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Plant microRNAs (miRNAs) and their target genes have im-
portant functional roles in nutrition deficiency and stress re-
sponse. However, the underlying mechanisms relating relative
expression of miRNAs and target mRNAs to morphological
adjustments are not well defined. By combining miRNA ex-
pression profiles, corresponding target genes and transcription
factors that bind to computationally identified over-repre-
sented cis-regulatory elements (CREs) common in miRNAs
and target gene promoters, we implement a strategy that
identifies a set of differentially expressed regulatory inter-
actions which, in turn, relate underlying cellular mechanisms
to some of the phenotypic changes observed. Integration of
experimentally reported individual interactions with identi-
fied regulatory interactions explains how (i) during mineral
deficiency osa-miR167 inhibits shoot growth but activates ad-
ventitious root growth by influencing free auxin content; (ii)
during sulfur deficiency osa-miR394 is involved in adventi-
tious root growth inhibition, sulfur and iron homeostasis,
and auxin-mediated regulation of sulfur homeostasis; (iii)
0sa-miR399 contributes to cross-talk between cytokinin and
phosphorus deficiency signaling; and (iv) a feed-forward loop
involving the osa-miR166, trihelix and HD-ZIP 11l transcription
factors may regulate leaf senescence during drought. This
strategy not only identifies various regulatory interactions
connecting phenotypic changes with cellular or molecular
events triggered by stress, but also provides a framework to
deepen our understanding of stress cellular physiology.

Keywords: Abiotic stress ¢ MicroRNA e Mineral deficiency
e Next-generation sequencing e Regulatory cascade e
Transcription factor.

Abbreviations: ARF, auxin response factor; CRE, cis-regula-
tory element; DCL1, Dicer-Like 1; DEM, differentially ex-
pressed miRNA; GEO, Gene Expression Omnibus; HYL1,
HYPONASTIC LEAVES; miRNA, microRNA; NGS, next-gener-
ation sequencing pre-miRNA, precursor microRNA; pri-
miRNA, primary microRNA; sRNA, small RNA.

Plants have evolved sophisticated strategies at morphological,
biochemical and molecular levels to withstand stress

Introduction

conditions. Numerous studies have shown that plant genes
are regulated under stress conditions such as drought, salinity,
cold, oxidative stress and mineral deficiency (Zhu 2002, Paul
et al. 2015). Studies in Arabidopsis thaliana under stress have
shown that stress-induced regulation operates at various levels,
and regulatory molecules and small RNAs (sRNAs) are integral
to this regulation (Sunkar et al. 2007). Indications of the im-
portance of sRNAs in stress response came from in silico ana-
lysis of microRNAs (miRNAs) and their targets, and cloning of
stress-induced miRNAs from Arabidopsis (Jones-Rhoades and
Bartel 2004, Sunkar and Zhu 2004). Further investigations re-
vealed that small regulatory RNAs play an important role in the
post-transcriptional regulation of gene expression in all biosys-
tems studied so far, including rice (He and Hannon 2004).
Depending on their origin, structure, associated effector pro-
teins and biological roles, small regulatory RNAs have been
classified into several groups (Ketting 2011). miRNAs are asso-
ciated with post-transcriptional regulation through cleavage
and translation inhibition (Bartel 2004, Chen 2005). miRNAs
are approximately 19-24 nucleotides in length, with a nucleo-
tide overhang at the 3’ end in the duplex conformation (Chen
2005). miRNA genes encode primary miRNAs (pri-miRNAs),
containing a long sequence of several hundred nucleotides
(Chen 2005). The pri-miRNAs are then converted to precursor
miRNAs (pre-miRNAs) by RNase Ill-like enzymes i.e. Dicer-Like
(DCL1), HYPONASTIC LEAVES (HYL1) and SERRATE (SE) pro-
teins (Park et al. 2005). The pre-miRNA is converted into an
miRNA duplex structure with methylation at the 3’ terminus
and is exported to the cytoplasm (Park et al. 2005). While
entering the cytoplasm, one of the duplex strands of miRNA
is directed to the exosome for degradation. The other strand
(mature miRNA) is exposed to the RNA-induced silencing com-
plex (RISC) and is incorporated into an ARGONAUTE (AGO)
complex. It then binds to target transcripts on the basis of
sequence complementarity, and the target transcript is cleaved
by the AGO complex.

Plant miRNAs have been primarily associated with develop-
ment, nutrient uptake and responses to biotic and abiotic stress
(Jones-Rhoades and Bartel 2004, Sunkar and Zhu 2004). miRNA
target genes may include transcription factors or functional
enzymes having important roles in stress response. The role
of miRNAs in the abiotic stress response has been shown in
Arabidopsis using miRNA metabolism mutants. An A. thaliana
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mutant with a defect in HYL1 has increased sensitivity to ABA
(Lu and Fedoroff 2000), DCL1 and HUA ENHANCER 1 (HEN1)
mutants are more susceptible to salt and osmotic stress (Zhang
et al. 2008). Differential expression of miRNAs under various
stress conditions such as cold, drought, salt, UV-B radiation,
oxidative stress or mechanical stress (Sunkar and Zhu 2004,
Sunkar et al. 2007, Jeong et al. 2011, Paul et al. 2015) is well
documented. In Arabidopsis, Sunkar and Zhu (2004) found
miR393 to be up-regulated by cold, dehydration, salinity and
ABA treatments, while miR319¢ was induced by cold but not by
the other treatments; miR389a, however, was down-regulated
by all stress treatments applied. Previous studies have also re-
ported that several miRNAs are associated with the uptake and
transport of nutrient minerals in plants (Kehr 2013). In rice,
miR827 is associated with phosphorus (P) mobilization in old
leaves (Wang et al. 2012). The expression of miR398a has also
been found to be modulated by P, carbon and nitrogen (N)
limitation (Kuo and Chiou 2011).

