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Abstract

A constant supply of soil nutrients is critical for the normal growth and development of plants. However, most environments are
unstable and this variability depends on numerous factors that include availability of water content, pH, redox potential, an
abundance of organic matter as well as microorganisms in soils. To overcome these hurdles and to maintain nutritional
homeostasis, plants have evolved sophisticated systems for the continuous provision of soil nutrients necessary for their
uninterrupted growth. In this pressing scenario, plant microRNAs (miRNAs) have emerged as a central regulator of nutrients uptake
and transport during limited nutrient conditions. Numerous studies establish the intrinsic involvement of miRNAs and their
immediate targets facilitating the core mechanisms related to nutrient homeostasis. In this review, we focus on global overview of
miRNAs and their dynamic roles involved in keeping nutritional balance within the plants mediated via post-transcriptional
regulation by transcript cleavage or translational inhibition of their target mRNAs. In addition, we have also focused on some of the
forefront plant adaptations mediated by miRNAs during nutrient deficiency, such as root architecture modifications, transport
channel modulation, long distance signaling and subsequent nutrient mobilization through phloem. Moreover, plant strategy to
bring out such alterations is a highly perplexing mechanism that requires changes at large scale which involves coordinated
regulation of miRNAs and plant hormones at multiple levels. Deciphering the underlying miRNAs-based mechanisms for
streamlining nutrient uptake and transport would be a giant step towards solving this conundrum.
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Introduction

Normal plant growth, development and yield extensively positive responses to various biotic and abiotic stresses
depend on constant supply of nutrients through the soil in (Willmann and Poethig, 2005; Sunkar et al., 2007; Zhou et al.,
any crop production system. There is a dynamic relationship 2012; Guo et al., 2013; Song et al., 2013; Wang B et al., 2014;
of the plant’s nutritional status with plant susceptibility to Li and Zhang, 2016; Gao et al., 2016; Jian et al., 2016). Since
various pathogens as well as abiotic environmental stresses miRNAs are involved in the regulation of essentially all
in both intensive and integrated cropping systems. Plant cellular metabolic pathways, transformation of their
nutrients play key functions critical for maintaining growth biogenesis is of supreme importance for the maintenance of
and development including structural components, cellular cellular homeostasis. MicroRNAs (miRNAs) are small
exchanges, osmotic regulations as well as biosynthesis of noncoding RNAs 20-24 nucleotides long that control gene
essential metabolites (Takehisa et al., 2013). MiRNAs are expression by promoting degradation or repressing
diverse regulatory molecules of small size and are translation of target mRNAs. Biogenesis of miRNA starts with
considered chief controllers for the growth and MIRNA genes transcription directed by DNA dependent RNA
development of various plants. Several miRNAs have been polymerase Il to form pri-miRNAs (Kim, 2005). Additionally,
found to take part in diverse functions and fundamentally MIR promoters contain the TATA-box and cis-regulatory
involved in numerous physiological events, such as stem cell motifs, which explains the transcriptional regulation of MIR
proliferation, leaf and floral development, flowering expression (Zhao and Li, 2013). Lack of mediator (a
initiation, tissue and organ buildup, as well as regulation of multi-subunit complex) disrupts the recruitment of of Pol I/
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to MIR promoters, thus affects the MIR transcription (Kim et
al., 2011). Furthermore, spatio-temporal expression pattern
for specific MIRs has also been noticed (Carlsbecker et al.,

2010). The products of MIRNA genes transcription
(pri-miRNAs) undergo series of post-transcriptional
modifications through enzymatic actions, including

formation of stem loop structure. Further processing of
pri-miRNAs eventuates to form miRNA precursors often
termed as pre-miRNAs. The self-complementary stem loop
structure of pre-miRNAs, ultimately generate
miRNA/miRNA* duplex mediated by dicer-like 1 (DCL1), a
key enzyme in the miRNA biogenesis pathway. This
conversion is also assisted by HYL1 (the dsRNA-binding
protein hyponastic leavesl) and SE (zinc finger protein
serrate), followed by methylation at the 3" terminus by
HEN1 (HUA1 enhancerl), which then subsequently exported
out from the nucleus into the cytoplasm by hasty (HST1, a
homolog of exportin 5). Inside the cytoplasm, miRNA strands
of this duplex are recognized by ARGONAUTE (AGO) proteins;
a central component of the RNA-induced silencing complex
(RISC), which later becomes part of this complex (Chen,
2005). Several mechanisms explain the regulatory functions
of miRNAs in plants. Most commonly, plant miRNAs direct
AGO proteins to cleave target mRNA by near perfect
base-pairing guided by endonuclease enzymes. Afterwards,
rapid degradation of target mRNA carried out by the
exosome and an exoribonuclease complex called XRN4.
Additionally, some miRNAs limit the production of target
protein by inhibiting its mRNA during translational phase
( Lanet et al., 2009). Similarly, miRNA can suppress the
target gene expression at transcriptional stage through DNA
methylation (Wu et al., 2010). It is not surprising that
post-translational regulatory mechanism in plants is
required for majority of proteins during cellular processes
and that plant miRNA pathway is also subjected to this type
of regulation. The phosphatases CPL1 and CPL2 function as
HYL1 dephosphorylation. Also evidence suggests that HYL1,
DCL1, SE, CPL1, CPL2, and RCF3 are part of the same protein
complex at least in some cell types. However, role of CPL1
and RCF3 in the phosphorylation of SE and DCL1 is
persuasive but still elusive. Further, the evidence of
MPK3-mediated HYL1 phosphorylation is still not clear for in
vivo activity. Similarly, interaction between AGO1 and its
cofactors, necessary for specific silencing pathway needs
further investigation (Figure 1).

Most recently, numerous miRNAs were reported for their
exclusive involvement in nutrient elements uptake and
transport in plants (Fischer et al., 2013; Kehr, 2013).
Predominantly, miRNAs directly or indirectly target the
transporter proteins to facilitate specific nutrient uptake and
transport. However, numerous other targets were also
identified in large number, details of which are provided in
our next section. In this review, we focused on the current
status of various nutrient-responsive miRNAs extensively
reported in various studies, as summarized in Table 1.
Moreover, their functional roles were strongly associated
with nutrients uptake and mobilization in plants via complex
regulatory mechanisms during nutrient deprivation.
Understanding the mechanisms of miRNAs in response to
nutrient scarce conditions would possibly shatter the barrier
causing abnormal growth, development and yield loss in
various crop plants. Deciphering the regulation of
transporter genes by miRNAs might pave the way for
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biofortification or facilitate the bioavailability of essential
nutrients in major crop plants. In this context, we focus not
only on diverse roles of miRNAs to procure various nutrient
elements but also discuss the miRNA-mediated plant
adaptations under nutrient stress. Importantly, we have
discussed in details, the regulatory capacity of set of miRNAs
(conserved across many species) that play important roles in
various nutrients uptake and mobilization. However, some
novel miRNAs specific to one species or responsive to
unique nutrient elements were also reported, thus showing
the functional diversity among different species. In our next
section, we have reviewed the diverse functional roles of
miRNAs for systematic procurement of various nutrients,
including Nitrogen (N), Phosphorous (P), Potassium (K),
Sulfur (S) and other mineral elements, especially Copper (Cu),
Zinc (Zn), Iron (Fe), Manganese (Mn) and Boron (B).

Nutrients uptake and transport in plants regulated by
miRNAs

Nitrogen and diverse roles of miRNAs

Plant growth and development primarily depends on
presence of nitrogen (N) in relatively large amounts in the
plant cells, and considered as building block of amino acids,
nucleic acids as well as chlorophyll. Moreover, tightly
coordinated carbon and amino acid metabolism as well as
protein synthesis, critical for routine cellular activities are
fundamentally controlled by N availability (Crawford and
Forde, 2002; Zheng, 2009). In this context, being a crucial
element for plant growth, ample supply of N in the form of
chemical N fertilizers is enforced for optimum crop vyield
each year. However, due to excess amounts of N utilization,
phenomena of eutrophication linked with increased
pollution in rivers and oceans, which is extremely alarming
for maintaining a healthy ecosystem (Canfield et al., 2010).
Therefore, decreasing the overreliance on the use of N
fertilizers and to increase N utilization efficiency (NUE),
necessitated a substantial discernment underlying its
regulatory components including N uptake, translocation as
well as remobilization. The major sources of N in the soil
available to the plants, i.e. ammonia/ammonium ion
(NHs/NH, "), nitrate (NO; ), organic N (e.g. free amino acids)
acquired through microbial symbiosis by using nitrogenase
enzyme complex (Fischer et al., 2013).

Uptake of NO; from the soil, however, is a complex
mechanism where several root-specific transporters unified
to carry out their functions. In plant kingdom, four major
NO; transporter families have been identified including
nitrate transporter 1/peptide transporter family (NRT1/PTR
or NPF), nitrate transporter 2 family (NRT2), chloride
channel family (CLC), and slow anion channel-associated
homologues (SLAC/SLAH), which are collectively involved in
NO; uptake, allocation as well as sensing (Boursiac et al.,
2013). Plants have evolved two types of nitrate transport
systems: high-affinity transport system (HATs) and
low-affinity transport system (LATs), which are required to
effectively scavenge ions from the soil depending on its
concentration (Glass and Siddigi, 1995). However, the
members of HATs and LATs can both be constitutive;
without NO5; supply, and NO5; inducible; stimulated by
NO; present in external medium (Miller et al., 2007).



Table 1. Differentially expressed miRNA families responsive under various nutrients stress.

