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microRNAs (miRNAs) are non-coding small RNAs that regulate gene expression at post-transcriptional level.
Thousands of miRNAs have been identified in legumes, but studies about miRNAs linked to peanut nodule
functionality are scarce. In this work we analyzed transcriptional changes in peanut nodules to identify
miRNAs involved in functional processes of these organs. We found 32 miRNAs precursors differentially
expressed in nodules compared with roots, and predicted the potential targets of their corresponding mature
miRNAs. Among them, 20 belong to 14 conserved miRNAs families and 12 are Arachis hypogaea-specific
miRNAs. Expression levels of 3 miRNAs (ahy-miR399, ahy-miR159 and ahy-miR3508) were confirmed
experimentally by qPCR. We also demonstrated that the expression of these miRNAs was not affected by
inoculation of a biocontrol bacterium or a fungal pathogen. The catalogue of differentially expressed miRNA
precursors and the expression of the corresponding mature miRNA potential targets in the nodules of A.
hypogaea obtained in this work is a database of strong candidates, including A. hypogaea-specific miRNAs, for
the regulation of the nodule functionality. The analysis of their role in this process will certainly lead to the
characterization of essential regulators in these particular aeschynomenoid nodules.
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1. Introduction

Rhizobial bacteria and legumes establish a symbiotic
relationship that leads the formation of new organs
called nodules, where bacteria reduce atmospheric
nitrogen into ammonia, used by the host plant. Nodule
development begins with rhizobial root infection. Two
extreme routes of rhizobial infection have been
described in legume roots: intracellular entry at root
hair and infection thread (IT) development (which
occurs in most legumes, e.g. Phaseolus vulgaris,

Medicago truncatula), or intercellular entry without IT
formation. In Arachis hypogaea L. (peanut), bradyrhi-
zobia enter the root intercellularly through a space
between two adjacent root hair cells and spread also
intercellularly by separating cortical cells at the middle
lamellae (Van Rossum et al. 1995). Nodules formed in
peanut are determinate and aeschynomenoid, as they
have no interstitial cells (Stalker 1997).
In model legumes such as Lotus japonicus, M.

truncatula, Glycine max and P. vulgaris, miRNAs are
involved in the nodule development (De Luis et al.
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2012; Formey et al. 2015; Wang et al. 2015). Although
studies have been done to identify miRNAs expressed
in different peanuts tissues (Zhang et al. 2017; Zhao
et al. 2010; Jin et al. 2018; Rajendiran et al. 2019), to
our knowledge, their role in the interaction with
bradyrhizobia has not been reported yet.
Accumulating evidences indicate that miRNAs are

hypersensitive to abiotic and biotic stress, and that they
are key regulators of plant defense responses against
pathogens (Gupta et al. 2014; Shriram et al. 2016).
Peanut is susceptible to the attack of Sclerotium rolfsii,
the causal agent of stem wilt disease. We have
demonstrated that the stem colonization of this patho-
gen diminishes not only the number but also the per-
centage of efficient nodules induced in peanut root by
Bradyrhizobium sp. SEMIA6144. On the other hand,
simultaneous inoculation of peanut with Bradyrhizo-
bium sp. SEMIA6144 and the beneficial bacteria
Bacillus sp. CHEP5 increase the plant nitrogen content,
evidencing the functioning of a more effective sym-
biosis (Figueredo et al. 2017).
The aim of this study was to identify miRNAs

involved in peanut nodule functions. Using RNA-seq
libraries, we searched for miRNA precursors and its
associated target transcripts differentially regulated in
peanut mature nodules. We experimentally validated,
by qPCR, the expression level of three miRNAs in
peanut nodules. Furthermore, we evaluated changes in
the expression levels of mature miRNAs in nodules
from plants co-inoculated with Bacillus sp. CHEP5 or
challenged with S. rolfsii. miRNAs and their corre-
sponding predicted targets related to symbiosis in
peanut were identified for the first time. The regulatory
ahy-miR3508-pectinesterase node seems to be
involved in the rhizobial infection of peanut roots.