Differential expression of miRNAs indicates that miRNA
genes themselves are regulated at the transcriptional level.
A previous study has reported that the expression of miR399
is regulated by the MYB transcription factor PHR1 (Franco-
Zorrilla et al. 2004). Transcriptional control of genes may be
brought about by cis-regulatory elements (CREs), located in
promoters of miRNA genes, and their corresponding transcrip-
tion factors. Similar to promoters of mRNA-encoding genes,
promoters of miRNA genes harbor multiple CREs. miRNA
gene expression depends on binding of the corresponding tran-
scription factors to CREs and the specific combinatorial logic
among them. Transcription factor-mediated regulation may
result in condition-specific miRNA accumulation. Several com-
putational approaches aimed at understanding the CRE-
mediated combinatorial regulation at the promoter regions
of genes (Pilpel et al. 2001, Kato et al. 2004, Deb et al. 2016)
are available. The existing computational approaches may be
adapted to study possible CRE-mediated regulation of differen-
tially expressed miRNA (DEM) genes, but only a few studies
have attempted to do so (Meng et al. 2009, Zhao and Li 2013).
The analysis of CRE elements in DEM promoters may be used to
reveal the diverse set of causal factors that possibly regulate the
expression of miRNAs.

In the present study, our aims were (i) to identify the DEMs
and their differentially expressed target genes; (ii) to predict the
over-represented CREs in promoters of both miRNAs and tar-
gets; and (iii) by integrating these results with previously docu-
mented molecular interactions, to relate these interactions with
the observed phenotype under stress. To meet these goals, we
analyzed miRNA expression data sets that included abiotic stress
(cold, drought and salt) in panicles and seedlings, and mineral
deficiency [potassium (K), P, N and sulfur (S)] in root and shoot
tissues of Oryza sativa. Analysis of the expression profile of
miRNAs, corresponding target genes and transcription factors
that bind to over-represented CREs found to be common in
miRNAs and target gene promoters (Fig. 1) allowed us to identify
various regulatory interactions that may connect phenotypic
changes observed under stress conditions to the cellular and
molecular events triggered by the same stress.

Results

Tissue-specific differential expression of miRNAs
in abiotic stress and mineral-deficient conditions

A filtered set of 62 validated rice miRNAs was used for this
study. A set of 182 miRNAs collected from miRBase v21
(http://www.mirbase.org/) were mapped exactly on precursor
sequences obtained from MSU Rice Genome Annotation
Project Version 7, resulting in 106 precursor sequences cor-
responding to 155 miRNAs. Out of these 155 miRNAs, we
chose only those miRNAs for which all three software tools
(psRNATarget, Tapir and Target Finder) predicted at least one
common target. The 112 miRNAs so obtained included both
5p and 3p forms, and hence shared the same promoter. Again
as mature miRNAs encoded by different MIR genes may have
the same mature sequence, our selected set of miRNAs
included 62 validated rice miRNAs corresponding to 79 pro-
moters (Fig. 1). These 62 unique mature miRNA sequences
were mapped to 14 next-generation sequencing (NGS)
libraries (Supplementary Table S1). Normalized expression
values for miRNAs were obtained for each data set
(Supplementary Table S2). The data sets include abiotic
(cold, drought and salt) stress conditions in two rice tissues,
namely the panicle and seedling, and mineral deficiency (K, P,
N and S) conditions in rice root and shoot (Supplementary
Table S2). Fold change values of miRNAs were calculated for
every data set with respect to the respective controls to find
DEM:s. If the fold change value was >5, the miRNA was con-
sidered to be differentially up-regulated; conversely if the fold
change was <0.2, then the miRNA was considered to be dif-
ferentially down-regulated under that particular stress condi-
tion in this study. Out of 62 mature unique miRNAs, 47
miRNAs were found to be differentially expressed (DEM) in
at least one stress condition considered in the present study.
Out of these 47 DEMs, three DEMs were down-regulated in
the panicle (osa-miR-167d-3p, osa-miR167e-3p, i-3p and
0sa-miR396¢c-5p) and one was down-regulated in the seed-
ling (osa-miR166i-5p) under all conditions (Fig. 2A;
Supplementary Fig. S4). Based on tissue-specific differential
expression, we observed that one DEM (osa-miR162a) was
exclusively up-regulated whereas one DEM (osa-miR528-5p)
was exclusively down-regulated in the root (Fig. 2). Members
of osa-miR167 (osa-miR167d-3p, osa-miR167e-3p, i-3p and
osa-miR167h-3p) were found to be differentially regulated in
rice shoot (fold change 0.03-0.17) and root (fold change 1.2-
3.33) under all the mineral-deficient conditions considered
(Supplementary Table S2). Along with osa-miR167, expression
of osa-miR394 was also induced in the case of S deficiency in
rice roots. However, fold change for osa-miR394 was higher
(2.15) as compared with osa-miR167 (1.55). Again in rice roots,
we found osa-miR399, osa-miR162 and osa-miR1846d-3p to
be up-regulated during P deficiency. Osa-miR162 was found to
target DCL-1 (LOC_Os03g02970) protein, which is a vital en-
zyme in the miRNA biogenesis pathway, and osa-miR1846 was
found to target Metalo-beta-lactamase (LOC_Os09g26760),
an exonuclease.
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Fig. 1 Overview of the work flow. High confidence miRNAs were downloaded from miRBase (182 miRNAs). miRNAs were mapped to precursor
sequences (106 miRNAs). miRNA promoter sequences were obtained from PMRD (155 promoters). miRNA targets were predicted by using three
software tools, psRNATarget, Tapir and Target. Those miRNAs which have at least one target commonly predicted by all three tools were
selected (112 miRNAs). The CRE information was retrieved from the PLACE database and using an in-house Perl program as well as the Signal
Scan program. miRNA promoter sequences were scanned to determine occurrences of CREs. Over-represented CREs were computed in the
promoters of miRNA and its target genes using statistical analysis. CREs with P-values <0.001 (FDR confidence level 99.75%) were considered as
over-represented in a promoter. Small RNA, next-generation sequencing data were obtained from the GEO database for different rice tissues
under abiotic and mineral deficiency stress conditions. Multiple microarray data sets for the above-mentioned conditions were obtained from
the GEO database. These microarray data sets were used to compute expression of the target genes and transcription factors (TFs) associated
with over-represented CREs found in promoters of both differentially expressed miRNAs and their respective targets under a particular con-
dition. The GEO2R tool was used to find differential expression of the desired loci under different conditions, and only those target genes or TF(s)
with adjusted P-values <0.05 were considered.

