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Abstract
Main conclusion Analysis of stress-associated miRNAs of Glycine max (L.) Merrill reveals wider ramifications of small 
RNA-mediated (conserved and legume-specific miRNAs) gene regulatory foot prints in molecular adaptive responses.

MicroRNAs (miRNAs) are indispensable components of gene regulatory mechanism of plants. Soybean is a crop of immense 
commercial potential grown worldwide for its edible oil and soy meal. Intensive research efforts, using the next generation 
sequencing and bioinformatics techniques, have led to the identification and characterization of numerous small RNAs, 
especially microRNAs (miRNAs), in soybean. Furthermore, studies have unequivocally demonstrated the significance of 
miRNAs during the developmental processes and various stresses in soybean. In this review, we summarize the current state 
of understanding of miRNA-based abiotic and biotic stress responses in soybean. In addition, the molecular insights gained 
from the stress-related soybean miRNAs have been compared to the miRNAs of other crops, especially legumes, and the 
core commonalities have been highlighted, though differences among them were not ignored. Nature of response of soybean-
derived conserved miRNAs during various stresses was also analyzed to gain deeper insights regarding sRNAome-based 
defense responses. This review further provides way forward in legume small RNA transcriptomics based on the adaptive 
responses of soybean and other legume-derived miRNAs.
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Introduction

Small non-coding RNAs (sncRNAs) are effectors of RNA-
mediated gene silencing and are known to actively par-
ticipate in a repertoire of plant growth and developmental 
processes including cellular differentiation, response to 
environmental stimuli, and defense against invading organ-
isms (Hamilton and Baulcombe 1999; Jones-Rhoades et al. 
2006; Mallory and Vaucheret 2006; Brant and Budak 
2018). sncRNAs of plants are classified based on their 
origin, secondary structural features and mode of action 
on the target RNAs (Meyers et al. 2008). It is well estab-
lished that small interfering RNAs (siRNAs) and micro-
RNAs (miRNAs) are two major classes of plant ncRNAs 
(Llave et al. 2002; Bartel 2004; Meyers et al. 2008; Chen 
2009). Although siRNAs originate from dsRNAs, they 
are of diverse nature, namely heterochromatic siRNAs 
(hc-siRNAs), natural antisense transcript siRNAs (nat-
siRNAs) and transacting siRNAs (ta-siRNAs) (Ramesh 
et al. 2013). However, the actions of siRNAs on the target 
transcripts vary depending on their size. siRNAs of 24 
nt class target heterochromatin region and are involved 
in RNA-dependent DNA methylation (RdDM), thereby 
leading to transcriptional gene silencing (TGS). On the 
other hand, 21 nt siRNAs cleave target mRNAs that show 
perfect sequence complementarity in a process called post-
transcriptional gene silencing (PTGS).

miRNAs have been implicated as effectors of gene 
expression, especially in the adaptation to biotic and 
abiotic stresses, which ultimately affect the growth and 
development of an organism (Lee et al. 1993; Reinhart 
et al. 2002; Groszhans and Filipowicz 2008; Brant and 
Budak 2018). miRNAs are generated from imperfect stem-
loop RNA structures, that in turn are derived from single-
stranded RNA precursors called primary miRNA tran-
scripts (pri-miRNA). Plant miRNA genes are transcribed 
by the host Pol II to generate pri-miRNAs. pri-miRNA 
transcripts are further processed into functional miRNA: 
miRNA* pairs through precursor miRNA (pre-miRNA) 
due to the concerted activity of many host proteins such 
as RNAse III, Dicer-like-1 (DCL-1), and DAWDLE. Plant 
pre-miRNAs are relatively long (~ 90 to 140 bp) and are 
processed into double-stranded mature miRNA (miRNA: 
miRNA* pair). Inside the nucleus, DCL-1 interacts with 
dsRNA-binding proteins (RBPs) such as HYPONASTIC 
LEAVES1 (HYL1) and the zinc finger protein SERRATE 
(SE) to process the miRNAs. To improve the stability of 
the miRNAs, these small RNAs (sRNAs) are methylated 
by HUA Enhancer 1 (HEN 1), whereas unmethylated 
sRNAs are uridylated by HEN1 SUPPRESSOR1 (HESO1) 
(Zhao et al. 2012). In plants, mature miRNAs are exported 
out of the nucleus by EXPORTIN-like proteins called as 

HASTY 1 (HST1). In the cytoplasm, the 21 nt long miR-
NAs are recruited on to the slicers called as RNA-induced 
silencing complex (RISC) that has argonaute (AGO) as 
its main component. The RISC then cleaves the cognate 
mRNA or represses the translation of mRNA based on the 
nucleotide sequence complementarity. miRNA-mediated 
translational repression of complementary mRNA occurs 
in the endoplasmic reticulum of plants (Brodersen et al. 
2008). Interestingly, 24 nt long miRNAs (lmiRNAs), dis-
covered in Oryza sativa, have been found to be involved 
in DNA methylation, suggesting an additional layer of 
miRNA-mediated transcriptional gene regulation (Wu 
et al. 2010). Furthermore, imprecisely processed miRNAs 
cause non-canonical sncRNA biogenesis with profound 
implications for miRNA expression and target RNA deg-
radation capabilities (Budak and Akpinar 2015).

Plants being sessile have evolved molecular mechanisms 
to respond to various environmental stimuli such as biotic 
(including interactions with a symbiotic partner) and abiotic 
stresses. The phenomenon of RNA silencing and the knowl-
edge of sRNAs have converged in delineating the miRNA-
based gene regulatory networks in plants. miRNAs are found 
throughout the plant kingdom from mosses to angiosperms 
and few of them are evolutionarily conserved (Axtell et al. 
2007). miRNAs are involved in complex regulatory mecha-
nisms that coordinate the plant developmental activities, 
stress responsiveness, regulation of hormone signaling path-
ways, maintenance of nutrient homeostasis, symbiosis and 
regulation of its biogenesis (Carrington and Ambros 2003; 
Sunkar 2010; Khraiwesh et al. 2012; Budak et al. 2014).

