuuuuuuuuucugaguagcagaagcaaauaauuaagcauuu---------
Mt_enod40-2  gugaucacaaggagaauauggagaaucagaagaagcuaguuaguaaagaauaauuaauuagcgcg
Tr_enod40-2  guaaucacagggagaauauggagaaucauaagaagcuaguuaguaaagaagaauuaauuagugca
Tr_enod40-3  guaaucacagggagaauauggagcuaga-------------------guaaagaagaauugugca

Mt_enod40-1  --------------------------------------------------------------------
Tr_enod40-1  --------------------------------------------------------------------
Mt_enod40-2  uguuugaauucacgaugaguuugacaugucagagugugcgauuguguuuuugacaaaaauuacacuuu
Tr_enod40-2  uguuuagauuaacagcgaguuugacaaaucacagugucacaaugauuucaucaaacuuacug------
Tr_enod40-3  uguuuaaauuuacagugaguuuaacagaucaaagugucacaaugauuucgucaaacuuacug------

Mt_enod40-1  ---------------------------------------------------------------------
Tr_enod40-1  ---------------------------------------------------------------------
Mt_enod40-2  ggagcucaaggaaaucacggugcuaccaugauaucgucaagcucacuaugauuccaaccaugcacuuag
Tr_enod40-2  ------------------------------------------------ugauuccaaauauguacu-aa
Tr_enod40-3  ------------------------------------------------ugauuccaaauauuuacu-aa

Mt_enod40-1  uucuccaaaggaucagaagcuuuu--guuauagcauggcaaac
Tr_enod40-1  uucuccaaaggaucagaaguuuuuugguuauagcauggcaaac
Mt_enod40-2  uucuccguaggaagagaagcuuug--gcuauagguugguaaac
Tr_enod40-2  uucuucguaggaagagaaacuuug--gcuauagcuugguaaac
Tr_enod40-3  uucuucguaggaagagaaacuuug--gcuauagcuugguaaac
             **** *  ****  ****  ***   * *****  *** ****

A

B BLAST alignment of M. truncatula enod40-2 domain 2 vs. chromosome 8, 6043046-6043182:

             uguuugaauucacgaugaguuug--acaugucagagugugcgauuguguuuuugacaaaaauuacacuuu
             tgtttggattgatggtgaatttggtaaaagt-acagtgtggtactgtgattttgacaaaaaatacacttg
             ****** *** * * *** ****  * * ** * ******  * **** ************ *******
             
             g-gagcucaaggaaaucacggugcuaccaugauaucgucaagcu-cacuaugauuccaaccaugcacu
             aagatttcaacaaaatcaccgtgctaccatgatttcgttaaactacactgcgattccaaacatgcact
               **  ****  ******* ************* **** ** ** ****  ******** ********
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eukaryotic genomes, plants included (reviewed by e.g. ( 47 ).
The repeating units (monomers) sharing similarities with
enod40 domains are either adjacent or separated by short
spacers. With the exception of the C. arietinum tandem re-
peat monomer of more 2000 nucleotides, the monomers are
in the range of 60–210 nucleotides. 

Two types of structural context of enod40 RNA similarity
regions to the tandem repeats could be distinguished. In some
enod40 RNAs these sequences approximately correspond to
either 5’ or 3’ half of the inserted stem-loop structure (Sup-
plementary Figure S2), while in others the similarity includes
complete stem-loop (Supplementary Figure S3). Although the
BLAST alignment of C. arietinum enod40-2 domain 4 to tan-
dem repeat covering only the apical part of the domain (Sup-
plementary Figure S3D) seems to present an exception, the
optimal local alignment calculated by the Smith-Waterman
algorithm of the EMBOSS Water program ( 48 ) extends this
similarity, covering the whole domain (not shown). 

Both M. truncatula enod40-2 domain 2 right arm inser-
tion and homologous repeated motif (Supplementary Figure
S2B) share significant similarity with the RepetDB database
entry Mtru_TEdenovoGr-B-G7965-Map3, denoted here as
Mtru_G7965, revealed by the database BLAST searches with
E-values of 2e-04 and 1e-05, respectively. In four full-length
G7965 copies, which were identified in the M. truncatula
genome, this similarity encompassed just a part of single
monomer of the repeat that also shared similarity with the
enod40-2 domain 2 (Supplementary Figure S2B). Blast search
in the genome showed the tandem repeat multiplication of
four monomers to be unique, while multiple hits mapped ei-
ther to this part or to the remaining downstream region of the
monomer. It should be noted that the Mtru_G7965 repetitive
element has not been classified by the RepetDB database ( 33 )
and probably is not a TE. 