Nutrient-stress

miRNA families

Upregulated

Downregulated

References

Nitrogen

Phosphorous

Sulfur

Copper

Zinc

Manganese

Iron

Boron

miR156,miR157,miR160,
miR162,miR164,miR167,
miR168,miR169,miR172,
miR319,miR393,miR394,
miR395,miR396,miR398,
miR399,miR780,miR826,
miR827,miR842,miR846, miR1511,miR4413

miR156,miR157,miR159,
miR160,miR162,miR163,
miR164,miR166,miR167,
miR168,miR169,miR171,
miR319,miR394,miR395,
miR396,miR399,miR437,
miR447,miR472,miR477,
miR778,miR809,miR818,
miR827,miR828,miR830,
miR845,miR854,miR857,
miR863,miR866,MiR895,
miR896,miR903,miR904,
miR1222,miR2086,miR2111,miR5205,miR520
6,miR5213, miR5229,miR5232,miR5244,
miR5250,miR5281
miR51,miR62,miR84,
miR156,miR159,miR160,
miR162,miR164,miR166
miR167,miR168,miR169,
miR171,miR172,miR173,
miR182,miR196,miR319,
miR390,miR393,miR394,
miR395,miR396,miR397,
miR398,miR399,miR400,
miR403,miR408,miR530,
miR535,miR771,miR826,
miR829,miR833,miR837,
miR846,miR864,mir842,
miR906,miR909,miR910,
miR912,miR914,miR1144,
miR1147,miR1148,miR1149,
miR1150,miR1153,miR1155,
miR1156,miR1158,miR1159,
miR1160,miR1164,miR1166,

miR156,miR159,miR160,
miR162,miR164,miR166,
miR167,miR168,miR169,
miR171,miR172,miR319,
miR390,miR395,miR396,
miR397,miR398,miR399,
miR403,miR408,iR475,
miR482,miR498,miR528,
miR820,miR821,miR827,
miR857,miR1318,miR1448,miR2111,miR5640,mi
R6427,miR6445,miR6462,miR4348
miR156,miR158,miR159,
miR160,miR164,miR166,
miR167,miR168,miR169,
miR171,miR172,miR319,
miR395,miR396,miR397,
miR398,miR399,miR402,
miR447,miR477,miR530,
miR771,miR775,miR818,
miR830,miR837,miR857,
miR862,miR863,miR866,
miR895,miR896,MiRI03,  mMiR4414,miR5285

miR160,miR167,miR168,
miR171,miR172,miR390,
miR391,miR397,miR398,
miR399,miR408,miR775,
miR825,miR827,miR841,
miR845,miR850,miR857,
miR863,mR1888, miR2111

miR1172,miR3627,miR5638,miR8172,miR-c4,

miRc-10
miR397,miR398,miR408,
miR857,miR2111
miR158,miR160,miR166,
miR169,miR171,miR172,
miR319,miR393,miR394,
miR398,miR399
miR156,miR157,miR164,
miR166,miR167,miR169,
miR170,miR172,miR319,
miR390,miR395,miR396, miR398

miR156,miR158,miR159,
miR162,miR164,miR167,
miR169,miR171,miR172,
miR173,miR390,miR394,
miR399, miR420,miR853,
miR854
miR156,miR165,miR169,
miR171,miR172,miR399,
mMiR407,miR444,miR1439,

miR1039,miR1875,miR2004,miR2021,miR202
3,miR2024,miR2592,,miR2948,miR3454,miR3
456,miR3932,miR3946,miR5037,miR5051,miR

5053,miR5066,miR5259, miR5667

miR398,miR399,miR528
miR845

miR159, miR397

miR397,miR398,miR399,
miR408,miR2111

miR156,miR159,miR172,
miR397,miR399,miR408,
miR444,miR535,miR1077,

R5142,miR5180,miR5559,miR5568

Pant et al. (2009), Liang et al. (2012), Wang Y/ et al.
(2013), Ren et al. (2015) Xu et al. (2011), Zhao et al.
(2012) Vidal et al. (2013), Nischal et al. (2012),
Valdés-Lépez et al. (2010), Trevisan et al. (2012a),
Trevisan et al. (2012b).

Hsieh et al. (2009), Pant et al. (2009), Lundmark et
al.(2010), Zeng et al. (2010), Zhu et al. (2010), Devers
etal. (2011), Zhou et al. (2008), Lin et al. (2010), Matts
et al. (2010), Valdés-Lépez et al. (2010), Chiou et al.
(2006), Gu et al. (2010).

Huang et al. (2010), Shu and Hu (2012), Liang et al. (2013)
Barciszewska-Pacak et al. (2015), Liang et al. (2015).

Abdel-Ghany and Pilon (2008), Beauclair et al. (2010), Buhtz et al.
(2010), Waters et al. (2012), Pilon (2016).
Li et al. (2013), Shi et al. (2013).

Valdes-Lopez et al. (2010), Yang and Chen (2013).

Buhtz et al. (2010), Waters et al. (2012), Kong and
Yang (2010).

Ozhuner et al. (2013), Lu et al. (2014, 2015).

miR1121,miR1160,miR1446,miR1523,miR201
4,miR2021,miR2079,miR3440,miR3462,miR5
049,miR5053,miR5066,miR5137,miR5141,mi
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Fig 1. A model adapted from Achkar et al. 2016 (*see details below), representing miRNA biogenesis machinery and its
post-translational regulation. Phosphorylation of miRNA biogenesis cofactors are essential for precise functioning of the pathway in
plants. The phosphatases CPL1 and CPL2 dephosphorylate HYL1 and RCF3, followed by accurate DCL1 processing which is
involved in miRNA biogenesis and splicing, ultimately leads to correct strand selection by AGO1. The putative phosphorylation of
DCL1 helicase domain allows its interaction with DDL and the stabilization of the pri-miRNA. The complex processing depicted in
this figure, showing the post-translational modification triggered by HYL1/DRB2 or switching between AGO1 and its cofactors (X),
thus, corroborate specific silencing pathway. A dynamic flux of the pathway can also be seen through HENI-mediated miRNA
methylation, which proceeds through HEN1 interaction with DCL1 and HYL1. HEN1 also interacts with SE, which connote the tight
interconnection between different components of miRNA machinery necessary for pri-miRNA progression to mature miRNA.
However, substantial efforts are still required to fully understand the dynamics of recruitment, assembly, action, and disassembly
of the components of the miRNA machinery. * This figure is adapted from Achkar et al. (2016) and reprinted with permission from
Elsevier.

Adventitious roots
miR160 — ARF17
miR167 —— ARF6/ARFS
Lateral roots

miR160 — ARF16/ARF17
miR164 — NAC1/NACA
miR166 — HD 1P Ill
miR167 — IAR3
miR171 —| HAMs
miR393 — TIR1/AFB
miR396 — bHLH/GRFs
miR847 —| 1AA28
miR390 —> ta-siARFs

Phloem-sap accumulated miRNAs
L miR395
'miR399
miR2111
miR158
w | MiR172

3 RAM control

2 [ miR160 — ARF10/ARF16

£ | miR165/miR166 —i HD ZIP 11

5 [ mir169 —— NFYA2/10

S | miR171 — HAMS

Z | miR396 —— bHLH/GRFs
miR857 —— LACCASE7

Transport cha

)\
= &

ARF2/ARF3/ARFA =
Nutrient elements serve as

signals

Fig 2. A model illustrating miRNAs-based plant strategies comprising long distance mobility, root architecture modifications,
transportchannel modulation alongwith hormonal control during nutrient stress regulation. Distinct nutrient elements that serve as
signals molecules and activate several miRNAs, which in turn target numerous gene expressions predominantly members of plant
transcription factors, such as ARFs, GRFs, NACs and others. miRNAs and their targeted-member of plant TFs participate specifically
in root development and architecture, such as controlling root apical meristem (RAM; indicated in pink box), adventitious and
lateral root (LR) formation (yellow box). However, LR formation that includes LR initiation, LR development and LR emergence is a
complex mechanism that regulates through numerous hormones i.e. AUX, CK, ET, BR and ABA. Nutrient signaling interacts with
phytohormones signaling (@ indicating the interaction between them), thus alters the expression of set of miRNAs, consequently,
nutrient-specific transporters (indicated in green dotted box) are coordinately regulated with plant hormones and miRNAs to
modulate overall transport channel required for precise nutritional balance within the plants. Importantly, phloem accumulated
miRNAs (light blue box) are necessary for nutrient mobility too far off places i.e. shoot to root translocation (such as miR395 and
miR399 are major players during this mobilization).
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Fig 3. General scheme representing the involvement of miRNAs during nutrient stress response and relationship among
transcription factors, plant development and miRNAs. Shortages of various nutrients are sensed by nutrient sensing molecules,
which in turn trigger plant hormones signaling specifically required by plants for root architecture modifications. Nutrient stress
upregulate countless miRNAs and uptake of distinct nutrients take place via specialized transporters, thus modulating overall
transport channel for efficient nutrient acquisition. However, this phenomena is mediated by number of plant transcription factors
(TFs), some of which are direct targets of miRNAs, conversely, most TFs modulate the miRNA expressions by binding to its promoter
sites e.g. MYB2 binds directly to MYB-binding site in the miR399 promoter. Additionally, wide array of transcription factors play
fundamental roles in numerous plant development processes including leaf development, floral development, axillary shoot
meristem control as well as root development (In this model TFs regulation of miRNAs, transport channel and plant development
are indicated by red arrows). Importantly, phloem mobile miRNAs participate in long distance signaling that takes place through
phloem (P) and xylem (X), thus maintaining nutrient homeostasis across whole plant level.

MiRNAs and their targets under low nitrogen

Several attempts have been made in order to comprehend
molecular functioning of plant components involved in N
sensing and to pinpoint N-responsive genes. However, a
plant adjustment to N availability is a complex process that
includes  tortuous  physiological and  biochemical
modifications controlled by plethora of genes and metabolic
pathways. Numerous studies have been conducted to
establish the robust contributions of miRNAs responsive to
N stimulus in different plant species, thus, several
differentially expressed N-responsive miRNAs were
identified (Table 1).