Genomes and transcriptomes of legumes such as Gly-
cine max, Medicago truncatula and Lotus japonicus have 
been intensively investigated (Mochida et al. 2010; Soares-
Cavalcanti et al. 2012). Of these, soybean is a model legume 
and an economically important crop with an amphidiploid 
genome. Despite the improved understanding of miRNA-
mediated gene regulations in plants, a common stress-
responsive miRNA pathway or identification of a con-
served set of stress-responsive miRNAs across the plant 
species to decode miRNA-based functional networks is still 
incomplete. Additionally, molecular dissection and under-
standing of the stress-related miRNA networks in soybean 
could immensely aid the development of improved crop 
phenotypes.

Plant miRNAs coordinate the expression of transcrip-
tional factors (TFs), suggesting their pre-eminence in pro-
gramming growth and developmental process (Rhoades 
et al. 2002; Reyes and Chua 2007; Mitsuda and Ohme-
Takagi 2009). In plants, reports of miRNAs responsive to 
environmental stimuli have revealed upregulation of miRNA 
395 during reduced sulphate conditions (Jones-Rhoades and 
Bartel 2004). Also, miRNAs such as miR395, miR397b, 
and miR402 have been shown to be involved in stress 
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responsiveness (Phillips et al. 2007). Later miRNA 398a/b 
and miR408 were identified to be responsive to water-deficit 
stress in M. truncatula and chickpea (Trindade et al. 2010; 
Hajyzadeh et al. 2015). The upregulation of miR398a/b and 
miR408 and downregulation of respective target transcripts 
(mitochondrial cytochrome oxidase and plantacyanin) dis-
close a strong molecular connect between copper homeo-
stasis and drought in M. truncatula (Trindade et al. 2010). 
Similarly, O. sativa-derived miR393 was found to be regu-
lated in response to salinity and alkalinity (Gao et al. 2011). 
Development of robust next generation sequencing (NGS) 
platforms and progresses in the field of computational biol-
ogy have discovered and characterized many stress-respon-
sive miRNAs (Jones-Rhoades and Bartel 2004; Budak et al. 
2014; Alptekin et al. 2017). Comparative miRNA expres-
sion studies in bread wheat and its wild relative identified 
candidate miRNAs (miR1435, miR5024, and miR7714) and 
differentially regulated miRNAs for exploitation and devel-
opment of drought-tolerant phenotype (Akpinar et al. 2015; 
Kantar et al. 2011). Abiotic stress-responsive miRNAs of 
Triticeae members, especially wheat and barley, have helped 
in identifying conserved regulatory mechanisms so that 
miRNA:target pairs could be manipulated to develop better 
crop phenotype (Alptekin et al. 2017). Besides nuclear miR-
NAs, the function of miRNA variants-isomiRs and organel-
lar miRNAs in stress adaptations are also recognized (Budak 
et al. 2015a). Conserved miRNAs in model species would 
pave for rapid exploitation of miRNA-based transcriptomics 
in delineating stress responses of cultivated crops (Budak 
and Akpinar 2011).

Importance of small RNAs in general and miRNAs in 
particular has been well acknowledged because impaired 
sRNA biogenesis or miRNA-mediated gene regulatory net-
works cause susceptibility to pathogenic stressors (Ramesh 
et al. 2014). Further, legume and solanaceous plants-derived 
miRNAs alter the expression of defense-related NBS-LRR 
genes and are involved in host’s innate immunity. More than 
40 plant-derived miRNA families have been shown to be 
involved in response to abiotic stresses where in 13 miRNA 
families play diverse roles in response to salt and drought 
stresses (Nageshbabu et al. 2013; Carrington and Ambros 
2003; Sunkar 2010; Khraiwesh et al. 2012; Budak et al. 
2015b; Brant and Budak 2018). Applications of miRNAs 
in crop genetic modification have not only yielded virus-
resistant genotypes (Ramesh et al. 2014) but also various 
traits of economic importance (Budak et al. 2015b; Zhang 
and Wang 2016).

Glycine max miRNAome

Preliminary studies of soybean miRNAs were performed 
using expressed sequence tag (EST) and a genome survey 
sequence (GSS) approach (Zhang et al. 2005). Expression 

patterns of G. max precursor miRNAs, deduced from EST 
databases, have been provided by Dezulian et al. (2006). 
Thus, EST-GSS approach identified 33 families (69 miR-
NAs) of soybean miRNAs and five miRNAs in G. soja and 
G. clandestine (Zhang et al. 2008). G. max-specific miR-
NAs (gma-miR168, gma-miR393 and gma-miR172) are 
induced when the roots are colonized by rhizobial partner 
Bradyrhizobium japonicum during symbiotic nitrogen fixa-
tion (SNF) (Subramanian et al. 2008; Wang et al. 2009).