osa-miR171d-5p was found to have the highest number of tar-
gets, 25 in total; whereas 12 DEMs were found to have a single
target each (Supplementary Table S3). We observed that few
miRNA targets were transcription factors; for example,
miR169g targets the nuclear transcription factor Y subunit
(LOC_0Os12g42400).

Downstream effect of DEMs

To understand the downstream effect of miRNA differential
expression, we predicted targets for DEMs using three different
miRNA target identifier tools. Specifically, we considered only
those targets which were predicted by all three tools (see the
Materials and methods: miRNA sequence data). The list of
DEMs and their corresponding commonly predicted targets is

given in Supplementary Table S3; for 47 DEMs, we obtained 219 Over-represented CREs in stress-responsive

unique targets. Targets predicted by our analysis matched with
validated miRNA targets listed in DIANA-TarBase v7.0 (Vlachos
et al. 2015), e.g. LOC_Os05g40700 is a validated target of osa-
miR1425-5p (Li et al. 2010) and was also predicted by our
analysis to be so. On average, each DEM targets six genes;

miRNAs

As more than one miRNA precursor may give rise to the same
mature miRNA, we obtained 62 miRNA precursors correspond-
ing to 47 DEMs. We applied cumulative hypergeometric stat-
istics (Deb and Kundu 2015) to predict over-represented CREs
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Fig. 2 Distribution of differentially expressed miRNAs (DEMs). (A) Distribution of DEMs under three different abiotic stresses (cold, drought and
salt) and four mineral deficiencies (K, N, P and S) in four rice tissues (panicle, seedling, root and shoot). The red and gray-black colors represents
up-regulated and down-regulated DEMs, respectively (except light blue and yellow). The intensity of the color is directly proportional to the log-
transformed fold change value for miRNA. The light blue color indicates a tendency towards down-regulation; as the treated sample value is zero,
a quantitative value of fold change has not been calculated. The yellow color indicates a tendency towards up-regulation; as the control value, is
zero a quantitative value of fold change has not been calculated (see Supplementary Table S2; Fig. S4). (B) Venn diagram shows the number of
DEM:s in four rice tissues (panicle, seedling, root and shoot). Five DEMs are commonly found in all four tissues, whereas tissue-exclusive DEMs are

indicated in the diagram.

in individual promoters of all 62 miRNA precursors
(Supplementary Fig. S1). The CREs with a P-value <0.001
[false discovery rate (FDR) confidence level = 99.75%] were
considered to be over-represented. The number of over-repre-
sented CREs predicted ranged between 21 and 38; on average,
approximately 30 CREs were over-represented in each pro-
moter. The lowest number of CREs was found in osa-
miR162b and the highest was found in osa-miR162a.

Out of 170 over-represented CREs predicted in 47 DEMs
promoters, 63.3% (109 CREs) were found to be common in
all tissue types (panicle, seedling, root and shoot) whereas
50.5% (87 CREs) were common in both abiotic stress and min-
eral-deficient conditions (cold, drought, salt, K, N, P and, S)
considered in the present study (Supplementary Fig. S2).
A subset of common CREs may arise due to common DEMs
under different conditions and/or tissue types. Interestingly,
when we compared CREs of those DEMs which are not
common in all four tissues under study, we still observed that
35 CREs were common (Fig. 2B). This indicates that a set of
transcription factors may regulate different DEMs in different
tissues (Supplementary Fig. S3).