BLAST searches showed that in the P. virgatum genome the
fragment of the chromosome 5K of 709 nucleotides (com-
plement positions 13101713–13101005), bearing the sec-
ond monomer of the tandem repeat at positions 13101889–
13101535 (Supplementary Figure S2C), has multiple imper- 
fect full-length copies on different chromosomes. However,
the tandem repeat on chromosome 5K is unique. Both the 
5’-proximal nucleotides of its monomer and similar sequence 
in the enod40-1b domain 1 insertion contain 2.5 repeats 
of palindrome AGGCG(T / A)CGCCT (Supplementary Fig- 
ure S2C). BLAST searches in the RepetDB database with 

the 709 nucleotides - long repetitive sequence and enod40 

insertion yielded alignments with E -values of 2e-05 and 

0.001, respectively, to an unclassified repetitive DNA element 
‘Sbic_TEdenovoGr-B-G2377-Map4’ of closely related species 
Sorghum bicolor . These alignments covered just the region of 
palindromic repeats. 

Some of the tandem repeats related to the enod40 inser- 
tions overlap with the protein-coding genes. Thus, the 125–
127 nucleotides—long repeats of the L. angustifolius (Supple- 
mentary Figure S3C) are located in the intron of a gene for 
a probable polygalacturonase (GeneID 109351179). Interest- 
ingly, a large part of this gene, including the repeat-containing 
intron and flanking exons, is in turn duplicated, leading to 

a tandem repeat with monomer length of 1398 nucleotides.
The second monomer of the C. arietinum tandem repeat re- 
gion (Supplementary Figure S3D) overlaps with the first exon 

and part of the first intron of the GDSL esterase / lipase gene 
(GeneID 101500147). 

Similarities of enod40 domain insertions to 

microRNA stem-loops 

As the extended stem-loops of enod40 RNA domains re- 
semble the structures of microRNA precursors (reviewed by 
e.g. 49), sequence similarities were searched for in the mi- 
croRNA databases. Indeed, BLAST searches in the miRBase 
( 34 ) identified significant similarities of M. truncatula enod40- 
1 domain 4, enod40-2 domain 2 insertion and C. ariet- 
inum enod40-2 domain 4 to mtr -MIR 2644, mtr -MIR169d 

and mtr-MIR5281d precursors, respectively, with E-values be- 
tween 3e-11 and 4e-04. The mtr-MIR2644 similarity to the 
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. truncatula enod40-1 domain 4 was also confirmed by the
earch in the PmiREN database of plant microRNAs ( 35 ). 

Although the sequences of these microRNA genes are not
mong the best hits in genomic BLAST searches with the same
nod40 queries, with rather high E-values, similar structural
ontexts of aligned fragments suggest that the detected map-
ing of nucleotides does reflect the homology of microRNA
recursor and enod40 domain structures (Supplementary Fig-
res S4–S6). The sequence homology between the M. truncat-
ula enod40-1 domain 4 and the mtr-MIR2644 (Supllementary
Figure S4) involves the fragment that yields multiple BLAST
hits in M. truncatula genome, including the tandem repeats
(Supplementary Figure S1). In both enod40 domain 4 and mtr-
MIR2644 precursor structures these sequences correspond to
approximately halves of the domains consisting of helices and
internal loops. The stem-loop insertion in the M.truncatula
enod40-2 domain 2 is homologous to the sequence comple-
mentary to the stem-loop in the mtr-MIR169d, which in turn
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is an insertion as compared to other MIR169 isoforms such
as mtr-MIR169c (Supplementary Figure S5). Homologous se-
quences in the C. arietinum enod40-2 domain 4 and mtr-
MIR5281d occupy homologous positions in the apical parts
of the structures (Supplementary Figure S6). 

BLAST searches in the sequence read archives (SRAs) con-
taining small RNA libraries of corresponding species identi-
fied reads that indicated to possible microRNA-like process-
ing of enod40 domain insertions. Thus, the recurrent pres-
ence of reads that mapped to the double-stranded regions
of M. truncatula enod40-1 domain 4 and enod40-2 domain
2 (Supplementary Figures S4, S5) was detected in several
small RNA libraries, e.g. with SRA accessions SRX651005,
SRX651006, SRX087134. Small RNA library reads that
mapped to certain parts of enod40 domain insertions in C. ari-
etinum (e.g. SRA accession SRX19984047), Lotus japonicus
(e.g. SRX1613597), Lupinus angustifolius (e.g. SRX2635185)
and Panicumvirgatum (e.g. SRX3837804) were also repeat-
edly found, albeit with relatively low abundance. Although a
number of such reads mapped to the stems of inserted struc-
tures, some contained the nucleotides of apical loops, unlikely
to correspond to small RNAs produced by microRNA pro-
cessing machinery ( 49 ). 