Genome-wide analysis of miRNAs, the organization 
of miRNA families and sequence diversity of mature 
miRNAs as well as the corresponding target transcript(s) 
have revealed that gma-miRNAs are primarily intergenic, 
as in other plant species; however, several intra-genic 
miRNAs have also been reported (Turner et al. 2012). A 
potential co-regulation of novel soybean miRNA, gma-
new-miR13587 and its parent gene, Glyma05g36870 was 
documented by Turner et al. (2012), nevertheless, such 
miRNA:parent gene pairs have not yet been discovered 
in soybean. Both conserved miRNA families (MIR159, 
MIR169 and MIR395) and soybean-specific miRNAs 
(MIR-Seq14) were found to be organized in tandem 
duplications (Turner et al. 2012). Although duplication of 
miRNA genes is found in distantly related angiosperms 
(MIR159 genes are found clustered among soybean, sor-
ghum and maize) (Zhang et al. 2009), the phenomenon 
is not conserved across the plant kingdom (Arabidopsis 
encodes unclustered MIR159 genes) (Allen et al. 2007). 
Genome-wide analysis of tandem duplications revealed 
that the number and orientation of miRNAs were dif-
ferent in the paralogous genome. Hence, the evolution 
and diversity of soybean miRNAs are attributable to the 
genome-wide and localized duplications (Turner et al. 
2012). Co-evolution of soybean miRNA genes (MIRs) 
and their target mRNAs revealed that domestication was 
a driving factor for the evolution of miRNA gene vari-
ants. Besides, factors such as high expression of MIRs and 
target pairs, duplication status and the number of target 
mRNAs and flanking genomic regions might have also 
contributed to miRNA evolution (Liu et al. 2016). In addi-
tion, over one half of soybean miRNA-target pairs have 
undergone purifying selection in the process of domes-
tication and improvement. The process of domestication 
has increased the genetic similarity among the MIRs and 
target pairs in cultivated genotypes than in wild relatives 
(Liu et al. 2016). Promoters and cis-acting elements of 
soybean-derived miRNAs have been analyzed using in 
silico tools. Majority of the miRNAs (84%) have upstream 
promoter sequences, however, 8.7% of miRNA loci were 
characterized with the downstream promoters (Han et al. 
2014). Additionally, hormone-mediated negative feedback 
mechanism of miRNA regulation in soybean has been 
identified (Han et al. 2014). Small RNA sequencing and 
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analysis have yielded 638 non-redundant MIRs of soybean 
(Arikit et al. 2014; Zhao et al. 2015a). However, MIRs that 
have features of endogenous siRNAs were removed and 
454 MIRNAs have been categorized as genuine miRNAs 
(Zhao et al. 2015b). Genomic distribution of these 454 
MIRs revealed that majority of them [213 MIRs (46.9%)] 
were mapped to unclassified genomic sequences, whereas 
162 MIRs (35.7%) were found within the protein-encoding 
genes (PEGs). Interestingly, 79 MIRs (17.4%) were found 
among the repetitive sequences especially the transposable 
elements (Zhao et al. 2015b).

Soybean miRNAome and stressors

Soybean is exposed to various abiotic stresses such as 
drought, chilling/freezing, nutrient deficiency/starvation, 
salinity, heavy metals and biotic stresses such as bacterial, 
viral and fungal infections and nematode and insect infes-
tations (Miransari 2015; Ramesh et al. 2015). Exploration 
of stress-responsive miRNAs in soybean has yielded many 
insights and resulted in identification of miRNAs with regu-
latory roles in various physiological and molecular processes 
(Fig. 1; Table 1).

Fig. 1  Stress-responsive miRNAs of soybean and their regulatory 
roles in abiotic and biotic stresses [miRNA-mediated regulation of 
transcriptional factor (GmNFYA3) during drought stress and leg-
ume specific miRNA-based regulation of NBS-LRR loci to produce 

phased siRNAs (phasiRNAs) during biotic stresses is presented. Fur-
ther, miRNA-mediated responsiveness during symbiosis that involve 
promotion of nodulation and repression of defense response pathways 
are depicted]
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miRNAs associated with moisture/water‑deficit 
stress or drought

Among the major stressors of soybean, low soil moisture 
stress or drought causes adverse impact on the plant’s photo-
synthetic ability, carbon assimilation, nutrient uptake status 
and stomatal movement; these affect the overall metabolic 
process leading to severe yield losses. In a drought-sensitive 
soybean genotype, a set of miRNAs (miR166-5p, miR169f-
3p, miR1513c and miR397ab) are upregulated (Kulcheski 
et  al. 2011), whereas in tolerant genotypes, miR397ab 
was found to be downregulated under drought. Similarly, 
miR397 was downregulated during stress in rice and during 
the drought in peach roots (Eldem et al. 2012), whereas it 
was upregulated during the drought in Arabidopsis (Zhou 
et al. 2010). The target of miR397 was found to be a tran-
script encoding β-fructofuranosidase, a key enzyme involved 
in starch and sucrose metabolism. Thus, it appears that the 
expression status of miR397 coordinates carbon fixation 
and energy supply in plants (Zhou et al. 2010). Dissection 
of miRNA expressional changes in wheat and its progeni-
tor Aegilops tauschii revealed differential downstream pro-
cessing of drought-responsive pre-miRNA 5523 in wheat, 
whereas mature miRNA was observed only in A. tauschii, 
suggesting the loss of functional miRNAs during domestica-
tion (Akpinar and Budak 2016).

In plants, hormonal signaling plays a crucial role in 
response to drought, wherein miRNAs act as intermedi-
ates between stress hormones and transcriptional factors 
(TFs). Conserved miRNAs such as miR169 were found to 
accumulate during ABA treatment as well as Rhizobium 
colonization in P. vulgaris (Arenas-Huertero et al. 2009). In 
M. truncatula, miR169 was upregulated during Rhizobium 
root colonization (Combier et al. 2006), whereas in rice, 
miR169 gene possesses dehydration-responsive element 
(DRE) (Zhao et al. 2007) suggesting the significance of this 
particular miRNA during drought and rhizobial colonization 
processes across the plant kingdom. Contrarily, miR169a 
and miR196c exhibited downregulation in Arabidopsis, with 
low abundance of miR169 in P. vulgaris (Arenas-Huertero 
et al. 2009) and differential regulation of miR169 in wheat 
documented under drought stress (Akdogan et al. 2016). 
Induction of miR159a was observed under drought and ABA 
treatment in Arabidopsis seeds. Further, miR159 directs deg-
radation of MYB TFs such as MYB33 and MYB101 (Reyes 
and Chua 2007). miR167, which was identified as a nega-
tive regulator of phospholipase D (PLD) in Zea mays, was 
inhibited under the influence of drought and ABA (Wei 
et al. 2009). Similarly, inhibition of miR169a was observed 
in Arabidopsis, which resulted in the accumulation of its 
target nuclear factor Y (NF-Y) transcription factor, NFYA5—
a TF that plays an important role in response to many of 
the environmental stresses (Li et al. 2008). The soybean Ta
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homolog GmNFYA3 was upregulated during abscisic acid, 
PEG, salt and cold-induced stresses (Ni et al. 2013). Further-
more, gma-miR169 directs in vivo cleavage of GmNFYA3 
which is involved in activation of nuclear-specific transcripts 
that confer enhanced drought tolerance and induces expres-
sion of genes involved in ABA biosynthesis and signaling in 
Arabidopsis (Ni et al. 2013). Thus, gma-miR169:GmNFYA3 
target pair plays a key role in drought stress tolerance in 
soybean. This view was further corroborated by a genome-
wide expression analysis of NF-Y in soybean, demonstrating 
a prominent role for NF-Y class of TFs in drought respon-
siveness and in other development related processes (Quach 
et al. 2015).