The same transcription factors regulate expression
of the miRNAs and corresponding targets under
study

Over-represented CREs were estimated in miRNAs and their
target gene promoters. We observed that all miRNAs shared at

least one CRE with their corresponding target gene promoters
(Supplementary Table S4); for instance, the promoter of osa-
miR530-5p and the promoter of its target, a C3HC4-type do-
main-containing protein (LOC_0s02g14990.1), share five
common CREs (Supplementary Table S4). These results imply
that transcription factors associated with these common CREs
regulate the expression of both miRNAs and their correspond-
ing targets (Wang et al. 2011). The transcription factors corres-
ponding to over-represented CREs were identified using the
PLACE database and data mining. We could identify transcrip-
tion factors (for 63 CREs) belonging to 18 different transcription
factor families (Supplementary Table S5).

In order to understand how transcription factors associated
with common CREs influence expression of miRNAs (DEMs)
and target genes under the same stress, we used publicly avail-
able microarray data under abiotic (cold, drought and salt) and
mineral deficiency (K, P, N and S) stress conditions in rice pan-
icle, seedlings, root and shoot (Supplementary Table S1).
GEO2R (Barrett et al. 2013) was used to find differential expres-
sion of the desired loci under different conditions, and only
those target genes or transcription factor(s) with an adjusted
P-value <0.05 were considered for further analysis.

We analyzed the expression of transcription factors along with
the expression of DEMs and their target genes using the above-
mentioned data sets (Supplementary Table S6). This allowed us to
identify several molecular interactions comprising transcription
factors, miRNAs and their target genes. For instance, we found
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Fig. 3 Schematic representation of regulation of auxin content in shoots and roots by osa-miR167 under mineral deficiency. In root, osa-miR167
is up-regulated, resulting in degradation of ARF8 mRNA. Hence ARF8 is not available for activating OsGH3-2, leading to a decrease in auxin
conjugation. Free auxin is available for adventitious root growth. Free auxin also augments osa-miR167 expression through ASF1 and ARFAT,
auxin-responsive CREs. In the shoot, osa-miR167 is down-regulated, resulting in accumulation of ARF8; ARF8 activates OsGH3-2, which con-
jugates auxin. Lack of free auxin leads to a decrease in shoot elongation. Black arrows indicate interactions known from previous experimental
studies; references are mentioned in green boxes beside each interaction. Blue and red arrows indicate findings of the present analysis; the
direction of red arrows (up or down) indicates the expression level of the gene product.

that the expression of osa-miR399c is down-regulated during salt
stress in seedlings, whereas its target LOC_Os05g45350.2 (DnaJ
domain-containing protein) is up-regulated and the common
transcription factor MYB is also up-regulated (Rabbani et al.
2003, Yang et al. 2012, Xiong et al. 2014).

Towards stress-responsive regulatory subnetworks

We were able to reconstruct interaction pathways relating
miRNA to phenotypes by combining our findings with previous
knowledge. As mentioned above (‘Tissue-specific differential
expression of miRNAs in abiotic stress and mineral-deficient
conditions’) we were able to identify some DEMs that show
tissue- and condition-specific expression. Members of osa-
miR167 were found to be differentially expressed in rice
shoot and root under all the mineral-deficient conditions con-
sidered. miRNA167 expression is reported to be controlled by
auxin, and it is known to target the auxin response factor, ARFS,
involved in auxin conjugation (Yang et al. 2006). When we
analyzed promoters of these miRNAs, interestingly we found
auxin-responsive CREs (ARFAT, ASFIMOTIFCAMYV, CATATGG
MSAUR, NTBBF1ARROLB and SURECOREATSULTR11) to be
over-represented (Fig. 3).

Besides osa-miR167, expression of osa-miR394 was also found
to be induced in rice root under S deficiency. Moreover, we
found that osa-miR394 family members target S transporters
and bi-functional 3-phosphoadenosine 5-phosphosulfate synthe-
tase in rice; both of these observations are in agreement with

previous findings (Huang et al. 2010, Jeong et al. 2011). When we
analyzed the CREs of the osa-miR394 promoter, we found the
iron (Fe) starvation-related CRE IRO20S, MYB-transcription
factor binding (MYBPLANT) and ABA-responsive CREs
(ABREATRD22, ABRELATERD1, ABREOSRAB21, ABRERATCAL,
ABREZMRAB28, ACGTABREMOTIFA20SEM, DPBFCORED
CDC3 and LTRECOREATCORT15) to be over-represented, indi-
cating that S deficiency may be related to Fe starvation and ABA
response (Fig. 4).

During P deficiency, we found osa-miR399i, osa-miR162 and
0sa-miR1846d-3p to be up-regulated in rice root. On target
prediction, we found that osa-miR399i targets ubiquitin-con-
jugating enzyme (LTN1), osa-miR162 targets DCL1, and osa-
miR1846d-3p targets Metalo-beta-lactamase, an endonuclease.
Previous studies have reported differential expression of
miR399 and LTN1 during P deficiency (Hu et al. 2011).
However, the roles of osa-miR162 and osa-miR1846d-3p
remain to be explored. The MYB transcription factor OsPHR-
binding CREs were found to be over-represented in promoters
of both osa-miR399i (OsPHR1-binding CRE PIBS) and osa-
miR162 (OsPHR2-binding PIBS-like CREs). OsPHR transcription
factors are known to influence P starvation signaling (Zhou
et al. 2008). We also found eight CREs (DOFCOREZM:DOF,
ARRTAT:MYB, CACTFPPCA1, GTGANTG10, MYCCONSENS
USAT:MYC, SORLIPTAT, ARRTAT:ARR1, CURECORECR:SPL
and CAATBOXT:HAP) common to all of above three
miRNAs. Amongst these, ARRTAT, a cytokinin response
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Fig. 4 Schematic representation of integration of S and Fe deficiency response by osa-miR394. During S deficiency, osa-miR394 is up-regulated by
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response gene repressor, resulting in an increase in expression of IAA3 and AXR3. Auxin and ABA interaction result in inhibition of adventitious
root growth. Black arrows indicate interactions known from previous experimental studies; references are mentioned in green boxes beside each
interaction. Blue and red arrows indicate the findings of the present analysis; the direction of red arrows (up or down) indicates the expression