2. Materials and methods

2.1 Identification of peanut nodules miRNAs
and their target genes

The paired-end RNA-seq libraries from roots and
nodules (inoculated with Bradyrhizobium (Peanut
Special; EMD Crop Bioscience) (Clevenger et al.
2016) of A. hypogaea L. were obtained from the
National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/) Sequence Read Archive
(SRA) (Accession numbers: root RNA-seq libraries
(SRX1125177, SRX1125179, SRX1125205) and nod-
ule RNA-seq libraries (SRX1125208, SRX1125213,
SRX1125215)).

In order to identify miRNA precursors, we per-
formed a de novo assembly of the 6 RNA-seq libraries
with Trinity 2.4 (Grabherr et al. 2011) and the default
parameters except for the contig length set on 110 nt.
Expression counts were calculated using RSEM 1.3
with the default parameters (Li and Dewey 2011).
Normalization and expression comparison between
three root libraries and three nodule libraries were
performed with DESeq2 following the default protocol,
using as input the rounded RSEM ‘‘expected count’’
(Love et al. 2014). miRNA precursors were annotated
using BLASTn comparison (minimum of 80% of
identity and 80% of subject precursor coverage, con-
taining the corresponding mature miRNA, and a
p-value lower than 0.05) between the assembled tran-
scriptome and all the Viridiplantae miRNA precursors
referenced in miRBase 21 (Johnson et al. 2008;
Kozomara and Griffiths-Jones 2013). The targets of the
identified miRNAs were predicted using psRNAtarget
(Dai and Zhao 2011) and the whole A. hypogaea
transcriptome as reference, allowing a maximum
expectation score of 5.
The gene ontology analysis was performed by using

Blast2Go 5.2 with default parameters (Götz et al.
2008).

2.2 Microorganisms and culture conditions

Bradyrhizobium sp. SEMIA6144 (reference strain
recommended as inoculant by Microbiological
Resource Center, Porto Alegre, Brasil), a native bio-
control agent Bacillus sp. CHEP5 and the fungal
pathogen S. rolfsii were used in this study. They were
cultivated and inoculated to plants as previously
described (Figueredo et al. 2017).

2.3 Peanut growth condition

Seeds of A. hypogaea L. (peanut) var. Runner cultivar
Granoleico, were surface disinfected as described by
Vincent (1970), and germinated and sowed as previ-
ously described (Figueredo et al. 2017). Two days after
sown, radicles of peanut seedlings were inoculated with
4 ml of a Bradyrhizobium sp. SEMIA6144 culture, or
with a 1:1 mixture of both Bradyrhizobium sp.
SEMIA6144 and Bacillus sp. CHEP5. Seven days after
Bradyrhizobium sp. SEMIA6144 inoculation, another
group of plants were challenged with S. rolfsii by
adding one wheat seed infected with mycelium. Plants
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were grown and maintained under controlled environ-
ment (Figueredo et al. 2017).
At 40 days post-inoculation (dpi) of Bradyrhizobium

sp. SEMIA6144, nodules and radical tissues of inocu-
lated plants were collected in liquid nitrogen and stored
at -80�C.

2.4 qPCR analysis of miRNAs and miRNA targets

For RNA extraction, samples from 4 plants per treat-
ment were pooled. RNA from nodules and roots was
extracted using the mirVanaTM miRNA Isolation Kit
(Ambion, Foster City, CA, USA) according to the
manufacturer’s protocol. For the quantification of
mature miRNA levels, cDNA was synthesized using
the NCode miRNA First-Strand cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA, USA) and quantitative
reverse-transcriptase polymerase chain reaction (qPCR)
assays using Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA) was done
following the manufacturer’s instructions. NCode uni-
versal reverse primer and a sequence-specific forward
primer (supplementary table 1) were used. Reactions
were performed in a real-time thermocycler (Eco Illu-
mina Real-Time PCR System; Illumina, San Diego,
CA, USA) with settings of 50�C for 2 min, 95�C for
10 min, and 40 cycles of 95�C for 15 s and 57�C for
60 s. Technical duplicates on three biological replicates
were performed for each gene. Relative expression
levels were calculated using the 2-DDCt method (Livak
and Schmittgen 2001). Melting curves were recorded
after cycle 40 by heating from 55 to 95�C. The Ct value
obtained after each reaction was normalized with the Ct
value of snU6 for expression levels of miRNAs.
Data were subjected to analysis of variance

(ANOVA). Comparison between treatments was done
by Student’s t-test. Infostat statistical software (1.0,
FCA, UNC, Argentina) was used.