miRNAs associated with salinity stress

Growth and development of plants are profoundly impaired 
when subjected to salinity stress. Under salt stress, soil rhizo-
sphere not only obstructs the ability of the roots to uptake 
essential nutrients but also interferes in water absorption. 
Soybean nodules subjected to salt stress showed more than 
tenfold decrease in the expression of gma-miR159c, gma-
miR159b, gma-miR169c and gma-miR319a, b (Dong et al. 
2013). In addition, 34 novel miRNAs are repressed, whereas 
12 novel miRNAs are induced in the matured root nodules 
during salt stress (Dong et al. 2013). Analysis of salt-respon-
sive miRNAs identified 770 mRNAs as targets; predominant 
of them (79) are TFs. Also, the target genes are involved in 
diverse functions such as  Ca2+/calmodulin-dependent pro-
tein kinase and ubiquitin-conjugating enzymes, demonstrat-
ing the molecular cross-talk upon induction of salt stress 
in matured root nodules of soybean (Dong et al. 2013). To 
support this further, miRNA: target pair [miR172c: NNC1 
(Nodule Number Control 1)] is involved in modulating the 
root plasticity during salinity stress (Sahito et al. 2017). Salt 
stress caused the over-expression of miR172c and the cor-
responding downregulation of the target gene NNC1 (Nodule 
Number Control 1); thus knock-down of NNC1 in soybean 
was found to promote salt stress tolerance (Sahito et al. 
2017). Members of miRNA 169 family inhibit NF-YA tran-
scription factor in Oryza sativa (Zhao et al. 2009) and Arabi-
dopsis during drought, whereas in the wheat, miR169 family 
was found to be differentially regulated upon salt treatment 
(Eren et al. 2015). In addition, rice-derived miR393a plays 
an important role in response to salt stress (Gao et al. 2011) 
as it downregulates mRNA-encoding F-box auxin recep-
tors such as Transport Inhibitor Response 1 (TIR1), AFB2 
and AFB3 (Navarro et al. 2006; Xia et al. 2012). Although 
a gamut of Arabidopsis miRNAs is upregulated under the 
influence of salt stress, miR398 is down regulated (Liu et al. 
2008). Similarly, microarray-based expression profiling of 
salinity stress-responsive miRNAs of Zea mays resulted in 
the identification of 27 downregulated miRNA families, 

whereas miR162, miR168, miR395 and miR474 were upreg-
ulated (Ding et al. 2009).

miRNAs and cold stress responses

Upregulation of cold stress-responsive miRNAs, namely 
miR393, miR397b, miR402 and miR319c in Arabidopsis 
were reported (Sunkar and Zhu 2004). Later, many cold 
stress-responsive miRNAs have been unearthed in Populus 
(Lu and Huang 2008), Brachypodium (Zhang et al. 2009) 
and Oryza (Li et al. 2010). Soybean miRNAs responsive to 
B. japonicum symbiosis were known; however, the effect 
of low temperature on the expression of miRNAs in soy-
bean root nodules remained largely unexplored (Wang et al. 
2009). This led to the identification of nodule-specific, 
cold-responsive miRNAs of soybean (upregulated: gma-
miR397a, gma-miR166u and gma-miR171p and repressed: 
gma-mi169c, gma-mi159b, gma-miR319a/b and gma-
miR5559) (Zhang et al. 2014). The targets of gma-miR166u 
are basic leucine zipper (bZIP) TF and an HD-ZIP protein. 
Hence, gma-miR166u acts on these TFs and coordinate 
the gene expression pathways by turning it “Off and On” 
when required (Zhang et al. 2014). Further, the target gene 
for gma-miR171p is GRAS family TF indicating the sig-
nificance of miRNA-mediated cellular responses during the 
cold stress. Similarly, 51 chilling-responsive miRNAs have 
been identified along with 898 miRNA target transcripts that 
were found to be enriched in red-ox reactions and signaling 
pathways in vegetable soybean (Xu et al. 2016).

miRNAs associated with nutrient homeostasis

miRNAs have also been identified to play a significant role 
in the nutrient homeostasis of plants (Pant et al. 2008). A 
well-characterized miRNA-mediated nutrient uptake sys-
tem involving miRNA399 and PHOSPHATE2 (PHO2) was 
known in Arabidopsis (Pant et al. 2008). During phosphate 
starvation, miRNA399 is upregulated in the roots caus-
ing cleavage of PHO2 transcripts, ultimately increasing 
phosphorus uptake. Once phosphorus uptake is saturated, 
downregulation of miRNA393 is achieved due to the target 
mimic activity of Induced by Phosphate Starvation 1 (IPS1) 
transcript (Pant et al. 2008). Under the limiting condition of 
copper ions, miRNA398 is upregulated to target CSD1 and 
CSD2 mRNAs which are involved in the release of copper 
ions. Besides, other miRNAs have also been found to target 
transcripts that encode copper-containing proteins such as 
laccase and plantacyanin (Abdel-Ghany and Pilon 2008). 
Similarly, the growth of soybean in acidic soils is severely 
hampered by the high concentration of aluminum ions 
 (Al3+). The molecular mechanism underlying the adaptation 
to high  Al3+ conditions revealed that expression of 30 Gly-
cine soja derived miRNAs are influenced by the aluminum 
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stress. Also,  Al3+ phytotoxicity-responsive miRNAs target 
TFs such as auxin response factor (ARF), MYB transcripts 
coding for leucine-rich repeat and toll/interleukin-1 recep-
tor-like protein (LRR-TIR) and NB-ARC domain-containing 
disease resistance protein (Zeng et al. 2012). A study has 
revealed a set of miRNAs that were differentially regulated 
during aluminum toxicity stress in soybean (Huang et al. 
2017). A deeper understanding of the role of conserved miR-
NAs during the aluminum stress showed miRNA-mediated 
root elongation in a tolerant soybean genotype (BX10), 
whereas miRNAs trigger oxidative stress in a susceptible 
genotype (BD2) (Huang et al. 2017).