Rice is one of the most important cereal crops worldwide,
while in Asia alone, it fulfils nearly 50% of caloric needs of
approximately 520 million people (Muthayya et al., 2014). In
order to get a global overview on miRNAs involved in N
response in rice, a study conducted by Li et al. (2016) based
on high-throughput small RNA sequencing revealed a total
of 44 miRNAs differentially expressed in response to high-N
and low-N conditions. Further, this study also characterized
dissimilar responses of miRNAs to different N sources i.e.
under different ammonium and nitrate treatments. By
analyzing the target genes of miRNAs under this
investigation, most of them were belonging to plant
transcription factor families and proteins related with
various metabolic pathways or stress responses. A study
conducted in maize, using different levels of N deficiency i.e
under chronic and transient nitrate limiting conditions, and
the identified miRNAs were showing overlapping or unique
expressions under the given N limiting conditions in tissue
dependent manner (Xu et al., 2011). Similarly, another study
in maize revealed the involvement of six mature
nitrate-responsive miRNAs. Moreover, in situ hybridization

62

method employed in this study, demonstrated the influence
of nitrate availability on both the amount as well as
localization of the miRNAs. The results showed that
transcripts for all the miRNAs were accumulated in the roots
of the plant supplied with N, while the roots limited in
N-supply display reduced expressions (Trevisan et al., 2012a).
To deepen the molecular understanding for the involvement
of these six miRNAs under nitrate starvation,
spatio-temporal expression pattern was confirmed through
in situ detection and real time PCR analysis. Further, results
also suggested that extended N-limited conditions may
activate a post-transcriptional control by inducing the
expression of target genes, which might actively suppress
miRNAs under this investigation (Trevisan et al., 2012b). Due
to the fact that almost all major cereal crops including wheat,
maize and rice depend heavily on nitrogen application to
maintain their optimum production, ideally, there is great
need of genotypes that allow maximum uptake of N in order
to improve nitrogen use efficiency (Garnett et al., 2015). A
study performed by Zhao et al. (2015) in wheat, investigated
38 wheat miRNAs (TaMIRs) under optimal N and N-depleted
conditions. The results revealed that most of the TaMIRs
were responsive to limited N concentrations and showed
distinct pattern of expression, while TaMIR399 and
TaMIR1133, being downregulated. Further, this report also
suggested that N-concentration and limited-N duration are
inversely related with the expression of specific TaMIRs
under investigation. A recent study performed under normal
and limited nitrate conditions in two wheat genotypes
(Sinha et al., 2015), detected a set of ten differentially
expressed miRNAs in plant roots. Some notable differences
among their expressions were depending on both the
genotype and the level of N availability. However, other
reported wheat miRNAs were not detectable in the samples



under investigation, both under normal and starved N
conditions.

Beside major crops, there are several studies
demonstrating N-responsive miRNAs expressed in a distinct
pattern, a study carried out in soybean (Wang et al., 2013),
where authors have generated sixteen libraries from two
genotypes i.e. low N sensitive and low N tolerant, and found
significant differentially expressed miRNAs both in shoots
and roots under short-term or long-term N stress. Exploring
miRNAs expression under low-N conditions, an earlier study
conducted in common bean (Valdés-Lopez et al., 2010),
demonstrated a suppression of tested miRNAs expression in
root and leave tissues under limited-N scenario, with the
exception of miR396 being upregulated. Another study in
French bean (Babu et al.,, 2014), revealed nine potential
miRNAs analyzed by RT-PCR. They concluded that expression
of miR172 family was induced upon low nitrate stress while
miR169 family was repressed. Numerous studies in model
plant, Arabidopsis, characterized the involvement of miRNAs
in response to limited N conditions in plant seedlings (Pant
et al., 2009; Liang et al.,, 2012). Likewise, an investigation
carried out in the roots of Arabidopsis plant found a new
N-responsive miRNA (miR5640) and its target (AtPPC3)
protein in a different study (Vidal et al., 2013). Other recent
report in model plant, Populus tomentosa, used degradome
sequencing technology to detect and validate N stress
responsive miRNAs (Chen et al., 2015). A study using high
throughput sequencing technology reported in ornamental
plant (Chrysanthemum nankingense), native to China,
revealed the differential expression of 81 miRNAs in roots
and 101 miRNAs in leaves of the plant when exposed to low
nitrogen level (Song et al., 2015). Taking together, these
evidence strongly suggest a noticeable role of miRNAs in
response to low nitrogen conditions, however, the distinct
expression of miRNAs involved could be due to variations in
experimental conditions (N concentration), tissues under
observation, and plant species. Although, a massive data
obtained through deep sequencing technologies, which
facilitated to identify potential miRNAs under N stress,
however, there is a huge capacity to explore and validate
miRNAs and their respective targets to deepen our

understanding  about miRNAs-mediated molecular
adaptations in plants under limited N settings.

Biological N-fixation and miRNAs

Plants in the legume family form symbioses with

nitrogen-fixing soil bacteria or rhizobia that provide a
sustainable nitrogen source to improve soil fertility in
agricultural settings. Symbiotic nitrogen fixation is central to
any plant for energy-sustainable production of food or fuel.
Crop plants for food, oil, and green manure are able to
produce high-protein seeds and leaves because of the fixed
nitrogen provided by the bacteria. Beside the well-studied
functions of miRNAs in N sensing and signaling, extensive
reports are also being established to characterize their
prominent roles in the phenomena of plant-microbe
symbiosis. A notable number of studies in leguminous crops
including Glycine max and Medicago truncatula, supported
this fact and several miRNAs were identified to actively
participate during this mutually beneficial interaction. In this
context, an earlier study conducted by Subramanian et al.
(2008) demonstrated that potential miRNAs were regulators
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in nodule development in soybean roots when inoculated
with Bradyrhizobium japonicum and function in symbiotic N
fixation. The study findings validated by northern analysis
confirmed the dynamic regulation of involved miRNAs and
results were consistent with miRNA abundance in sequence
libraries. The selected miRNAs were independently
investigated for expression pattern through northern
analysis. Among them, miR168 and miR172 were firstly
upregulated immediately one hour post inoculation, while a
decreased pattern of expression was observed after this
point. Further, after the inoculation by Bradyrhizobium
japonicum, miR159 and miR393 were found to be induced in
time dependent manner. On the other hand, miR160 and
miR169 were suppressed during response to rhizobia,
suggesting the dynamic role of specific miRNAs in
modulating signaling and nutrient homeostasis during
nodulation. Importantly, miR393 and miR160 were already
characterized to be involved in plant-pathogen synergy and
substantially enhanced basal plant immunity (Subramanian
et al., 2008; Simon et al., 2009). Another study conducted by
Wang et al. (2009), demonstrated the involvement of
miRNAs during symbiotic N fixation in root nodules of
soybean. The authors found that four miRNA families in
soybean (miR1507, miR1508, miR1509, and miR1510),
detected during legume-rhizobium symbiosis were similar as
described by previous report (Subramanian et al., 2008). The
results also confirmed the dynamic expression of miRNAs in
different tissues of soybean plant including functional root
nodules. The significant increase of expressions of miR172
and miR2107 were noticed in root nodules, however,
miR396, miR1508, and miR1509 were suppressed in
functional nodules during symbiotic N fixation. Moreover,
the potential targets of these functional nodules related
miRNAs, consistent with earlier studies, were predicted as
families of various transcription factors (TFs), which are
fundamentally involved in hormone mediated signaling,
developmental related proteins, defense associated
responses as well as nitrate transporters. Later studies also
supported the earlier reports demonstrating the
involvement of miRNAs at initial stages of root nodulation.
In soybean, miR1530, miR1520, and miR1522 were detected
in roots and were found to be involved at initial stages of
nodules development (Barros-Carvalho et al., 2014).
Consistent with previous report (Subramanian et al., 2008),
these miRNAs contributed in the regulation of nodule
functioning in the soybean thereby facilitating nodule
organogenesis and symbiotic interactions. Also, plant TFs
were targets of nodules specific miRNAs as characterized in
previous study (Joshi et al., (2010).

Notably, few miRNAs are conserved across several species,
however, mostly they were detected as species-specific such
as miR1507 to miR1510 were found in Fabaceae family,
while miR1520, miR1522, miR1530, miR2107, and miR4393
were classified in soybean. Similarly, there is a large number
of G. max and M. truncatula specific miRNAs already
reported in several studies (Cuperus et al., 2011).
Concomitantly, myriad functions of miRNAs would emerge
through in depth studies of various plant species.
Comprehensive studies of rice and Arabidopsis already
validated diverse functioning roles of miRNAs thereby
simultaneously affecting distinct metabolic pathways. The
root apex contains meristematic cells that control root
development and triggers all other organs under the ground



surface. A study conducted in M. truncatula by
Lelandais-Briere et al. (2009) using in situ hybridization,
demonstrated the identification of specialized miRNAs
accumulated in meristematic tissues of root nodules,
therefore, suggesting that miRNA mediated regulatory
control might be involved in nodule development. Analysis
of specific miRNAs in distinct tissues of mature nodules also
supported this finding. In this context, it was understood
that development of species specific miRNAs were later
evolved and developed into factors involved in the symbiotic
interactions suggesting the complex mechanism of unique
miRNA activities at spatio-temporal level. Moreover, miRNAs
were also explored exclusively in soybean roots which
resulted in symbiotic interaction between nodules and
nitrogen fixing bacteria. In this case, overexpression of
miR160 in soybean culminated in reduced root nodules as
reported by Turner et al. (2013). This report demonstrated
that overexpression of miR160 resulted in auxin-
hypersensitive plants obtained through silencing of set of
ARFs i.e ARF10/16/17; which consist of gene family that act
as transcription activators or repressors by binding to
specific promoters of early auxin responsive genes. Further,
this study validated that roots of miR160-overexpressed
plants had significantly reduced nodules as compared to
vector control; however, auxin-hypersensitivity inhibited the
formation of nodules primordium and development but did
not influence root hairs in soybean. Conversely, another
study revealed that enhanced expressions of specific
miRNAs in soybean, such as miR482, miR1512, and miR1515
significantly contributed to increasing root nodulation to
regulate the symbiotic process (Li et al., 2010). Another
study determined the contrasting roles of miR156 and
miR172 in regulating the nodule development which
concomitantly affecting nitrogenase activity. Ectopic
expression of miR172 increased the expression of both
symbiotic leghemoglobin and hemoglobin in transgenic
roots of soybean plants, which resulted in enhanced
nodulation. However, miR172 suppressed its target TF (AP2)
and positively regulate nodulation while miR156 targets the
expression of TF (SPL) and negatively regulated the
expression of miR172 thereby controlling hemoglobin
expression which ultimately resulted in significantly reduced
nodulation (Yan et al., 2013). In recent past, another study in
soybean revealed the involvement of miR172 in symbiotic
interaction by modulating signaling cascade regulating the
process of nodules development (Wang Y et al., 2014). The
induction of miR172c was observed during inoculation with
compatible B. japonicum or lipooligosaccharide Nod factor
accompanied by elevated expression specifically during
nodulation. Overexpression of miR172c positively regulated
both nodule initiation and number thereby suppressing its
target gene, Nodule Number Controll, which directly
controls the transcriptional activation of nodulin gene
(ENOD40) by binding to its promoter. Importantly,
expression levels of miR172c were regulated by both Nod
Factor Receptorla/5a-mediated activation and by auto
regulation of nodulation-mediated inhibition. Few other
conserved miRNAs such as miR166 and miR396 were also
corroborated to be involved in symbiosis and nodules
development process in M. truncatula. Overexpression of
miR166 in M. truncatula resulted in decreased lateral roots
and nodule development thereby causing alterations in
vascular tissues. Moreover, miR166-mediated regulation
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involved cleavage of several class Il HD-ZIP TFs and
markedly affecting their stability, which showed notable
defects in the lateral root formation and reduced the
number of functional nodules (Boualem et al., 2008; Simon
et al., 2009). Likewise, a study performed by Bazin et al.
(2013) observed dynamic expression of miR396 in distinct
tissues of roots, with discriminative expression in the
transition zone and exhibited differential expression pattern
during lateral root and nodule organogenesis.
Overexpression of miR396 targets six growth-regulating
factors (GRFs) and two bHLH-79-like genes in transgenic
roots, which downregulate their expressions and
concomitantly altered symbiotic interaction and roots
architecture in M. truncatula. Another legume species, Lotus
japonicus, was also studied in this context and two miRNAs,
miR171 and miR397 were identified to participate in
symbiotic interaction and nodule functioning (De Luis et al.,
2012). This report demonstrated that miR171 which targets
the nodulation-associated TF, Nodulation Signaling Pathway
2 (NSP2), and regulated specifically during symbiotic
bacterial infection. Moreover, gRT-PCR analysis revealed
differential expressions of miR171 and its target TF (NSP2) in
various plant tissues, where relative expression level of
miR171 was increased 30-fold in nodules as compared to
roots; conversely, the expression of NSP2 was lower in
nodules. Importantly, these results were intriguing in the
context that conserved miR171 target SCL and its
homologue genes in plant species, indicating the eminence
to identify miRNA isoforms regulating alternative targets,
consequently, modulating diverse functioning in plants. In
case of miR397, whose expression elevated in mature
nodules but highly dependent on their N fixing ability and
compatible symbiotic interaction. On the other hand, the
expression of miR397 was much lower in non-compatible
microsymbiont or inactive nodules, implying that both
factors are required for its regulation. Further, miR397
targets copper containing LACCASE-like genes, and its
regulation involved copper homeostasis, denoting a
significant link between two different pathways interacting
for nutritional balance in legumes.