level of the gene product.

regulator, is interesting as cytokinin is known to inhibit P trans-
port and signalling (Shen et al. 2014) (Fig. 5).

Discussion I

We analyzed DEMs in rice panicle and seedling under several
abiotic (cold, drought and salt) and mineral deficiency (K, P, N
and S) stress conditions in rice root and shoot. We predicted
the CREs in promoters of the miRNAs that show condition-
specific expression and identified corresponding transcription
factors. To understand the biological significance of transcrip-
tional regulation of these miRNAs, we explored their corres-
ponding target genes and CRE-mediated transcriptional
regulation of target genes. For both analysis of expression of
genes and CRE predictions, statistical tests were performed, and
results that passed stringent statistical cut-offs were taken for
further analysis. We validated our results through a literature
review. Our results, supported by previous experimental evi-
dence, were used to formulate regulatory signaling interactions
in the present study. This strategy allowed us to detect various
regulatory signaling interactions that may connect phenotypic
changes observed under stress conditions to the cellular and
molecular events triggered by stress conditions.

During mineral deficiency osa-miR167 inhibits
shoot growth but activates adventitious root
growth

We analyzed DEMs in both rice root and shoot data sets under
mineral deficiency. We found that some members of osa-

miR167 were down-regulated in the shoot but tended towards
up-regulation in the root under all the mineral-deficient con-
ditions considered. Previous studies have reported that osa-
miR167 expression is controlled by auxin (Yang et al. 2006).
Our analysis of osa-miR167 members also found that auxin-
responsive  CREs (ARFAT, ASFIMOTIFCAMV, CATATGG
MSAUR, NTBBF1ARROLB and SURECOREATSULTR11) are
over-represented in all of the members of the osa-miR167
family. Auxin and its interaction with other plant hormones
are known to play a pivotal role in shaping plant architecture
(Vandenbussche and Van Der Straeten 2004, Gallavotti 2013).
The patterning of lateral root formation under various stresses
is directly related to auxin distribution (Kollmeier et al. 2000,
Lopez-Bucio et al. 2002). miRNA167 is known to target ARF8
(Yang et al. 2006); ARFS, in turn, activates OsGH3-2, a protein
that catalyzes the conjugation of auxin to different compounds
and controls the cellular concentration of free auxin (Ljung
et al. 2002, Staswick et al. 2005) (Fig. 3). ARF8 overexpression
is also known to inhibit lateral root formation (Tian et al. 2004).
Our results indicate that during mineral deficiency, osa-miR167
expression is down-regulated in the shoot; this facilitates the
accumulation of ARF8 and activation of OsGH3-2, leading to
conjugation of auxin. Hence auxin is not available in the free
state in the shoot, which results in stunting. On the other hand,
0sa-miR167 expression is up-regulated in the root to inhibit
ARFS8, which in turn lowers OsGH3-2 activity and increases
free auxin in the cell. This increase in cellular auxin on the
one hand further augments osa-miR167 expression by a loop,
and on the other hand leads to the formation of adventitious
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expression level of the gene product.

roots, i.e. an increase in mineral absorption. The increase in
adventitious root formation and the decrease in shoot elong-
ation are a general response of plants to abiotic stress and
mineral deficiency (Potters et al. 2007).

Osa-miR394 inhibits root growth and integrates S
and Fe deficiency responses

In the case of S deficiency in rice roots, we found that expres-
sion of osa-miR167 and osa-miR394 is induced; this observation
is in agreement with previous findings (Huang et al. 2010). Both
0sa-miR167 and osa-miR394 affect root architecture. In the case
of S deficiency, as both show an increase in fold change value
(2.15-fold in the case of osa-miR394 as compared with 1.55-fold
in the case of osa-miR167), both are likely to contribute to root
phenotype under S deficiency, but, as expression of osa-miR394
is about 1.4 times that of osa-miR167, the influence of osa-
miR394 on the root phenotype may be expected to be greater.