Soybean miRNAome and symbiosis

miRNAs responsive to Bradyrhizobium symbiosis

Early stages of root nodule formation documented upregula-
tion of two miRNAs, viz. miR168 and miR172 and down-
regulation of miR169 while soybean is infected by B. japoni-
cum (Subramanian et al. 2008). Soybean-derived miRNAs 
have been associated with the alterations of hormonal signal-
ing pathways by modulating the expression levels of auxin 
response factors (ARFs) (Subramanian et al. 2008). Simi-
larly, Wang et al. (2009) identified 32 soybean-derived miR-
NAs, including miR167, miR172, miR396 and miR399 that 
are involved in the later stage of nodulation and nitrogen fix-
ation. Likewise, target predictions of M. truncatula-derived 
miRNAs in response to Bradyrhizobium identified TFs, and 
mRNAs involved in hormone-responsive signaling pathways 
(EI Yahyaoui et al. 2004). Thus, a common modus operandi 
of legume-specific miRNAs was emerging in the regula-
tion of host gene expressions during Bradyrhizobium colo-
nization. Furthermore, constitutive expression of soybean 
miRNAs such as miR482, miR1512 and miR1515 resulted 
in considerable increase in nodule number, suggesting the 
direct involvement of these miRNAs in SNF (Li et al. 2010). 
Interestingly, miR482 represses R-genes linked to disease 
resistance (Li et al. 2010). Thus, SNF in soybean involves a 
gene regulatory cascade comprising phytohormone signal-
ing, cell cycle and R genes that aims to repress the host’s 
antibacterial defense response against rhizobial coloniza-
tion on one hand and maximizes nitrogen fixation on the 
other. Nodulation-specific miRNAs have been characterized 
in soybean. Ectopic overexpression of miR172j improved 
nodule numbers that were attributed to its inhibitory effect 
on nodule hemoglobin mediated by APETALA 2 (AP2) TFs 
(Yan et al. 2013). However, expression of miR160 caused 
inhibitory effects on soybean nodulation due to its impact 
on auxin response factors (Turner et al. 2013). Significant 
changes in the expression level of miR393j-3p corroborated 
its indispensable role in the process of nodule formation 

(Yan et al. 2015). Further, miR393j-3p-mediated regulation 
of Early Nodulin 93 (ENOD93) mRNA is critical for the 
development of soybean nodule (Yan et al. 2015). Auxin 
was known to promote the formation of nodules in legumes, 
however, the precise mechanism behind this action was not 
known until recently. Cai et al. (2017) showed that soybean-
derived miRNA gma-miR393 negatively regulate auxin 
receptors such as GmTIR1 and GmAFB3. Thus, the spatio-
temporal regulation of GmTIR1 and GmAFB3 transcripts by 
miR393 family significantly affects nodule formation in soy-
bean. Although miRNA-mediated gene expression changes 
during arbuscular mycorrhiza (AM) symbiosis are being 
deciphered in diverse crops such as M. truncatula (Devers 
et al. 2011; Bazin et al. 2013), tomato (Cervantes-Gámez 
et al. 2016) and maize (Xu et al. 2018), reports in soybean 
are not available.

Soybean miRNAome and biotic stresses

Phytophthora sojae‑responsive miRNAs

Microarray-based profiling of miRNAs in three soybean 
cultivars (Williams-susceptible; Conrad and Williams-
resistant) upon Phytophthora sojae infection identified many 
miRNA–mRNA pairs. A feedback control kind of network 
involving soybean miRNAs and protein-coding genes has 
also been proposed by Guo et al. (2011). Differential regula-
tion of P. sojae-responsive miRNAs was observed in soy-
bean roots (Wong et al. 2014). It was proposed that P. sojae-
responsive miRNAs such as gma-miR393 and gma-miR166 
are pertinent to the basal defense mechanism against this 
oomycete infection. This suggestion was further supported 
by the soybean lines, wherein knockdown of miR393 exhib-
ited greater susceptibility to P. sojae. Furthermore, the genes 
involved in the isoflavanoid biosynthetic pathway were also 
downregulated (Wong et al. 2014).