Phosphorous and diverse roles of miRNAs

Phosphorous (P), being macronutrient, crucial for many
fundamental plant processes including key metabolic
pathways, and is essentially part of cell molecules such as
nucleic acid, phospholipids, ATP, and sugars (Byrne et al.,
2011). Although the availability of P in the soil is abundant,
however, other factors such as interaction with soil
constituents, precipitation or its biological conversion to
organic form affects its uptake and accessibility from the soil
to the plants (Kirkby and Johnston, 2008). Under P
deficiency, plants modulate its adaptive mechanisms
thereby adjusting its transcriptional and biochemical
regulation in different tissues/organs to facilitate P uptake
and transport. An organized system for P transport is
required to intake P from the soil by means of roots, and
efficiently distributes it across various tissues of the whole
plant. Given that, plants have evolved very sophisticated
transport mechanisms for P uptake and circulation to
different plant parts, as well as efflux system in P-limited
soils for mobilization and redistribution (Chiou and Lin,
2011). P assimilation from the soil into the plant, and its



distribution across other plants parts depends chiefly on two
types of transporters: PHOSPHATE TRANSPOTERS (PHTs);
which belongs to the family of phosphate: H" symporters
(PHS) within the major facilitator superfamily (MFS), and
other is PHOSPHATE 1 (PHO1) transporter; which belongs to
SPX-EXS protein family (Mlodzinska and Zboinska, 2016).

MiRNAs and their targets under limited phosphorous

Numerous approaches were used to identify P-responsive
miRNAs, high throughput sRNA sequencing being the most
commonly used method, which facilitated a huge data
collection in different plants. Based on numerous data
collection methods and in different plant species, up- and
down- regulation of P-specific miRNAs are summarized in
Table 1. According to studies, families of conserved
P-deficiency responsive miRNAs that includes miR156,
miR159, miR166, miR319, miR395, miR398, miR399, miR447,
and miR827 were commonly found in different studies and
reported extensively (Sun et al., 2012; Sunkar et al., 2012).
However, some of them were found upregulated such as
miR156, miR399, miR778, miR827, miR2111, while
specifically miR169, miR395, and miR398 exhibited
suppressed expression during low P availability (Hsieh et al.,
2009). Previous studies validated plethora of genes and their
involvement to P sensing, acquisition and allocation as
reviewed in the past (Liang et al., 2014). Recently, plant
miRNAs were under observation exclusively for their
regulatory roles in nutrient homeostasis thereby targeting
number of P-starvation related genes. The most studied
phosphate responsive miRNA, miR399, which strongly
induced under P deficient conditions (Chiou et al., 2006;
Phillips et al., 2007), however, a sharp decline in its
expression was noticed immediately after readdition of P
during further assessment (Fujii et al., 2005). All the six
members of MIR399 genes (MIR399A-F), in Arabidopsis,
were upregulated during limited P conditions (Kuo and
Chiou, 2011). In Arabidopsis, overexpression of miR399,
characterized by chlorosis and necrosis at the leaf tips,
resulted due to the excessive accumulation of P in plant
shoots thereby enhanced P uptake and its allocation to
shoots (Aung et al., 2006; Chiou et al., 2006). Furthermore,
the elevated accumulation of P levels, increased intracellular
acid phosphatase activity (Apase activity), as well as
transformations in root morphology were observed in
transgenic tomato overexpressing the Arabidopsis miR399
(Gao et al., 2010). During the previous reports, miR399 was
significantly characterized to positively regulate P uptake
from plant roots and distribute to shoots under P starvation,
whereby targeting P transporter (PHT1;7), a DEAD box
helicase and PHO2; which encodes ubiquitin-conjugating
enzyme (UBC24; Allen et al. 2005).

The transcriptional activation of array of PSI genes is
critical for controlling signaling responses under P starvation.
The PS1 genes are regulated by TFs including MYB, PHR1 and

partially redundant TF PHL1 (PHR1-LIKE1; Bustos et al., 2010).

In  Arabidopsis, members of miR399 genes contain
PHR1-binding sites PIBS (GNATATNC); a motif that is
required for binding to most of P- responsive genes and is
critical for their transcriptional regulatory functions (Bari et
al., 2006). Interestingly, other P-related cis elements such as
PHR1, PHO-like, W-box, TATA-box and P-responsive
elements were also found in the upstream promoter sites of
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P-responsive miRNAs including miR399 (Zeng et al., 2010; Xu
et al., 2013). Under P deficiency, Arabidopsis phrl mutants
showed significantly reduced expressions of miR399 as well
as group of other P related genes, while set of P
deficiency-responsive genes were found upregulated in pho2
mutants under sufficient P availability, hence, concluded
that PHR1 functions upstream of miR399 and PHO2,
however, it is not the only element required for miR399
induction in P signaling network (Bari et al., 2006). Another
recent report conducted by Baek et al. (2013), demonstrated
that miR399f belongs to Arabidopsis, transcriptionally
regulated by MYB TF induced in P-deprived plants thereby
binding to a MYB binding-site present in the promoter
region of miR399f. Previous compelling evidences
demonstrated that miR399 act as positive regulator under P
deficiency, while PHO2; a target gene for miR399, behave as
negative regulator and inhibit P uptake under normal P
concentrations (Lin et al.,, 2008; Yuan and Liu, 2008).
Moreover, to maintain P homeostasis in plants,
long-distance movement of miR399 through systemic
repression of PHO2 from shoots to roots was also confirmed.
Subsequently, multiple role of miR399 was substantially
noticed in rice thereby its positive response to various
nutrients. The results obtained through GeneChip analysis of
the transgenic rice overexpressing OsmiR399, confirming the
upregulation of several downstream genes participate in
multiple nutrients stress i.e potassium, iron, sodium and
calcium, however, the mechanisms of regulation vary for
particular nutrient displayed by OsmiR399 (Hu et al., 2015).
Interestingly, most studies in higher plants confirmed that
miRNA targets at the cleaved sites showed near perfect
complementarity with miRNA, however, in Arabidopsis, a
non-protein gene /IPS1 (Induced by phosphate starvation1),
inhibits the miR399 activity, despite having sequence
complementarity with miR399. Moreover, the IPS/ evasion
by not being degraded as a target of miR399, was due to a
mismatched loop that significantly interrupted the pairing of
IPS1-miR399 at the cleaved site. Consequently, this
mechanism of “target mimicry” was also supported by
noticing reduced P levels in the shoots due to higher
accumulation of PHO2 mRNA and its enhanced activity
(Franco-Zorrilla et al., 2007). Thus the pseudo interaction
between IPSI and miR399, represents unique insights into
regulatory functions determined by its natural target
mimicry, hence, identification of new endogenous target
mimics will help us design more appropriate
miRNAs-oriented strategies to cope nutrient stress
responses in plants.

Beside the upregulation of miR399, the expression of
miR827 also induced in P depleted Arabidopsis plants,
however, miR827 specifically target NLA (nitrogen limitation
adaptation) gene and suppressed its transcripts level up to
3-fold in overexpressing-miR827 plants. In Arabidopsis
plants, it was reported that NLA (nitrogen limitation
adaptation) gene responds to limited nitrogen level (Peng et
al., 2007), however, the transcripts of NLA repressed in
overexpressing-miR827 while induced in miR827 mutants,
suggesting that NLA is a target of miR827 and P regulation
by miR827 is nitrate dependent (Hsieh et al., 2009; Kant et
al., 2011). Additionally, the nla mutant was characterized by
its abnormal phenotype specifically under low N, while
showed similar growth to WT during sufficient N availability.
To understand the molecular mechanisms behind this



physiological aberrations, the idea of restoring the
phenotype of nla mutants to WT thereby chemical based
mutagenesis lead to the identification of P transport related
genes; PHF1 and PHT1 (Kant et al., 2011). Overaccumulation
of P content exposed to low N conditions corresponds to
early senescence of nla mutants, indicating crucial role of
NLA in P regulation in a nitrate dependent fashion. The NLA
transcripts negatively regulated by miR827 and the P toxicity
displayed by overexpressing miR827 and nla mutant plants
were consistent with similar P contents in mir827 mutant
and in NLA-overexpressing plants (Kant et al., 2011).
Similarly, pho2 mutants were also nitrate dependent, and
displayed P toxicity related phenotype like the nla mutants.
Nevertheless, compared with nla or pho2 single mutants,
the excess accumulation of P content was not observed in
nla pho2 double mutant plants, which further explains that
NLA and PHO2 might operate through same pathway
mediated by miR827 and miR399 respectively, and play
pivotal regulatory roles in P homeostasis (Kant et al., 2011).
In rice, osa-miR827 was strongly induced under limited P as
detected by northern blot analysis. The results further
demonstrated that it's two target genes OsSPX-MFS1 and
OsSPX-MFS2; encodes SPX-MFS proteins, were differentially
expressed under P starvation. However, in overexpression
miR827 and T-DNA knockout lines their expressions were
downregulated and upregulated respectively, suggesting a
complex mechanism of regulation of both the targets by
miR827 (Lin et al., 2010). Similarly, another report (Wang et
al., 2012), revealed the central regulation of miR827 by
OsPHR2; a transcriptional factor involved in P homeostasis
regulation in rice as previously described by Bustos et al.
(2010), consequently, enhanced P content observed in
miR827 overexpressing plants or OsSPX-MFS1 mutants
disclosed by minimizing P remobilization from old to young
leaves. Consequently, this report suggesting that
coordinated regulation of P homeostasis by miR827 and
SPXMFS1 is required in leaves, thereby OsSPX-MFS1 being a
potential P transporter.