Similarities of enod40 domain insertions to MITEs 

Relatively weak similarities between the enod40 domains and
microRNA precursors suggest that these structures are dis-
tant relatives with common ancestors originating from TE se-
quences. The shapes of both enod40 RNA insertions and mi-
croRNA stem-loops are similar to those of miniature inverted-
repeat transposable elements (MITEs), which are present in
high copy number in plants ( 45 ,50 ). A number of the TE-
derived microRNA precursors originated from MITE struc-
tures indeed ( 51–53 ). In particular, the mtr-MIR169d and
mtr-MIR5281d stem-loops, which share similarities with the
M. truncatula enod40-2 domain 2 insertion and C. ariet-
inum enod40-2 domain 4, respectively (Supplementary Fig-
ures S5, S6), have been suggested to be related to MITE
superfamilies PIF / Harbinger and Tc1 / Mariner, respectively
( 53 ). The BLAST alignments of these enod40 insertions versus
the representative copies of microRNA-related MITEs turned
out to cover approximately the same homologous regions as
identified in the corresponding enod40 / microRNA compar-
isons (Supplementary Figures S5–S7A,B). Notably, the sizes
of the inserted stem-loops are close to those of their puta-
tive MITE homologs, and sequence similarities extend to the
(parts of) terminal inverted repeats (TIRs) (Supplementary
Figure S7A, B). 

Comparisons of other enod40 insertions to the known
MITE families (reviewed by ( 54 ,55 ) revealed only a weak sim-
ilarity between N. schottii enod40-2 domain 4 and the Ah-
MITE1 family sequences from closely related species Arachis
hypogaea ( 56 ,57 ), with BLAST alignments covering only small
parts of stem-loop sequences (Supplementary Figure S7C). On
the other hand, inspection of sequences flanking the BLAST
hits of this domain in the N. schottii genome revealed the re-
gions exhibiting typical MITE features ( 45 ): extended TIRs
flanked by target site duplications (TSDs). In turn, using one
of these regions as the BLAST query retrieved more copies
of the N. schottii MITE-like stem-loops homologous to the
enod40-2 domain 4 (Supplementary Figure S7C). 

Typical MITE features were also detected in the P. virga-
tum genome regions highly similar to the enod40-1b domain
1 insertion. Putative MITE-like stem-loops identical or devi- 
ating by only one substitution from the domain stem-loop 

turned out to be flanked by TSDs of the same length of 8 nu- 
cleotides with different duplicated sequences (Supplementary 
Figure S7D). Interestingly, this TSD pattern is absent in the 
enod40-1b domain 1. 

Discussion 

The secondary structures of enod40 RNAs, identified in this 
work, demonstrate a remarkable combination of conserved 

features with high diversity of structural elements. In addition 

to its main core, which consists of the conserved region II and 

adjacent stems of domains 2 and 3 ( 5 ), the enod40 evolution 

has been creating other less conserved structures that could 

contribute to the enod40 functions. 
Various evolutionary processes produced diverse enod40 

RNA structures. To a certain extent, the diversity of domain 

2 sizes resulted from frequent trinucleotide repeat expansions 
with subsequent restoration of the rod-like shape (Figure 1 ) 
or insertions of stem-loops derived from DNA repeats and 

mobile elements (Figure 6 ). Furthermore, stem-loop insertions 
with sequences related to repetitive DNA seem to be actively 
exploited as novel domains 4 in some of enod40 RNAs of 
leguminous plants (Figure 8 ). Such repeated insertions at ap- 
proximately the same position downstream of the conserved 

domain 3 are clearly non-random. It could be noted that repet- 
itive sequences can also trigger complex changes in gene reg- 
ulation such as paramutation ( 58 ). 

Recruitment of sequences derived from TEs as functional 
domains in non-coding RNAs has previously been revealed 

( 59–63 ). The best studied are the repeat domains of the euthe- 
rian long noncoding RNA Xist, which have originated from 

various TEs ( 59 ). While the Xist evolution involved multipli- 
cation of tandem repeat monomers with various copy num- 
bers in different species, the enod40 insertions identified in 

this work just picked up single motifs of mobile elements that 
participated in tandem repeats elsewhere. 