sRNA profiling in P. sojae susceptible soybean cultivar 
‘Williams’ and nine near isogenic lines (NILs), each carry-
ing a distinct P. sojae-resistant gene (Rps), deciphered the 
molecular foot print connecting miRNAs, nucleotide bind-
ing site-leucine-rich repeat (NBS-LRR) genes, and phased 
siRNAs (phasiRNAs) (Zhao et  al. 2015a). Eight major 
soybean-derived miRNA families (miR1510, miR1507, 
miR2109 miR482/2118, miR5668, miR5376, miR172 and 
miR5041) targeted 257 NBS-LRR genes (Zhao et al. 2015a). 
In response to P. sojae infection, G. max miRNAs, viz. 
miR1510, miR1507, miR2109, miR482/2118 and miR5376 
were downregulated in the resistant NILs (Zhao et  al. 
2015a). Upregulation of phasi-NB-LRRs was also associated 
with the downregulation of respective phasiRNAs in NILs. 
Thus, miRNA-NBS-LRR-phasiRNAs interplay was docu-
mented during P. sojae infection and disease development 
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(Zhao et al. 2015a). Interestingly, PHAS loci identified in the 
study were also documented in the vegetative, reproductive 
parts and nodules of soybean (Arikit et al. 2014), indicat-
ing the importance of phasiRNAs not only in biotic stress 
but also in other biological and developmental processes. 
Similarly, some of the miRNAs families have already been 
reported to target NBS-LRR genes in M. truncatula (Zhai 
et al. 2011). The small RNA atlas of soybean further empha-
sizes the importance of a molecular connection between the 
miRNAs and phased siRNAs (phasiRNAs from PHAS loci) 
(Arikit et al. 2014). Furthermore, the majority of PHAS 
loci encode NBS-LRR genes implying the importance of 
miRNA:phasiRNAs interactions in conferring disease resist-
ance in soybean (Arikit et al. 2014). Soybean hairy roots, 
over-expressing gma-miR1510a/b, is greatly susceptible to 
P. sojae infection as miR1510 targets and cleaves NBS-LRR 
class transcript encoded by gene Glyma.16G135500 (Cui 
et al. 2017).

miRNAs associated with rust pathogen infection

The fungal pathogen Phakopsora pachyrhizi causes dev-
astating Asian soybean rust (ASR). Expression analysis of 
soybean-derived miRNAs during ASR infection revealed 
downregulation of miR166a-5p, miR166f, miR169-3p, 
miR397ab and miR-seq13 in the susceptible genotype 
(Embrapa 48), whereas in the resistant genotype (PI561356), 
no differential miRNA expression was observed. miR4415b 
showed decreased expression in the susceptible genotype 
upon pathogen infection. Expression of miR4415b remained 
unchanged in the control and pathogen challenged plants 
of resistant genotype, whereas the expression levels of 
miR4415b were still higher than found in the susceptible 
genotype (Kulcheski et al. 2011).

miRNAs associated with antiviral response

Soybean mosaic virus (SMV) infection (Strain G2) causes 
downregulation of many defense-related genes during early 
stages of infection (Babu et al. 2008). Hence, miRNAs have 
been envisaged to play a greater role in response to SMV 
infection. Yin et al. (2013) profiled miRNAs from mock-
inoculated and SMV-inoculated soybean plants that led 
to the identification of 52 families of miRNAs (179 miR-
NAs) during viral infection. Targets of 12 SMV-respon-
sive miRNAs have been validated; miR160, miR393 and 
miR1510 were shown to be involved in resistance response 
to SMV infection (Yin et al. 2013). SMV (strains G2 and 
G7) infected susceptible [Williams 82 (rsv)] and resistant 
[PI96983 (Rsv1)] genotypes demonstrated that the disease 
reaction is determined by the interplay of both miRNA- and 
siRNA-mediated gene silencing systems (Chen et al. 2015). 
Among the miRNAs, gma-miR168 mediated argonaute 1 

(AGO 1) homeostasis was disrupted in Rsv1 genotype upon 
SMV G7 infection, whereas knock-down of Suppressor of 
Gene Silencing 3 (SGS3) in Rsv1 plants reduced AGO-1 
siRNAs leading to a lessened lethal systemic hypersensitive 
response (LSHR) (Chen et al. 2015). Similarly, the com-
putational analysis identified that G. max-derived miRNAs 
exhibit propensity to downregulate DNA viruses infecting 
soybean, viz. Mungbean yellow mosaic India virus and 
Mungbean yellow mosaic virus transcripts (Ramesh et al. 
2016a, b). Expressional changes of the conserved miRNAs, 
putatively antiviral miRNAs and their target transcripts were 
reported in soybean genotypes [JS335 (susceptible) and 
UPSM534 (resistant)] during MYMIV infection (Ramesh 
et al. 2017). The expression pattern of soybean-derived miR-
NAs suggests a greater role of argonaute (AGO) homeostasis 
and regulatory changes in hormonal signaling pathways in 
conferring virus resistance. Soybean-derived miRNAs with 
potential antiviral capability also displayed upregulation 
during MYMIV infection (Ramesh et al. 2017).

Nematode infestation‑responsive miRNAs

Soybean cyst nematode (SCN, Heterodera glycines) respon-
sive miRNAs have been identified (Li et al. 2012a, b). Com-
parative profiling revealed that miRNAs belonging to 40 
families were specific to SCN in soybean. The investiga-
tion also revealed 364 known G. max miRNAs and 21 novel 
candidate miRNAs. Among them, around 101 miRNAs 
belonging to 40 families were SCN responsive. Interestingly, 
most of the differentially expressed miRNAs were down-
regulated during SCN infection (Li et al. 2012a, b). A large 
scale sRNA sequencing effort of soybean cultivars (KS4607-
susceptible, and KS4313N-resistant) during SCN infection 
identified 60 SCN-responsive miRNAs belonging to 25 dif-
ferent miRNA families (Tian et al. 2017). Some legume-
specific miRNAs such as miR1510, miR2109, miR2118, 
miR4996, and miR1509 were found abundant along with 
conserved miRNAs during SCN infection.