In maize, two genotypes (wild type; Qi319, low P tolerant
mutant; 99038) were analyzed by sRNA sequencing for the
characterization of P-responsive miRNAs, which implicated
dynamic expressions of several miRNAs under normal and
limited P resistant genotypes (Pei et al.,, 2013). These
findings suggested that low P-responsive miRNAs play
crucial roles in determining the resistance level of low P in
different maize genotypes. Similarly, gRT-PCR and northern
blot analysis in P-deprived wheat, demonstrated the
upregulation of nine TaMIRs except TaMIR408; being the
only one which repressed in response to low P supply (Zhao
et al., 2013). Expression pattern of randomly selected target
genes of the limited P associated miRNAs including MYB3
(TaMIR159b), ARF8 (TaMIR167), SBP (TaMIR408), NADH
dehydrogenase subunit 6 (TaMIR1139), Annexin-like protein
(TaMIR1125), Auxin-induced protein (TaMIR1135) and
PWWP domain containing TF (TaMIR1136), were also found
inversely correlated with their corresponding TaMIRs.

In soybean, micro-array based transcriptional analysis
revealed significant upregulation of 15 miRNAs, while 23
were found suppressed during distinct P regime in leaves
and roots of the plant (Zeng et al., 2010). The results showed
that miR159a upregulated during P deficiency especially in
roots; conversely, downregulation of miR319a, miR396a,
miR398b, miR1507a has been validated through gRT-PCR.
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Moreover, TATA-box and transcription start sites (7SSs) were
located in the upstream regions of most of the P-responsive
miRNAs, however, in total 125 putative cis elements were
found including signaling, metabolism, transport and
stress-related. This might target the regulation of several
genes involved in diverse signaling pathways that ultimately
modulate numerous physiological functions in plants. In
conclusion, a great number of P deficiency related miRNAs
were identified using micro-array, sRNA, and degradome
sequencing technologies, northern blot, and gRT-PCR
analysis in various plant species including white lupin (Zhu et
al., 2010), common bean (Valdes-Lopez et al., 2010), tomato
(Gu et al., 2010), as well as barley (Hackenberg et al., 2013),
implying that they are coordinately involved in the
conserved P signaling pathways in plants.

Potassium and plant miRNAs

Potassium (K) is a vital nutritional element in plant growth
and development, and considered as third essential
macronutrient after nitrogen and phosphorous. Potassium
(K) plays major biochemical and biophysical roles in plants
including enzyme activation, membrane transport, anion
neutralization, photosynthesis, osmoregulation, protein
synthesis, stomatal movement, energy transfer (Marschner,
1995), as well as numerous stress resistance such as salinity,
drought, cold, high light, and hormones (Bose et al., 2014;
Zorb et al., 2014; Straltsova et al., 2014; Daras et al., 2015).
Moreover, a number of studies demonstrate that
unavailability of K content in most soils can adversely affect
physiological and morphological aspects of the plant, thus
negatively influence the crop production (Oosterhuis et al.,
2013). Therefore, plants need to activate sophisticated K
sensing and signaling network in order to modulate
responses in limited K conditions. Consequently, plants
trigger the expression of high-affinity K transporters and
up-regulate certain K channel genes to facilitate uptake and
transport of this cation (Adams and Shin, 2014). Similar to
the other macronutrients such as N P, the K uptake into
plant roots has high and low-affinity components
(Nieves-Cordones et al., 2014). A substantial number of
studies validated KT/HAK/KUP family members and named
as HAK1 or HAK5 (in some species), which consist the high
affinity K uptake system in different plant species
(Martinez-Cordero et al., 2004; Nieves-Cordones et al., 2007).
In case of low-affinity K uptake system, an
inwardly-rectifying K channel of the Shaker family, AKT1, has
been identified in many plant species (Fuchs et al., 2005;
Lebaudy et al.,, 2007). In response to the external K
fluctuations, plant root cells able to sense the extracellular K
concentration and generate initial K signaling events,
consequently, triggers bunch of morphological and
physiological responses to fine tune the absorption,
transport, and efficient use of K to overcome deprived
conditions (Cherel et al., 2014). In K-deprived conditions, the
downstream components such as ROS (Shin et al., 2005), Ca’
" sensors (Xu et al., 2006), transcription factors, e.g., an
AP2/ERF class TF RAP2.11 (Kim et al., 2012), are actively
involved in channeling the transport of K ion to different
locations depending on where they are functional. In
K-deficient conditions, signals are decoded by cytoplasmic
sensors followed by regulation at transcriptional and
post-translational level to adjust both physiological and



biochemical responses (Wang and Wu, 2013). A previous
study conducted by Yan et al. (2014), showed that miR444a
was uniquely involved in K signaling during limited K in rice
plants, which slightly reduced the expression of this miRNA.
Moreover, it has demonstrated diverse roles in rice plants
and was involved in a complex interaction between the NO;
“and P-signaling pathways. Additionally, over-accumulation
of both N and P was noticed in mi444a-overexpressing
plants. Further, it affects the root architecture both under N
and P limiting conditions, also, the root performances of
miR444a-overexpressing rice plants under P starvation were
similar to plants grown under high nitrate conditions. These
findings suggested that miR444a regulates P-starvation-
induced root architecture possibly via activation of the

miR444a-regulated NO; signaling pathway (Yan et al., 2014).

Furthermore, the authors also noticed the reduced nitrate
induced lateral root growth in rice caused by suppression of
its target MADS-box genes; a family of TFs associated with
several developmental regulatory pathways from root to
flower and fruit development (Becker and TheiBen, 2003).
These observations indicated that miR444a participates in
the NO; signaling pathway to trigger plasticity of lateral root
development. Role of miR167 in K signaling could also be
investigated for further studies, which is another conserved
plant miRNA that putatively targets the ion transporters
genes (Griffiths-Jones et al., 2006; Zhang Q et al., 2013). In
rice, miR167 putatively targets intracellular trafficking and
vesicular transport genes (Xu et al., 2014). An interesting
competing phenomenon was noticed for NH, and K uptake
at the site of transporters in barley and Arabidopsis (ten
Hoopen et al., 2010), which explains the possibility of miRNA
regulation for maintaining nutrients homeostasis. Moreover,
HAKS transporter favors N uptake in the presence of NH, " in
K containing medium (ten Hoopen et al., 2010). Similarly,
the high affinity protein AKT1 acts as main transporter for K
uptake even in low K concentrations. Importantly, in silico
analysis can reveal some crucial transporter proteins
involved in Kuptake and mobilization such as AKT, HAK, and
HKT, which acts as potential target sites for miRNAs based
regulation. However, multiple roles for nutrients sensing,
uptake and transport regulated by miRNAs in order to fine
tune physiological state of the plant still requires extensive
knowledge at various levels.

Sulfur and plant miRNAs

The availability of the macronutrient sulfur (S), an
indispensable inorganic mineral, is crucial for plant growth
and development, eventually determining plant vigor and
yield. Sulfur is usually taken up as sulfate (50427) by the root
system, and is then transported to the shoot via the xylem. S
in its absorbable form (50427) is taken up from the soil
through sulfate transporters (SULTRs), which are located in
epidermal and cortical plasma membrane of root. In
Arabidopsis, a total of 14 putative sulfate transporters have
been identified, out of which high-affinity sulfate
transporters such as SULTR1;1 and SULTRI1;2 are chiefly
involved in 50427 uptake from soil. Whereas, low-affinity
sulfate transporters (SULTR2;1, SULTR2;2, and SULTR3;5)
facilitate 50427 translocation within the plant (Kataoka et al.,
2004). Cysteine is a main precursor molecule for various
S-containing compounds including glutathione,
phytochelatins, and metallothioneins, which are well
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recognized for their involvement in numerous plant stress
tolerance (Gill et al., 2013; Anjum et al., 2015).

Depending on the S availability i.e. limited or in abundance,
the expression of several S transporters is largely regulated
by miR395. However, the different tissue specific expression
corroborated a positive correlation between target mRNA
(SULTR2;1) and miR395 levels in roots, whereas a negative
spatial correlation between them was noticed in shoots
(Kawashima et al, 2009). Another intriguing study
performed by Liang et al. (2010), showed that miR395
induced during S deprivation and its main targets were two
families of genes, APS and SULTR2;1, which play role in S
metabolism. In miR395 overexpressing transgenic
Arabidopsis, three APS genes were suppressed and resulted
in the overaccumulation of S in the shoot. On the other hand,
the expression of SULTR2 ;1 was downregulated which
disrupted the transport of S from mature to young leaves,
thus, substantiate the evidence of regulating S homeostasis
in Arabidopsis under S deficiency. Also, the expression of
miR395 induced in the absence of APS4 gene, which
confirmed its negative feedback regulation. Consequently,
this process alters the regulation other target genes and
further complicates S metabolism (Liang et al., 2010). The
translocation of S ions from the root towards the shoot was
facilitated by restricted SULTR2;1 expression in the xylem
parenchyma controlled by miR395. Importantly, during
limited S condition, induction of miR395 is dependent on
SLIM1, a key transcription factor in the S assimilation
pathway, which is critical for the increased translocation of
sulfate to the shoots, so as to enable more efficient sulfate
assimilation in the leaves (Kawashima et al., 2011). During
limited S condition, miR395 was strongly upregulated and
suppressed its target ATP sulfurylase genes, such as APSI,
APS3, and APS4, which confirmed the involvement of
miR395 in S assimilation regulatory circuits apart from SLIM1
dependent mechanism (Matthewman et al., 2012). Several
other S-deficiency related miRNAs were identified in
Brassica napus such as miR156, miR159, miR160, miR164,
miR167, miR168, miR394 and miR395, which could facilitate
us to understand underlying regulatory mechanisms of
miRNAs during S deprivation (Huang et al., 2010).