3. Results

3.1 Identification of miRNAs and their targets
in nodule transcriptome

A total of 354,535 contigs were assembled based on
the 6 available transcriptome libraries. Among these
assembled contigs, 178 corresponded to known
miRNA precursors (supplementary table 2), producing
mature miRNAs belonging to 52 families. From the 14
documented A. hypogaea-specific miRNA families

(miRBase 21), we retrieved 10 in our transcriptome
analysis being ahy-miR3509 the most represented
family with 76 transcripts.
The 14 families of A. hypogaea-specific miRNA

precursor generate 19 different mature miRNAs (5p
and 3p, miRBase 21). Based on the transcriptome, we
predicted 399 new targets for these mature miRNAs,
representing a mean of 15 possible targets per miRNA
if we consider only predicted targets with an expecta-
tion value of 3 or less (supplementary table 3).

3.2 Differential expression of miRNA precursors
and targets in nodules vs. roots

From the 354,535 contigs, the expression level in nodules
of 19,592 contigs (5.5%) was statistically different from
root (non-zero log2-fold change, p-value lowers than
0.05): 9,327 were up-regulated and 10,265 were down-
regulated. From this set of DECs (Differentially Expres-
sed Contigs), 32 were identified as miRNA precursors.
Twenty of them generate the following miRNAs matures
previously identified in other plants: 4 members of the
miR156 family, 4 of the miR166 family and 1 of the
miR159, miR160, miR162, miR164, miR167, miR172,
miR390, miR396, miR398, miR399, miR408 and
miR1511 families. The other 12 DEPs (Differentially
Expressed Precursors) are A. hypogaea-specifics and
belong to 3 different families: 2 to the ahy-miR3508, 9 to
ahy-miR3509 and 1 to ahy-miR3516 family. For each
mature miRNA potentially produced by the selected
precursors, we investigated the top 3 predicted target
whose expression levels were different in nodule versus
root transcriptomes. For the 76% of the miRNA candi-
dates we found one or more predicted target transcript
showing a significant inverse correlation with that of the
miRNA precursor (supplementary table 4).
To understand the biological significance of the

miRNA regulation network, the functional categories of
the differentially expressed target genes were analyzed.
About 10% is involved in transport activity, 15% in
protein binding, 10% showed kinase activity, among
other molecular functions. On the other hand, about 22%
of the differentially expressed target genes participate in
biological regulation, 36% in biosynthetic process, 30%
in response to stimulus, among other functional cate-
gories. Genes within this last category could be important
to maintaining rhizobia alive inside the nodule. Interest-
ingly, we also found that 23% of the differentially
expressed target genes are involved in the nitrogen
compounds metabolic process (figure 1). These could
be relevant for the optimal peanut nodules functioning.
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3.3 Experimental validation of bioinformatic
predictions

To experimentally evaluate expression levels of miR-
NAs differentially expressed in mature peanut nodules,
among those families related with nodulation in other
legumes we randomly selected ahy-miR399 and ahy-
miR159. Furthermore, ahy-miR3508 was selected
since it is one of the specific peanut miRNAs and one
of their potential targets is involved in nodulation in
other legumes. They were amplified by qPCR. Data
obtained were consistent with the bioinformatic up-
regulation of precursor genes prediction (approxi-
mately 2-fold each one) (figure 2).

3.4 Expression of ahy-mi399, ahy-miR159
and ahy-miR3508 in nodules from peanut roots
inoculated with Bacillus sp. CHEP5 or challenged
with S. rolfsii

To know whether the symbiotic phenotype of plants
treated with Bacillus sp. CHEP5 or S. rolfsii is

associated with changes in the miRNAs expression
levels, we used qPCR. No difference was found
between abundance of these miRNAs in nodules from
plants inoculated only with the microsymbiont and
those from plants co-inoculated with Bacillus sp.
CHEP5 or challenged with S. rolfsii (figure 3), indi-
cating that these miRNAs are not associated with the
changes in the symbiotic phenotype we have previ-
ously demonstrated in these plants (Figueredo et al.
2017).