Conserved miRNAs and stress responsiveness

Conserved miRNAs not only share sequence homology 
but also analogous target characteristic features. Moreover, 
conserved miRNAs have been evolutionarily selected for 
orchestrating plant developmental processes by regulating 
TFs or family of proteins. It was also proposed that con-
served miRNAs have acquired supplementary functions 
in due course of evolution. The phenomenon of conserved 
miRNAs mediated cross-adaptation has been proposed to 
account for plant’s capability to concurrently adapt for vari-
ous biotic and abiotic stresses (Chen et al. 2012). To decode 
a common molecular pattern of stress responsive miRNAs 
of soybean, expression status of conserved miRNAs was 
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analyzed (Fig. 2). It is evident that soybean-derived con-
served miRNAs form a predominant gene regulatory mech-
anism countering both abiotic and biotic stresses (Fig. 2). 
Conserved miRNAs of soybean are generally upregulated 
during stress except during nitrogen deficiency, phosphorous 
starvation, rust and MYMIV infection (Fig. 2). Genotypic or 
varietal differences in the expression of conserved miRNAs 
of soybean were observed during various stresses (Fig. 2). 
However, it is unclear why some conserved miRNAs of soy-
bean cultivar are differently regulated under similar stress 
conditions. Since conserved miRNAs are preserved for 
their protective function against stresses, considerable vari-
ations in their expression status warrant thorough investiga-
tion. Also, the advents of robust gene expression profiling 

systems or ectopic expression techniques have unearthed 
many non-conserved miRNAs with a potential role in the 
gene regulatory mechanisms. Brassicaceae-specific non-
conserved miRNA, miR163 targets PXMT1and FAMT genes 
of Arabidopsis involved in secondary metabolite synthesis 
(Ng et al. 2011), whereas miR400 confers heat tolerance by 
targeting the target gene PPR (Yan et al. 2012). On the other 
hand, solanaceous crop-specific miRNAs such as miR482 
(Shivaprasad et al. 2012), miR6019 and miR6020 (Li et al. 
2012a, b), target NBS-LRR genes which determine patho-
gen resistance. Thus, it is pertinent to explore the functions 
of the novel or non-conserved miRNAs of soybean and 
enhance the miRNA repository of soybean to gain a deeper 
understanding of molecular stress adaptation strategies. 

Fig. 2  Expression profile of conserved and legume-specific miRNAs 
of soybean [color codes: red—downregulated miRNAs, green—
upregulated miRNAs, yellow—differentially regulated; a—downreg-
ulated in resistant cultivar and upregulated in a susceptible cultivar; 

b—differentially regulated (up and down); c—variable expression 
in resistant cultivar; d—downregulated in susceptible cultivar and 
upregulated in the resistant genotype]
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Similarly, most of the legume-specific miRNAs (Fig. 2) are 
upregulated during abiotic stresses such as drought, salinity 
and chilling injury and biotic stresses such as Heterodera 
and MYMIV infection. Interestingly, nutrient toxicity or 
starvation, symbiosis and fungal or oomycete infections 
such as rust disease and Phytophthora, respectively, cause 
downregulation of legume-specific miRNAs. SNF serves as 
an excellent link between nutrient toxicity and stress and 
fungal infection as nitrogen fixation in legumes entails both 
the nutrient supply and pathogen infection process. Hence, 
a greater understanding of SNF in the small RNA interface 
might resolve the molecular basis of miRNA downregulation 
during these stresses.

Perspectives and concluding remarks

A decade after the discovery of sncRNAs and their role in 
RNA silencing of C. elegans (lin-4), plant miRNAs were 
identified (Reinhart et al. 2002). It is abundantly clear that 
discovery of plant miRNAs has led to a better understanding 
of complex gene regulatory mechanisms including molecu-
lar events associated with stress tolerance. Technological 
advances such as miRNA array platform have helped effort-
less miRNAs profiling in various plant species and delineate 
the stress-induced gene regulatory networks (Jia et al. 2010). 
EST-based homology analysis identified 262 candidate miR-
NAs belonging (143 miRNA families) in faba bean, suggest-
ing the utility of in silico tools in characterizing sRNAome 
of economically important legumes even when genome 
sequences were not publicly available (Koptekin and Aktas 
2016). The advent of robust and sensitive NGS platforms 
has helped in defining even very low copy number miRNAs 
but having a potential role in plant stress. Contrary to the 
established notion, that conserved miRNAs play a profound 
role in stress responsiveness, 13 non-conserved miRNAs and 
seven novel miRNAs are aluminum stress responsive in a 
wild-type soybean (Glycine soja) (Zeng et al. 2012). Both 
conserved (gma-miR156b/GmSPL9a) and species-specific 
(gma-miR4413b/GmPPR) miRNA-target pairs have been 
implicated in the development of floral organs of soybean 
and with a potential application for cytoplasmic male steril-
ity (CMS) (Ding et al. 2019). Furthermore, Brassicaceae 
and Solanaceous-specific miRNAs have been implicated 
in secondary metabolism and biotic stress, respectively, 
suggesting yet unravelled features of sRNA-mediated gene 
regulation.

Despite the importance of miRNAs in gene regulatory 
responses to biotic stressors, the involvement of soybean-
derived miRNAs in agriculturally important trait such as 
insect infestation is lacking. However, insect herbivory 
induced miRNA expressional changes are not uncom-
mon as both species-specific and conserved miRNAs 
were unearthed in Cucumis melo (Sattar et al. 2012) and 