MiRNAs responsive to mineral elements (Cu, Zn, Fe, Mn, B)

Copper (Cu), Zinc (Zn), Iron (Fe), Manganese (Mn), Boron (B),
all are imperative for most of the growth and developmental
stages of higher plants (Hansch and Mendel, 2009). Cu plays
important roles in plant cellular processes and slight Cu
deficiencies could seriously affect plant growth and overall
biomass (Shin and Yeh, 2012). Fe deficiency causes retarded
vegetative growth and marked yield and quality losses
(Abadia et al., 2011), whereas Zn, being a structural
component of numerous proteins, affects fundamental
physiological processes under its limited availability in plants
(Mattiello et al., 2015). Functions of B are largely associated
with meristematic tissues, hence, its deficiency principally
affects actively growing organs such as shoot and root tips
(Hansch and Mendel, 2009). Whereas Mn is involved in the
biosynthesis of lignin polymerization, therefore Mn
deficiency causes reductions in lignin concentrations in
plants and particularly in roots (Schmidt et al., 2016).

Under limited Cu availability in plants, the miR398 directed
the suppression of Cu/Zn superoxide dismutases (SOD)



genes, CSD1, CSD2 and Cu chaperone for SOD (CCS1), which
is essential for generating the mature SODs, thus implying
the important role of miR398 to fine tune
posttranscriptional regulation (Sunkar et al., 2006; Beauclair
et al., 2010). Also, a subunit of cytochrome C oxidase, a
mitochondrian protein encoded by CYcLo
MONOOXYGENASE is downregulated by miR398. Further,
other three miRNAs in Arabidopsis, miR397, miR408, and
miR857 were accumulated during limited Cu supply,
consequently, downregulated the expression of its targets,
laccase and plastocyanin genes, thus ensuring the copper
supply to the plants under its limited availability
(Abdel-Ghany and Pilon, 2008). Among laccase (LAC) genes,
LAC3, LAC12, and LAC13, are suppressed by miR408,
whereas miR397 targets the mRNA of LAC2, LAC4, and
LAC17, however, miR857 was involved primarily to degrade
the transcript of LAC7. Importantly, miRNAs mediated
targeting of Cu proteins for the regulation of Cu homeostasis
seems strikingly unique mechanism, which is different for
other trace elements thereby targeting the machinery
required for their assimilation.

Several miRNAs were identified during Mn starvation,
which were also involved in other nutrient stresses (Table 1).
A study performed by Valdes-Lopez et al. (2010), identified
Mn-responsive miRNAs in common bean such as miR156,
miR157, miR166, miR167, miR169, miR170, miR172, miR319,
miR390, miR395, miR2118, miR1508, miR1526, miR1532 and
miR2118. The targets for these miRNAs were identified to be
associated with wide range of TFs and other regulatory
proteins. However, this report also demonstrated that the
changes in the supply of one nutrient affect the availability
of other nutrient elements, which explains the possibility of
complex interaction between miRNAs in regulating nutrient
homeostasis. For instance, regulation of miR398 was
involved during Cu deficiency by activating the expression of
CSD gene, while its opposite regulation was noticed in case
of Fe deficiency (Waters et al., 2012). Under Fe starvation,
miR397, miR398a, miR398b, miR398c, miR398s, miR399,
miR408 were suppressed, while limited Cu induced their
expressions. In addition, FeSODs are downregulated and the
proteins are functionally replaced by CuSODs by increased
expression of CSD1 and CSD2 under Fe starvation, which
suggests a coordinated regulation of miRNAs and CuSODs to
maintain Fe homeostasis (Waters et al., 2012). Moreover,
other conserved miRNAs families were also identified in
Arabidopsis under Fe starvation, such as miR159, miR164,
miR172, miR173, and miR394 (Kong and Yang 2010).
Interestingly, Fe-responsive cis regulatory elements
(IDE1/IDE2) were also found in the promoter of these
miRNAs, which are crucial for the regulation of Fe-deficiency
responsive genes. Further other types of cis elements were
also found in this study, which demonstrate the involvement
of various biochemical and metabolic pathways during Fe
homeostasis. In case of Zn deficiency, several miRNA families
were upregulated in root of Sorghum bicolor that include
miR398, miR319, miR166, miR168, and miR399, while
miR171 family and miR528 were significantly downregulated
in leaves (Li et al., 2013). Target genes were predicted for
these Zn-responsive miRNAs, most of which encoded for TFs
and proteins associated with metabolic processes, such as
TCP2-1, TCP2-2, SCL6-1V, Plantacyanin, CSD2, PHB-1, and
PHB-2. This study strongly suggested that miRNAs play an
important role in Zn-deficiency tolerance in Sorghum and
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highlighted a novel molecular mechanism of Zn-deficiency
resistance in plants. In case of B deficiency, control and
B-deficient root libraries were generated in Citrus sinensis
for miRNAs identification and expression pattern analysis. In
roots subjected to B starvation, 52 miRNAs were found with
elevated expressions, while 82 were found downregulated,
demonstrating marked flexibility of C.sinensis roots during B
deficiency tolerance (Lu et al.,, 2014). This study also
proposed several adaptation strategies of C. sinensis roots
for B-deficiency tolerance based on the their results, mainly
includes (1) perturbation of ROS signaling and scavenging
due to elevated expression of miR474 and suppression of
miR782 and miR843; (2) modifications in the lateral roots
development in C. sinensis due to suppression of miR5023,
which might upregulated its target gene expression ROOT
HAIR DEFECTIVE3 (RHD3), which was previously reported as
key factor involved in increase lateral roots formation in
plants (Hajiboland et al., 2012); (3) upregulation of miR394
in roots possibly downregulated the accumulation of LEAF
CURLING RESPONSIVE (LCR) mRNA, which lead to certain
morphological changes specifically required for B-deficiency
tolerance; (4) downregulation of miR830, miR5266 and
miR3465 increased cell transport in vesicles and organelles
by altering the expression of targets such as microtubule
motor proteins (Kinesins) and autoinhibited Ca’"-ATPase 11;
(5) increased the transcript of miR821 might suppressed its
target gene (GDH1; NADP-dependent glutamate
dehydrogenase), while decreased transcript of miR5023 in
roots, conceivably altered several metabolic reactions due to
targeting FK506-binding proteins (FKBP), cyclosporins (CyPs)
and parvulin (Pvn) which are the three major classes of
peptidyl prolyl cis-trans isomerases (PPlases) and are
considered to assist chaperones by accelerating the slow
rate-limiting isomerization steps. Therefore, understanding
miRNAs-based strategies in B-deficient roots would further
elucidate underlying molecular mechanisms necessary for
maintaining nutrients in plants. However, miRNAs-based
regulation of nutrients homeostasis in various plants
exhibited a number of similar adaptations at the
morphological, physiological and molecular level. Among
them, the most critical strategies including but not limited to
the following adaptations, such as root architecture
modifications for nutrient acquisition, modulation of
nutrient transport channel, long distance signaling and
mobility under nutrients starvation conditions as well as the
involvement of plant hormones at various levels during this
process, details of which are provided in our next section.
Nevertheless, all of these events have expanded our
understanding for the underlying precise control mainly at
transcriptional and posttranscriptional levels and will help us
fine tune future endeavors.

MiRNAs-mediated plant adaptation under nutrient
stress

Root architecture modifications to optimize nutrient
acquisition

Plant roots play highly important roles ranging from
anchorage and acquisition of nutrients and water to
interactions  with microsymbionts in the soil.
Heterogeneously distributed soil resources valuable for the
plant productivity is mainly determined by root ability to



acquire them through its widely spread root system. Root
architecture defines the shape and spatial structure of the
entire root system and it depends on both the primary and
lateral root growth (size) as well as branching of the lateral
roots (shape). However, the ability of nutrient uptake may
not be solely due to differences in root size, but also
depends on nutrient uptake kinetics that define root
functioning (Pang et al., 2015). Further, plant root
architecture is controlled by several well-described signalling
pathways, which are notably linked to hormone action
(Mansoorkhani et al., 2014). Root tissues are generated by
the root apical meristem (RAM), representing a radial
patterning that consists of concentric cell layers of epidermis,
cortex, endodermis and pericycle, which encapsulates the
surrounding region of xylem and phloem. Cell division and
elongation in the RAM is controlled by the coordinate action
of various phytohormones, such as auxin, cytokinin,
ethylene, and gibberellins (Benkova and Hejatko, 2009;
Perilli et al., 2012). In this context, numerous miRNAs were
reported to be involved during root development thereby
controlling cell division and differentiation, consequently
alters the entire geotropical status of the plant roots in
terms of nutrient procurement. For instance, miRNA160 that
repressed the expression of its targets ARF10 and ARF16,
known as AUXIN RESPONSE FACTORS (ARFs) that control cell
division and differentiation in the RAM, showed shorter
roots with enlarged tumour like root apex, demonstrated
that miR160 and its ARF targets may be necessary to restrict
cell divisions and to promote cell elongation and
differentiation during the root cap formation (Wang et al.,
2005). In Arabidopsis, another crucial report forwarded by
Rodriguez et al. (2016), studied the involvement of miR396
in the root elongation and control of transit-amplifying cells
at the root meristem by targeting GROWTH-REGULATING
FACTORS (GRFs), however, authors elegantly deciphered an
miR396/GRFs-PLT regulatory module to balance the division
activities in this territory. Another equally interesting study
demonstrated that miR171 overexpression reduces the
primary root length, similar phenotypes were observed for
subsequent mutation in the HAM genes culminated in
abnormal columella cells with arrested root growth as
described in earlier studies (Engstromet al., 2011; Zhou et al.,
2015). Despite their critical roles during embryogenesis,
miRNAs also play vital roles in overall root development,
such as miR165/166 regulate differentiation of the vascular
tissues and control the root meristem size (Carlsbecker et al.,
2010). Further, a negative role of miR857 was reported by
Zhao et al. (2015), showing its negative regulation during
differentiation of secondary xylem. Importantly, expression
of miR390 in pericycle cells during lateral root development,
negatively regulated auxin associated TFs including ARF2,
ARF3 and ARF4 in lateral root primordia, thus suggesting its
strong involvement in controlling lateral root growth (Marin
et al., 2010). Moreover, miR164 participated during the
adaptation process of root architecture under nutrient
deficient conditions and significantly increased lateral root
development (Li et al., 2012). Interestingly, miR393 was
specifically induced in the roots and increased the lateral
roots by modulating auxin signaling (Windels et al., 2014).
Another detailed study reported by Gutierrez et al. (2012),
demonstrated the coordinated roles of miR160 and miR167
targeting auxin responsive genes indispensable for root
architecture remodeling. Similarly, overexpression of
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miR847 exhibited more lateral roots thereby modulating
indole acetic acid (IAA) related genes (Wang and Guo, 2015).
Plants respond according to the availability status of macro-
and micro- nutrients and in turn adapt certain strategies at
the molecular level in order to efficiently use available
resources. Several miRNAs participate at this level for
nutrient uptake, translocation, sensing and assimilation via
modifications in its root architecture thereby targeting
plethora of genes and alter their expression (Figure 2).
However, number of factors at all the aforementioned levels
contributes to the regulation of root architecture
development, such as preinitiation and meristem activation
as well as hormonal switches (Petricka et al., 2012; Lavenus
et al.,, 2013). Moreover, nutrients stress trigger several
miRNAs to regulate the entire process of efficient nutrient
acquisition, however, phytohormones and nutrient-specific
transporter proteins actively participate at this level (Figure
2). However, nutrients intake by plants through its root
system is one of the crucial events during this process and
further understanding the control of root architecture by
miRNAs under nutrient deficient conditions is indispensable.