We found that in rice, osa-miR394 targets OsFBX32 (Xie
et al. 2005), an F-box protein. Constitutive expression of
miR394 in Arabidopsis leaf is known to increase expression of
the auxin-responsive genes IAA3 and AXR3, whereas constitu-
tive expression of miR394’s target F-box protein drastically de-
creases the expression of the same auxin-responsive genes
(Song et al. 2012). Relative expression of IAA3 and AXR3 is
known to control root hair initiation. Moreover, we found
that osa-miR394 family members target S transporters and bi-
functional 3-phosphoadenosine 5-phosphosulfate synthetase
in rice. These S transporter genes are known to be down-regu-
lated during S deficiency (Huang et al. 2010). Previous studies
have hypothesized that auxin might have a role in the regula-
tion of S homeostasis (Nikiforova et al. 2005), but attempts to
relate S metabolism to auxin regulators, i.e. ARFs and IAA

proteins, have failed (Falkenberg et al. 2008). When we analyzed
the CREs of the osa-miR394 promoter, no auxin-responsive CRE
was found. Instead, we found Fe starvation-related CRE
IRO20S, MYB-transcription factor binding (MYBPLANT) and
ABA-responsive CREs (ABREATRD22, ABRELATERD1, ABREOS
RAB21, ABRERATCAL, ABREZMRAB28, ACGTABREMOTI
FA20SEM, DPBFCOREDCDC3 and LTRECOREATCOR15) to
be over-represented. ABA is known to stimulate lateral root
primordium formation through interaction with auxin, but in-
hibits lateral root growth (De Smet et al. 2003). S deficiency is
known to suppress lateral root formation in Arabidopsis (Dan
et al. 2006). Our results indicate that in rice root during S de-
ficiency, ABA and auxin signaling pathways may be integrated
through osa-miR394. ABA-responsive bZIP transcription fac-
tors bind to the osa-miR394 promoter and increase its expres-
sion. miR394 then degrades OsFBX32; this activates auxin
response genes, i.e. IAA3 and AXR3, leading to adventitious
root growth inhibition and maybe root hair initiation (Fig. 4)
in rice root.

IRO20S is an Fe deficiency response CRE; it is a binding site
of the transcription factor OsIRO2, which is a positive transcrip-
tional regulator of Fe deficiency-responsive genes (Kobayashi
et al. 2014). As biosynthesis of Fe-S clusters requires both Fe
and S in a definite stoichiometric ratio, Fe and S homeostasis are
known to be related (Forieri et al. 2013). A previous report
states that release of phytosiderophores, used to chelate Fe**,
is reduced under S deficiency in barley; on re-supply of sulfate,
phytosiderophore secretion is increased (Astolfi et al. 2010).
This indicates that Fe and S absorption by roots are related.
Conversely, Fe deficiency is known to induce changes in expres-
sion of S transporters and several genes of the S metabolic
pathway in durum wheat (Ciaffi et al. 2013). Moreover,
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Fig. 6 Schematic representation of regulation of leaf senescence
during drought by trihelix transcription factors. Trihelix transcription
factors induce expression of osa-miR166i-3p during drought. osa-
miR166i-3p targets OsHB3, a HD-ZIP Ill transcription factor involved
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transcription factors also repress OsHB3 directly. Black arrows indicate
interactions known from previous experimental studies; references are
mentioned in green boxes beside each interaction. Blue and red
arrows indicate the findings of the present analysis; the direction of
red arrows (up or down) indicates the expression level of the gene
product.

miR394 is known to be up-regulated during Fe deficiency in
Arabidopsis (Kong and Yang 2010). These findings led us to
hypothesize that the osa-miR394 expression level, which con-
trols the expression of S transporters, may be influenced by Fe
deficiency through the interaction of the Fe deficiency response
transcription factor OsIRO2. Thus osa-miR394 may be involved
in integrating S and Fe stress responses (Fig. 4).

Osa-miR399 contributes to cross-talk between
cytokinin and P deficiency signaling

P deficiency is known to induce adventitious root growth in rice
(Niu et al. 2013). The DEMs during P deficiency in root tissue
were analyzed and we found osa-miR399 to be up-regulated.
Osa-miR399 is known to be induced during P deficiency in rice
shoot and root tissues, and its target ubiquitin-conjugating
enzyme (LTN1) is known to be down-regulated (Hu et al.
2011) (Fig. 5). In rice, two MYB transcription factor OsPHR
genes (homologous to AtPHR1), OsPHR1 and OsPHR2, were
shown to influence the P starvation signaling pathway by reg-
ulating the expression of P starvation-induced genes (Zhou
et al. 2008). It is also known that OsPHR2 positively regulates
the expression of miR399 in rice (Wu and Wang 2008, Zhou
et al. 2008) and that miR399 targets LTN1, a ubiquitin-conju-
gating enzyme involved in degradation of rice high-affinity
phosphate transporters (PHTs), OsPT2. The rice ltn1 mutant
shows enhanced P uptake and root growth under P deficiency
(Hu et al. 2011). Thus down-regulation of LTN1 by osa-miR399
leads to root growth and P uptake.

In addition to osa-miR399, osa-miR162 and osa-miR1846d-
3p were also found to be up-regulated during P deficiency in

root tissue. The MYB transcription factor OsPHR1 binds to
P1BS (GNATATNC), whereas a combination of P1BS and
P1BS-like is essential for stable binding by OsPHR2 (Ruan
et al. 2015). Our CRE analysis of up-regulated DEMs in rice
root tissue suggests that P1BS (GCATATCC) is present in the
0sa-miR399i promoter, and P1BS-like motifs (GAATATAC and
GAATATTC) are present on the miR162 promoter. These find-
ings indicate that osa-miR162 is involved as the putative regu-
lator of P deficiency response in root and shoot tissue of rice
along with osa-miR399. It may be regulating the levels of osa-
miR399 by inhibiting Dicer protein, which regulates the biogen-
esis of miRNAs in a cell.