Chrysanthemum (Xia et al. 2015). Hence, profiling of soy-
bean miRNAs during Aphis glycines infestation might pro-
vide sRNA biomarkers associated with the insect resistance. 
Although transcriptome analysis of soybean roots subjected 
to flooding stress was made (Nanjo et al. 2011), no studies 
have been conducted to ascertain the importance of soybean-
derived miRNAs in flooding tolerance. Similarly, a compre-
hensive understanding of the role of legume and/or soybean-
derived miRNAs during SNF is relevant to develop legume 
genotypes tolerant to environmental stresses. Molecular 
mechanism underlying miR172-mediated enhancement of 
soybean nodulation (Yan et al. 2013) has led to the develop-
ment of synthetic miRNA peptides (miPEPS)-based crop 
production approach. Application of synthetic miPEP172c 
in soybean mimicked the effects of ectopic over-expression 
of gma-miR172c (Couzigou et al. 2016). The miR172 of L. 
japonicus has been shown to regulate AP2 (APETALA2-
type) TFs (Holt et al. 2015). The participation of conserved 
miRNAs, such as miR172, in SNF suggests that these 
miRNAs might have evolved from non-symbiotic contexts 
such as core growth and developmental processes but have 
attained the requisite functional diversification during the 
course of evolution. Central regulatory roles of miRNAs in 
SNF, and the nexus of miRNA-NBS-LRR genes-phasiRNAs 
divulge that legume sRNA transcriptomics is an intrigu-
ing area of research. Identification of three new DCLs in 
M. truncatula and alternative splicing of MtDCL1 mRNA 
provide greater insights to legume sRNA transcriptom-
ics (Tworak et al. 2016). Upregulation of MtDCL2b and 
MtDCL4 in nodules and flg22 treatment further suggests the 
shared gene regulatory networks of miRNAs in controlling 
SNF and pathogen-induced immunity (Tworak et al. 2016). 
Similarly, miRNA–phasiRNA mediated gene regulation has 
gained much attention, especially in legumes, because some 
protein-coding genes such as NBS-LRRs have been shown 
to generate miRNA-triggered phasiRNAs (Zhai et al. 2011; 
Shivaprasad et al. 2012; Li et al. 2012a, b; Fei et al. 2013). 
Drought-responsive legume miRNA, miR1514a targets two 
NAC TFs in Phaseolus vulgaris leading to production of 
phasiRNAs from a NAC transcript (Phvul.010g120700), 
suggesting the significance of miRNA–phasiRNA based 
gene regulatory networks in abiotic stress (Sosa-Valencia 
et al. 2017). Complementing the findings in Phaseolus vul-
garis, M. truncatula-derived miRNA (Mtr-miR1514a) has 
been shown to be involved in targeting NAC TF and gen-
eration of phasiRNAs. Thus, elucidation of the functional 
significance of such conserved phenomenon in legumes will 
help in identifying universal biomarkers for engineering 
drought-tolerant legume crops. Discovery of 60 phasiRNA 
loci in chickpea (Srivastava et al. 2015), 125 loci (among 
them 47 were shown to be triggered by miRNAs) in Phaseo-
lus vulgaris (Formey et al. 2015) and their targets provide a 



1280 Planta (2019) 249:1267–1284

1 3

comprehensive resource for comparative analysis in legumes 
to decipher the miRNA–phasiRNA nexus.

Identification and characterization of novel miRNA-based 
biomarkers would not only help in defining stress regulatory 
networks but also to develop new molecular tools to impart 
stress tolerance in plants. The greatest challenge in this arena 
of research is to assign unambiguous functions to the stress-
responsive miRNAs (Ni et al. 2012). Molecular tools such 
as miRNA arrest, target mimicry and decoy miRNAs are 
most valuable in deciphering the functions of target tran-
scripts. The loss-of-function analysis of miRNAs using the 
powerful clustered regularly interspaced short palindromic 
repeats and CRISPR associated protein 9 (CRISPR–Cas9) 
based nuclease systems not only provided novel means of 
miRNA modulation but also insights into the regulatory 
roles of miRNAs (Zhou et al. 2017). Transgenic expression 
of candidate miRNAs and their effects on the target genes 
are crucial for utilization of these miRNA-based biomark-
ers in crop improvement. Towards this direction, soybean 
miRNA functional network (miRFN) on a system-wide 
level is an important addition in defining soybean sncRNA 
transcriptomics (http://nclab .hit.edu.cn/Soymi RNet) (Xu 
et al. 2014). Also, miRNAs have been proposed as a poten-
tial molecular marker (Fu et al. 2013). The applicability 
of miRNA-microsatellite (miRNA-SSRs) markers devel-
oped from M. truncatula was studied in other legume crops 
including soybean, wherein 77.5% of the 169 primer pairs 
showed cross-transferability implying its appropriateness for 
crop improvement programs (Min et al. 2017).

Genome wide survey of the evolution of MIRs and target 
genes of soybean during the process of domestication and 
crop improvement programs have identified that MIRs have 
high evolutionary rates than miRNA targets. Also, soybean 
MIRs and miRNA targets showing high expression levels, 
gene/genome duplications and multiple partners display a 
little nucleotide divergence. Moreover, it was proposed that 
the process of domestication and crop improvement has 
increased similarities among most of the miRNA-target pairs 
in cultivated genotypes of soybean compared to their coun-
terparts in wild genotypes (Liu et al. 2016). Thus, under-
standing co-evolution of MIRs (miRNA genes) and their 
target genes is an important area of research that draws the 
attention of the biologists.

To further complement the research in plant sRNAs, it 
is relevant to examine long non-coding RNAs (lncRNAs). 
Plant lncRNAs define various biological processes such as in 
response to cold (Swiezewski et al. 2009) and other stresses 
(Xin et al. 2011; Zhang and Chen 2013; Shuai et al. 2014; 
Wang et al. 2015; Chen et al. 2018). In particular, soybean-
derived lncRNA, ENOD40, had been shown to be involved 
in nodule organogenesis and development (Yang et al.1993) 
and its orthologs have been characterized in M. trunca-
tula and Medicago sativa (Crespi et al. 1994). Differential 

expression analysis of wheat genes and associated lncR-
NAs has provided a comprehensive transcriptome tool for 
developing drought-tolerant wheat genotypes (Cagirici 
et al. 2017a). An interaction network involving wheat stem 
sawfly (WSS) derived miRNAs, lncRNAs and mRNAs was 
developed to ascertain typical transcriptome changes of pest 
that weakens the defense response of wheat (Cagirici et al. 
2017b). Interestingly, wheat target mRNAs that are likely to 
be affected by the WSS-derived miRNAs are involved in the 
defense mechanism of wheat against insect attacks. Since the 
lncRNAs act as target mimics of miRNAs (Shuai et al. 2014; 
Wang et al. 2015; Cagirici et al. 2017a, b), the molecular 
interaction of lncRNAs and miRNAs and the underlying 
molecular intricacies are required to be unravelled.
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