Modulation of the plant transport channel

The uptake of plant essential nutrients rely upon
soluble/chemical form of each nutrient element, which is
greatly affected by number of environmental factors
including but not limited to water gradient in the soil, soil
and water pH, redox potential, availability of microbes, and
distribution of organic matter in soils (Marschner, 2011). In
fact, nutrient availability through soils is often limited due to
its highly heterogeneous environment, which changes
readily over time and enormously affects nutrients mobility.
These factors, including nutrients mobility, consequently
result in spatio-temporal distributions of soil nutrients
(Jobbagy and Jackson, 2001). Thus, plants being sessile in
nature must cope these sorts of remarkable changes thereby
sophisticated adaptations for optimal nutrient procurement.
Modulation of nutrient transport channel is one such
effective strategy, which ensures optimal nutrient
availability to the plants for survival. However, coordinated
action of transport molecules including transporter proteins,
transcription factors and various sensing and signaling
related molecules play their crucial roles in this complex
mechanism (Figure 3). Mainly, transport process includes
uptake of nutrients from soil through root cells with
subsequent loading onto xylem tissues, finally, mobilization
and reallocation from source to sink occurs in a meticulous
manner. In recent years, several novel players were
identified for the transport of distinct nutrient elements
including N, P, K, S and other mineral elements. Generally, N
uptake and transport involves four major transporter
families that includes, NITRATE TRANSPORTER 2 (NRT2),
NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER FAMILY
(NPF), CHLORIDE CHANNEL FAMILY (CLC) and SLOW ANION
ASSOCIATED CHANNEL HOMOLOG (SLAC/SLAH) transporters
(Negi et al., 2008; Barbier-Brygoo et al., 2011; Krapp et al.,
2014; Léran et al., 2014). Interestingly, high-affinity nitrate
transporters, NRT2.4 and NRT2.5, which uptake nitrate into
the roots in addition to its participation in shoot transport,
and also interact with NRT2.1 to maintain nitrate in the
phloem under N deficiency (Lezhneva et al., 2014). Similarly,
for the P uptake and mobility, P high-affinity transporters



(PHTs) and P/H" symporters have been identified
(Mlodzinska and Zboinska, 2016). In Arabidopsis, PHT gene
family is divided into four groups (PHT1, PHT2, PHT3, and
PHT4), which participated at distinct levels for P mobilization
(Nussaume et al., 2011; Ye et al., 2015). Other P transporters
such as PHO1 (Phosphate 1), involved in P loading into the
xylem, and PHO2 (Phosphate 2), which degrades phosphate
transporters (PHT1;1, PHT1;2, PHT1,3, PHT1;4, PHO1) and
phosphate transporter facilitatorl (PHF1), thus play role as a
negative regulator of P uptake (Huang et al., 2013; Wege et
al.,, 2016). In case of K transporters, several gene families,
including KUP/HAK/KT, HKT, NHX, and CHX comprising the K
transport channel, however, these activities are coupled
with H or Na'co-transporters as reviewed by Wang and Wu,
(2013). In addition, an unknown K uptake pathway has also
been proposed, which is distinct than that mediated by
HAK5 and AKT1 (Caballero et al.,, 2012). In case of S, five
groups of S transporters have been characterized in
Arabidopsis based on sequence similarity, substrate
specificity and tissue specific localization, where members
belonging to group 1 are high affinity S transporters and
group 2 are low affinity S transporters (Yoshimoto et al.,
2007; Takahashi, 2010). In case of micronutrients, such as
Fe-regulated transporters (At/IRT1, AtIRT2, AtIRT3), and Cu
transporters (COPT/Ctr-family), have been identified which
play vital roles in Fe and Cu acquisition and transport
(Andres-Colas et al., 2010; Barberon et al., 2011). In case of
Mn, which serves as a cofactor for essential plant processes,
several gene transporter families have been implicated,
including NRAMP (natural resistance associated macrophage
protein), YSL (yellow stripe-like), ZIP (zinc regulated
transporter/iron-regulated transporter [ZRT/IRT1]-related
protein), CAX (cation exchanger), CCX (calcium cation
exchangers), CDF/MTP (cation diffusion facilitator/metal
tolerance protein), P-type ATPases and VIT (vacuolar iron
transporter; Socha and Guerinot, 2014).

In recent past, miRNAs were extensively explored during
nutrient deficient conditions, which were involved in
modulating the expression of genes encoding specific group
of transporters, however, number of other gene families
(especially transcription factors) were also involved in
overall miRNAs-mediated modulation of nutrient transport
channels. For instance, miRNA156 targets SPL3, SPL9, and
SPL15, members belonging to SPL gene family of TFs, which
inhibits vegetative phase of the plants, thus play critical roles
in maintaining normal growth during limited N conditions
(Krapp et al., 2011). Moreover, miR393 functionally targets
Auxin Signaling F-Box Protein 3 (AFB3) in roots, and in this
study authors also found that N-responsive miR393/ARF3
module is necessary to repress primary root while induce
lateral root formation (Vidal et al.,, 2010). Other auxin
responsive factors, such as ARF16 and ARF8, targeted by
miR160 and miR167, respectively were found to be involved
in controlling the root architecture under limited N
conditions (Gifford et al., 2008; Liang et al., 2012). Further,
an N-responsive miRNA, miR171, downregulated its targets
SCL6-1l, SCL6-11l, SCL6-1V, members of the Scarecrow-Like 6
(SCL6) gene family, and authors found their strong
association with root elongation (Liang et al., 2012). Other
miRNAs and their targets involved in N transport channel
includes, miR444 (targets, OsMADS23, OsMADS27a,
OsMADS27b, and OsMADS57; MADS-Box genes) in rice (Yan
et al,, 2014), while miR169 (targets, NFYA3, NFYA5, and
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NFYA8; members of transcription factor NFYA family),
interestingly, NFYA were involved in the regulation of N
transporters NRT1 and NRT2 (Zhao et al., 2011). Similarly, a
set of specific miRNAs and their targets were also found
compulsory for P regulation under its limited supply. Two
phosphate transporters; phosphate transporter 1 (PHT1)
and phosphate 1 (PHO1), core proteins necessary for P
assimilation and translocation, are directly or indirectly
regulated by miR399 and miR827 under P stress (Liu et al.,
2012). However, a negative regulation of nitrogen limitation
adaptation (NLA) gene, a target of miR827, was also
necessary to maintain P homeostasis in N dependent
manner (Kant et al., 2011). In case of S stress, the induction
of miR395 confined the expression of SULTR2;1, which is a
low affinity sulfate transporter, and consequently facilitates
the translocation of sulfate ions from the roots to the shoots.
More importantly, accumulation of SULFUR LIMITATION1
(SLIM1) protein in the roots triggers other S transporters to
facilitate this process during S deficiency (Kawashima et al.,,
2011). Moreover, miR395 also triggers S assimilation thereby
regulating ATP sulfurylase genes, such as APS1, APS3, and
APS4 (Matthewman et al., 2012). In case of Cu starvation,
miR397, miR408, and miR857 were upregulated and thier
targets were associated with laccase and plastocyanin gene
families. Numerous other miRNAs were responsive to
various other metal ions, such as Al, As, Hg, Cd and Cs
toxicity, thereby altering the expression of plethora of stress
related genes (Zeng et al., 2012; Zhou et al., 2012a, 2012b;
Zhang et al., 2013; Yang and Chen, 2013; Jung et al., 2015).
The main idea of describing the dynamic regulatory roles of
miRNAs during various nutrient stresses thereby targeting
wide array of stress associated genes including transporters,
was to establish the fact that miRNAs are critically involved
at every step for maintaining the nutrient homeostasis;
however, finding the upstream regulatory elements in this
highly complex mechanism is still elusive.

Phloem-specific miRNAs and
mobility

long distance nutrient

The requirement of essential inorganic nutrients inside cells
and organs are tightly regulated in order to maintain
nutrients homeostasis in plants, however, the transfer of
information for nutritional needs between organs and across
all plants parts is also crucial for optimized nutrient
allocation, specifically in developing tissues and organs of
the plants. Any organ under nutrient deficient condition
needs to convey this message to other organs, whether for
nutrient  reallocation or uptake. This kind of
cross-communication and translocation is regulated via
phloem, which are conducting tissues that originate from
vascular meristem within the vascular bundle. The process
of nutrients mobility starts after its uptake by roots.
Nutrients are then allocated to farther storage parts or
according to its demand in various organs comprising long
distant systemic mobility. Both xylem and phloem
participate in long-distance mobility (Figure 3); however,
phloem-mediated signaling and translocation play important
roles during nutrient stress conditions. The Phloem
maintains the source and sink connection as well as ensures
the signal transduction during various stress responses.
Recently, phloem specific miRNAs suggested their regulatory
roles in establishing gradients of gene expression necessary



for signaling involved in diverse physiological feedbacks,
including nutrient transport under its short supply (Kehr,
2013). In this context, a study conducted by Buhtz et al.
(2010), identified phloem associated miRNAs that responded
specifically during nutrient deficiencies and this response

was clearly dissimilar from that in the stem, roots and leaves.