When we analyzed the CRE over-represented in the promoters
of these miRNAs (osa-miR162, osa-miR1846d-3p and osa-
miR399), we found eight common CREs (DOFCOREZM:DOF,
ARRTAT:MYB, CACTFPPCA1, GTGANTG10, MYCCONSEN
SUSAT:MYC, SORLIP1AT, ARRTAT:ARR1, CURECORECR:SPL,
CAATBOXT1:HAP). Amongst these, ARRTAT is a binding site of
ARR1, a cytokinin response regulator (Sakai et al. 2000, Oka et al.
2002). Cytokinin is known to suppress phosphate deficiency re-
sponses (Martin et al. 2000); conversely, P deficiency decreases
cytokinin content (Martin et al. 2000). Cytokinin inhibits both P
transport and signaling (Shen et al. 2014), by regulating expression
of transcription factors (OsARF16) (Shen et al. 2014) and trans-
porters (OsPT) (Hatorangan et al. 2009) at the transcriptional
level. Our analyses suggest that cross-talk between cytokinin
and P starvation signaling may also involve post-transcriptional
regulation through miRNAs.

Trihelix transcription factors influence leaf
senescence during drought

Transcription factors and miRNAs are the two most important
families of trans-acting gene expression-regulating factors in
multicellular organisms (Hobert 2008). We found that
miRNAs and their respective target gene promoters shared
over-represented CREs. This indicated that a common tran-
scription factor might regulate both miRNA and the corres-
ponding target gene. On analysis of these motifs, we found
that different regulatory interactions are present during differ-
ent stress conditions.

Drought stress is known to induce leaf senescence; here we
describe miRNA- and transcription factor-mediated regulatory
interactions that may be involved in this process (Fig. 6).
Trihelix transcription factors (LOC4347833, LOC4330441,
LOC4336540, LOC4335704 and LOC4328005) were found to
be up-regulated during drought conditions in rice seedling.
Trihelix proteins are known to induce expression of osa-
miR166i-3p, which represses the target protein OsHB3
(LOC_0Os12g41860.1) (Itoh et al. 2008). OsHB3 is an HD-ZIP
Il transcription factor; it is involved in leaf initiation and in-
hibits leaf senescence (Itoh et al. 2008). HB3 is known to be
repressed by a trihelix transcription factor in Arabidopsis (Jia
et al. 2014). Leaf senescence is a common response of plants to
drought as it reduces the surface area open for evaporation and
conserves moisture. Our observation indicates that during
drought trihelix transcription factors are up-regulated, which
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on one hand down-regulates OsHB3 and on the other hand
induces osa-miR166i-3p, which in turn targets OsHB3, leading
to leaf senescence.

Regulatory signaling interactions proposed by the present
study were derived through our analysis of expression of data
sets, CRE predictions and literature review. Our results chal-
lenge experimental plant biologists to access these hypotheses
by direct experimental testing (see Supplementary File S4 for
further discussion). Under a particular condition/stress, RT-PCR
may be used for analysis of gene expression. Transcription fac-
tor—CRE interactions may be studied using chromatin immu-
noprecipitation assays, DNA footprinting and expression of a
reporter gene fused with the promoter with the mutated CRE
of interest.

Phenotypic alterations are an outcome of dynamic inter-
actions among many regulatory components involving mul-
tiple genes. Regulatory interactions discussed above
contribute to phenotypic changes observed under stress con-
ditions used for the present study, but other components may
also be involved.

Conclusion

We predicted CREs to be over-represented in promoters of
miRNA genes and their targets; we then related our predictions
to expression profiles of the same miRNAs, their targets and
transcription factors that were likely to interact with both
miRNAs and their corresponding target promoters. This strat-
egy allowed us to identify regulatory molecular interactions
that connect molecular events to phenotypic changes during
stress. During mineral deficiency, osa-miR167 inhibits shoot
growth but activates adventitious root growth by influencing
the free auxin content. During mineral deficiency, osa-miR167
expression is down-regulated in the shoot; this facilitates the
accumulation of ARF8 and activation of OsGH3-2, leading to
conjugation of auxin. On the other hand, osa-miR167 expres-
sion in root inhibits ARF8, an auxin response factor, which in
turn lowers OsGH3-2 activity and increases free auxin in the
root (Fig. 3). Previous studies have demonstrated that during S
deficiency lateral root growth is inhibited, S and Fe homeostasis
are related, and auxin influences S homeostasis. We found that
the activity of osa-miR394 is able to explain and integrate all of
the above observations into a single regulatory process. Our
results indicate that during S deficiency, ABA-responsive bZIP
transcription factors or, during Fe starvation, OsIRO2 bind to
the miR394 promoter and increase its expression. osa-
miRNA394 then degrades OsFBX32; this activates auxin re-
sponse genes, i.e. IAA3 and AXR3, leading to adventitious
root growth inhibition (Fig. 4). Cytokinin is known to inhibit
both P transport and signaling at the transcriptional level; our
results indicated that this cross-talk may also involve miRNAs
(osa-miR399 and osa-miR162) and the ubiquitination pathway
(LTN1) (Fig. 5). According to our findings, leaf senescence
during drought might be regulated by a feed-forward inter-
action involving osa-miR166 and trihelix and HD-ZIP Ill tran-
scription factors (Fig. 6). Altogether our findings indicate that
study of interactions at the molecular level may help to explain,

at least partially, how regulation of the cellular-molecular
events leads to phenotypic changes.