4. Discussion

Many studies have successfully employed comparative
expression analysis from mature nodules and roots to
predict genes related to symbiosis (Høgslund et al.
2009; Lelandais-Brière et al. 2009). In mature nodules,
a high accumulation of miRNA could be linked to
regulatory networks associated with nitrogen fixation
or, alternatively, with nodule senescence.
In peanut plants it has been demonstrated that miR-

NAs play roles in growth, development, and

Figure 1. Functional categories of the differentially expressed target genes in peanut plants.
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environmental responses (Chi et al. 2011; Zhang et al.
2017; Zhao et al. 2010; Jin et al. 2018; Rajendiran
et al. 2019). However, to our knowledge, there is no
report about participation of miRNAs in peanut nodule
functions.
In this work we identified 14 families of conserved

miRNA potentially associated with peanut nodule
functions. Seven of these families (miR156, miR166,
miR167, miR172, miR396, miR398 and miR399) have

already been identified in nodules from other legumes
(De Luis et al. 2012; Boualem et al. 2008; Wang et al.
2009; Yan et al. 2015) while the other seven have been
associated with early stages of the interaction between
legumes and rhizobia (Subramanian et al. 2008).
On the other hand, among differentially expressed

miRNA identified in our analysis, we found three A.
hypogaea-specific miRNAs (ahy-miR3508, ahy-
miR3509 and ahy-miR3516). One potential target of
ahy-miR3508 is a pectinesterase. The up-regulation
of pectinesterase gene in M. truncatula and L.
japonicus has been associated with the role of this
enzyme in the cell wall softening required for rhi-
zobial root infection (El Yahyaoui et al. 2004;
Colebatch et al. 2004). The in silico lower expression
level of this gene and the higher ahy-miR3508
expression in peanut mature nodules than in roots
could be related with the absence of rhizobial
infection at this stage of the symbiotic interaction.
Nevertheless, considering that ahy-miR3508 is pea-
nut specific and that this legume is infected inter-
cellularly by bradyrhizobium, it is possible to
hypothesize that the regulatory ahy-miR3508-pecti-
nesterase node is involved in the rhizobial infection
of peanut roots at the beginning of this symbiotic
interaction.
It has been reported that there is an overlap in some

miRNAs identified in the rhizobia-legume symbiosis
and those involved in plant–pathogen interaction
(Formey et al. 2014). In mature nodules from peanut,
we found that the inoculation of Bacillus sp. CHEP5 or
S. rolfsii does not change the expression of ahy-
miR399, ahy-miR159 and ahy-miR3508. However, we
have previously reported that nodules from S. rolfsii-
challenged plants are deficient in nitrogen fixation
while plants co-inoculated with Bacillus sp CHEP5
showed an increase in the nitrogen content compared
with control plants (Figueredo et al. 2017). It is pos-
sible that these phenotypic changes are related with an
effect of these microorganisms on the early stages of
symbiosis establishment. Therefore, it will be inter-
esting to analyze the expression of miRNAs at the
beginning of the symbiotic process.
In this work we obtained a catalogue of differentially

expressed miRNA precursors and the expression of the
corresponding mature miRNA potential targets in the
nodules of A. hypogaea. This is a database of strong
candidates, including A. hypogaea-specific miRNAs,
involved in the regulation of peanut nodule function-
ality. The analysis of their role will lead to the char-
acterization of essential regulators in these particular
aeschynomenoid nodules.

Figure 3. Expression analysis of ahy-miR399, ahy-
miR159 and ahy-miR3508 in peanuts nodules from plant
inoculated with Bradyrhizobium sp. SEMIA6144 and S.
rolfsii or Bacillus sp. CHEP5. Values are the relative
expression level means ± SE. The expression levels from
nodules inoculated only with Bradyrhizobium sp.
SEMIA6144 were normalized to 1. The experiment was
repeated twice.

Figure 2. Expression analysis of ahy-miR399, ahy-
miR159 and ahy-miR3508 in nodules and peanuts roots
inoculated with Bradyrhizobium sp. SEMIA6144 at 40 dpi.
Values are the relative expression level means ± SE. The
inoculated roots expression levels were normalized to 1.
Asterisks indicate significant differences according to the
Student’s t-test (p\ 0.05). The experiment was repeated
twice.
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