Acquisition of structural motifs recognized by proteins has 
been suggested to be the main reason for systematic integra- 
tion of sequences derived from TEs into noncoding RNAs 
( 61 , 62 , 64 , 65 ). It is also likely the case for insertions in enod40
RNA, as protein binding is essential in enod40 functions 
( 13 ,18 ). Another, not mutually exclusive reason, related to 

enod40-induced relocalization of bound proteins ( 13 ,18 ) is 
modulation of its localization, observed for a number of other 
ncRNAs upon acquisition of TE-derived sequences ( 66 ,67 ). 

In the enod40 gene, repeated insertions of TE-derived se- 
quences at similar locations occur in a way that minimally 
disturb the encoded RNA structure. Such insertions of new 

modules may create an opportunity to adapt it rather than 

to destroy its function. None of the insertions of new stem–
loops has led to disappearance of more conserved struc- 
tural elements in enod40 RNA. Moreover, structural sim- 
ilarities between the additional stem-loops acquired inde- 
pendently from unrelated repetitive elements suggests that 
these domains underwent an adaptation that contributed to 

enod40 functioning. Presumably, enod40 RNAs have not ac- 
quired them directly from tandem repeats, because the tan- 
dem repeat monomers are not among the best BLAST hits of 
enod40 queries. Sequences similar to the entire or almost en- 
tire stem-loop insertions, also able to fold into similar struc- 
tures, can be found elsewhere in genomes even in cases when 

only a half of the stem-loop shares similarity with a tandem 
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epeat monomer. It seems that these monomeric sequences,
ispersed in genome by TEs, can both carry out some func-
ion in the stem-loop structural context and undergo tandem
epeat expansion. The enod40 stem-loops get this function,
ith a proper structural context probably gained before in-

ertion into enod40 genes, but tandem repeat expansions of
elated sequences occurred only at other genomic locations. 

Sequence comparisons showed that enod40 stem-loop in-
ertions could originate from diverse TE types, like e.g. LTR-
etrotransposons and MITEs. The same has been shown for
tructurally similar microRNA precursors ( 51 ). Insertions of

ITE stem-loops into enod40 genes can provide pre-formed
tructures which may undergo further adaptation for enod40
unctions. In cases of enod40 domain insertions with mul-
iple homologous stem-loops with no visible resemblance to

ITEs, like e.g. Lupinus enod40-3 domain 4, MITE origins
re still plausible. It should be noted that plant genomes con-
ain many TE-derived inverted repeat insertions that may not
e classified as MITEs because MITE components have been
eleted after insertion ( 68 ). 
Intriguingly, microRNAs processed from precursors that

re similar to enod40 insertions have been shown to be in-
olved in the regulation of plant symbiosis with bacteria and
ungi. Thus, mtr-MIR169 isoforms are differentially expressed
n nodules ( 69 ,70 ), mtr-MIR169d and mtr-MIR5281 in my-
orrhizal roots ( 71 ), and the PmiREN database ( 35 ) reports
he mtr-MIR2644 star microRNA (mtr-MIR2644-5p) expres-
ion in nodules. Furthermore, the soybean MIR169c isoform,
hich does not contain the insertion that is shared by the
edicago MIR169d precursor and enod40-2 domain 2 (Sup-

lementary Figure S5), regulates the enod40 gene expression
y regulating the level of a transcriptional factor GmNFYA-C
 72 ). It is tempting to speculate that insertions of microRNA-
ike stem-loops into the enod40 RNA structure might modu-
ate the correlations between enod40 and microRNA interac-
ions with other molecules in the control of plant symbiosis
ignalling. 

The recurrent presence of specific reads in small RNA li-
raries suggests a possibility of microRNA-like processing of
ome enod40 stem-loops, although it may be less efficient than
he cleavage of canonical microRNA precursors. Furthermore,
any such reads were longer than 22 nucleotides and there-

ore unlikely to correspond to bona fide microRNAs ( 73 ). 
Apparently, the fuctioning of enod40 RNA is mainly de-

ermined by its conserved core that consists of the region II
nd adjacent closing stems of domains 2 and 3. This core is
ikely to determine enod40 RNA localization signal and / or
ffinity to proteins, which can be modified by more variable
nod40 parts. In the enod40 RNA binding and relocation of
roteins belonging to the family of splicing modulators ( 20 ),
arious combinations of stem-loops may determine diverse
ets of bound proteins and lead to different patterns of alterna-
ive splicing of multiple transcripts. Future studies could elu-
idate the roles of structured enod40 RNA domains in plant
ell physiology. 
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