Authors found that miRNAs, such as miR162, miR167,
miR168, miR169, and miR399 were strongly accumulated in
phloem samples, while miR158, 396 and 397 were
stem-enriched. Moreover, phloem specific miRNAs were
also found distinct from that of leaf and roots, such as
miR169, miR390, miR829, miR894 were more abundant in
phloem sap, while miR156, miR159, miR160, miR162,
miR164, miR165, miR166, miR167, miR393, miR394, miR396
and miR403 were less abundant in the phloem as compared
to both leaves and roots. Further, phloem associated
miR395 and miR399, transported from shoot to root via
phloem, and that this translocation leads to a reduction of
the amount of their target mRNAs in roots, revealed during
grafting experiments. However, not all miRNAs are phloem
translocatable, as seen in the case of miR171, which did not
move. Therefore, miR395 and miR399 not only
demonstrated translocation from source to sink but also
controls the target gene expression in sink, thus act as
scrupulous signaling molecules potentially involved during
long distance transport (Figure 2). Interestingly, miR395,
miR399 and miR2111 found in phloem sap, potentially
characterized in long distance transport and were
simultaneously responsive to diverse nutrients deficiencies
(Abdel-Ghany and Pilon, 2008; Pant et al., 2008; Buhtz et al.,
2010). However, nutrient sensing and signaling necessary for
nutrients homeostasis, is a complex mechanism that
requires large scale metabolic perturbations at multiple
levels and phytohormones play crucial role in this process.

MiRNAs and hormonal coordinated regulation of nutrient
homeostasis

To maintain optimal plant growth and development under
limited availability of nutrients, plants undergoes numerous
physiological and biochemical changes to maximize nutrients
acquisition for its survival. Interestingly, nutrient elements
serve as signaling molecules that integrates and coordinates
gene expressions, triggers chemical switches and in turn
stabilize plant metabolism and growth (Liu et al.,, 2017).
Primarily these responses also activate highly sophisticated
transport system that facilitate nutrients sensing, uptake
and remobilization (Noguero and Lacombe, 2016).
Nonetheless, plant hormones play central role during these
events and interacts with nutrient signaling at multiple levels
(Rubio et al., 2009). Recently, a large body of evidences
reported the capability of miRNAs in the regulation of
fundamental plant developmental processes, such as leaf
morphogenesis, postembryonic shoot meristem regulation,
root system development along with dynamic regulation of
key agronomic traits in crop plants, as thoroughly reviewed
by other colleagues (Rodriguez et al., 2016; Li and Zhang,
2016). In the context of nutrients homeostasis in plants, a
tightly coordinated mechanism between miRNAs and
various hormones has been observed, whereas miRNAs
targeted phytohormones-associated genes corroborate this
dynamic regulation; however, it is highly dependent on the
level of nutrients availability to plants (Krouk et al., 2011). To
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control nutritional status in plants, several hormones are
involved, such as CK, ABA, ET, AUX, JA and GA. Explicit
hormonal control is indispensable, specifically in conjunction
with root architecture regulation, such as lateral root
development (Figure 2). Further, phytohormones interaction
with nutrient signaling implicate complex physiological and
biochemical changes that enhance nutrient scavenging and
remobilization capacity, ultimately protect plants from the
stress generated by nutrient deficiency as reviewed by Rubio
et al. (2009). Interestingly, several MIR genes were found to
contain hormone and stress responsive cis elements in their
promoters (Zhao and Li, 2013; Chen et al., 2016).

Moreover, numerous miRNAs were functionally associated
with various plant hormones exhibited by abnormal
phenotypic changes in plants due to their hypersensitivity,
which suggest that miRNAs are key regulators of hormones
based responses in plants that affects their perception,
distribution and metabolism (Liu et al., 2009). Among all the
studied hormones in conjunction with miRNAs based
responses for nutrient stress, auxin and cytokinins are the
two most prominent groups of hormones involved in this
mechanism. Several miRNAs are involved in hormones
mediated responses, such as miR160 affect later roots
formation via auxin signaling pathway thereby targeting
auxin responsive factor (ARF18) in rice (Huang et al., 2016).
Further, miR847 and miR390 controls lateral root
development in Arabidopsis and it was regulated via
auxin-dependent pathway (Yoon et al., 2010; Wang and Guo,
2015). Interestingly, auxin responsive factors, GmARF8a and
GmMARF8b, necessary for lateral root formation and nodules
development were directed by miR167 regulation in
soybean (Wang et al., 2015). More importantly, several
evidence have indicated that ethylene promotes auxin
biosynthesis and transport to regulate root development
(Swarup et al, 2007; Stepanova and Alonso, 2009).
Interestingly, miR399 was involved in ethylene systemic
signaling pathway to regulate root development (Song and
Liu, 2015). Further, a study in Arabidopsis reported by
Iglesias et al. (2014), demonstrated that miR393 is involved
in the downregulation of TIR1 and AFB2, a family of F-box
receptors, which consequently repressed auxin signaling
pathway and affected the plant root architecture. Also,
ectopic expression of miR160 resulted in auxin and cytokinin
hypersensitivity during symbiotic nodule formation and
development in soybean; however, this regulation was
largely developmental stage specific which was necessary
for proper nodule formation and maturation (Turner et al.,
2013; Nizampatnam et al., 2015). Moreover, the interaction
between auxin and cytokinin is common in plant
development, also, miR160 directed regulation of ARF10
provides a molecular link between auxin and cytokinin (Liu
et al., 2016). Another interesting report described by Ariel et
al. (2012), clearly established that miR171 was uniquely
involved in the posttranscriptional regulation of NSP2, a
well-known upstream TF that controls nodules development
(Madsen et al., 2010), and that the cytokinins dependent
dynamic regulation of NSP2 was mediated by miR171. The
evidence collected under experimental observations
markedly shows that miRNAs that target TIR1 and several
ARFs are affected by nutrient deficiency and wide range of
other stresses, clearly implying that miRNAs play critical role
during auxin regulations in response to plenty of
environmental stress cues. For instance, the change in the



expression levels of three miRNAs, miR160, miR167, and
miR393 were observed during ABA application and exposure
to various other abiotic factors such as salt, drought, cold,
heat, including S metabolism in a range of plant species,
interestingly, the same three miRNAs are also induced in
response to bacterial infection (Zhang et al., 2011).
Moreover, previous reports revealed that the effects of
miR160, miR166, miR167, and miR393 on auxin signaling
might lie at the level of regulation of ARFs, additionally,
auxin responsive elements (AuxREs) are often present in the
promoters of miRNA genes such as miR167 (Meng et al.,
2010). These findings suggest that feedback regulatory
mechanism for auxin signaling and other signal transduction
pathways might be controlled by miRNAs. Regardless of how
these specific events are controlled and what are the
upstream key players, regulation of miRNAs and its
coordination with hormonal, nutritional, and stress signaling
pathways is essential for plants in order to activate
appropriate defense schemes.

Conclusion and future perspectives

Plants being naturally sessile therefore have evolved
convoluted mechanisms to overcome nutrient stress
conditions. More recently, miRNAs and their imperative
roles during nutrient homeostasis have been extensively
investigated, which encompasses all levels of nutrient
acquisition that ranges from nutrient uptake, assimilation to
mobilization/reallocation from source to sink. It is extremely
desired to understand the science behind nutrient-plant
synergy, and subsequently shrunken the usage of chemical
fertilizers causing negative implications on existing
ecosystem. Our current understanding regarding nutrients
sensing, signaling and uptake is constantly increasing,
however, we are still lacking the exact mechanism behind
this complicated process. In this review, we have not only
focused on how miRNAs play their dynamic roles to maintain
an optimal supply of nutrients under stress situations, but
also discussed some of the very important and commonly
exhibited plant adaptations under distinct nutrients
shortage. We have described in details that how miRNAs
play their diverse roles to maintain distinct nutrients
including N, P, K, S and other mineral elements, however, it
was difficult to clarify about how the miRNAs are involved in
K metabolism, unfortunately the literature is still scarce to
understand the precise molecular basis of mIiRNA/K
interaction in plants. Nonetheless, plants successfully
displayed certain strategies to effectively cope various
nutrient stresses. For instance, most plants have
reprogrammed their signaling network in the presence of
miRNAs in order to trigger root architecture modifications
under various nutrient stresses, consequently, optimizing
nutrients availability to plants for their normal growth.
Further, miRNAs-based modulation of specific transporters,
was also a common strategy adapted by plants under
nutrient stress in most cases. However, spatio-temporal
regulation of miRNAs is essential for precise and systematic
control of nutrient homeostasis. Moreover, the pseudo
interaction between IPS/ and miR399, represents unique
insights into regulatory functions determined by its natural
target mimicry, hence, identification of new endogenous
target mimics will help us design more appropriate
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miRNAs-oriented nutrient stress
responses in plants.

Furthermore, long distance nutrients mobilization is
characterized by phloem mediated communication, which
was shown to be strongly associated with phloem specific
miRNAs. Moreover, a tightly coordinated mechanism
between miRNAs and various hormones has been observed,
which is essential for wide scale dynamic regulation to
efficiently control nutrients homeostasis across different
cells/tissues within plant. However, we still do not know,
how exactly plants sense external or internal nutrients
scarcity initially to specifically respond to a peculiar nutrient
element. We are also lacking sufficient evidences
determining the correct upstream switches involved in this
process. Other future challenges include, how the
spatio-temporal regulation of nutrient homeostasis can be
associated with physiological changes and what are the
trade-offs between them during this course. Also, there is
still limited knowledge about sensing and signaling
responses associated with nutrient shortage, where nutrient
elements itself serve as signaling molecules and interact
with other stress related signals specifically phytohormones.
Importantly, it is necessary to shatter the barriers and to
know precise mechanisms involved in nutrients sensing,
signaling, morpho-physiolological plant responses and
miRNA based networking cascade to achieve our larger goals
of reducing food insecurity.

strategies to cope
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