Materials and Methods I

miRNA sequence data

We collected rice miRNA sequences from miRBase v21 (http://www.mirbase.
org/). Only those miRNAs that were ranked as high confidence miRNAs in
miRBase were selected to ensure that the miRNA data set would be of high
quality (Kozomara and Griffiths-Jones 2014); the data set consisted of 182
miRNAs. These 182 selected miRNAs were then again filtered based on the
exact mapping of miRNAs on precursor sequences. The precursor sequences for
selected miRNAs were obtained from rice MSU Rice Genome Annotation
Project Version 7; a total of 121 sequences were retrieved. The obtained se-
quences were fitted to the MSU Rice Genome Annotation Project Version 6.1;
this process reduced the miRNA precursor number to 106 sequences. These 106
precursor sequences correspond to 155 miRNA sequences. These sequences
were further filtered based on whether three different softwares, namely
psRNATarget (Dai and Zhao 2011), Tapir (Bonnet et al. 2010) and Target
Finder v1.6 (https://github.com/carringtonlab/TargetFinder) (Srivastava et al.
2014), predicted at least one common target. The default cut-off scores used for
target prediction were 3, 4 and 4 for psRNATarget, TAPIR and TargetFinder,
respectively. Finally, the number of miRNA precursor sequences was reduced to
92, corresponding to 112 miRNA sequences.

Promoter sequences

Some of the miRNAs, out of the 112 that we considered for analysis, included
both 5p and 3p forms and hence shared the same promoter. Moreover, as
mature miRNAs encoded by different miRNA genes may have the same
mature sequence, we ended up with 79 promoters which correspond to 62
unique mature miRNA sequences. We collected 1kb upstream promoter se-
quences of rice miRNAs from the Plant miRNA Database, PMRD (http://bio-
informatics.cau.edu.cn/PMRD/). Promoter sequences (1kb upstream) of the
rice target loci were collected from the Rice Genome Annotation Project, ver-
sion 6.1 (Ouyang et al. 2007). RepeatMasker version open-4.0.2 (Smit et al. 2015)
was used to mask interspersed and simple repeats in the promoter sequences.

sRNA expression data set

The processed sRNA data set (GSE32973) was obtained from the Gene
Expression Omnibus (GEO) (Edgar et al. 2002) for rice under abiotic (cold,
drought and salt) and mineral deficiency (K, P, N and S) stress conditions in
four tissues, namely panicle, seedlings, root and shoot (Supplementary
Table S1).

Target gene expression microarray data set

The multiple microarray data set was obtained from the GEO database (Edgar
et al. 2002) for rice seedling and panicle tissue under cold, drought and salinity
stress, and rice root and shoot tissues under N and P deficiency (GSE67373,
GSE6901, GSE26280, GSE38102, GSE52159, GSE6187, GSE4438 and GSE66935)
(Supplementary Table S1).

Identification of DEMs across various stress
samples

Processed sRNA data sets (GSE32973) were obtained from the GEO and used
for analysis. SRNA reads that were 20-25 nucleotides long were mapped to the
MSU Rice Genome Annotation Project Version 6.1 using the tool Bowtie
(Langmead et al. 2009). Each mapped miRNA read was normalized to
1x1077 by the total number of sRNA reads in each library (excluding the
reads which do not map to the rice genome and other non-coding RNAs
[tRNA, rRNA, snRNA and snoRNA)] (Saraf et al. 2015). We then looked for
the presence of the 62 selected unique mature miRNA sequences in each SRNA
data set (Supplementary Table S2), and their expression values were retrieved
across different samples using an in-house-developed Perl script (Saraf et al.
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2015). To identify DEMs, the fold change value of selected miRNA sequence was
calculated for every library (stress condition with respect to control condition).
If the fold change value is >5 or <0.2, then the miRNA is considered to be
differentially up- or down-regulated, respectively, in that particular stress con-
dition in this study (Fig. 2A; Supplementary Fig. S4) (Chang et al. 2010). After
determining such miRNAs, common over-represented CREs were identified in
them. The process was repeated with all SRNA libraries; the pipeline is given in
Fig. 1.

Identification of CREs in miRNA and target gene
promoters

The information on CREs was retrieved from the PLACE (Plant cis-acting regu-
latory element) database (Higo et al. 1999). The 1kb upstream sequences of
miRNA genes and their target genes were scanned to obtain the occurrences of
the CREs using an in-house Perl program as well as the Signal Scan program
(Prestridge 1991). Previous studies have applied different statistical enrichment
tests (Roider et al. 2009, Deb and Kundu 2015) to identify the over-represented
CREs in respect of their occurrences in the promoters of the whole genome. We
applied cumulative hypergeometric statistics (Deb et al. 2016) (Equation 1) to
retrieve the over-represented CREs in each promoter of miRNA genes and their
target genes.

Pcre = 1—F(x,N,n,y)

Y\ [(N—-y

x \i n—i (M
=12

Where N is the total number of occurrences of all CREs in the rice genome, y
is the total number of occurrences of a considered CRE in the genome, x is the
number of occurrences of that CRE in an individual promoter of a gene, n is the
total number of occurrences of all CREs in that promoter and i is the summa-
tion index. Thus, PCRE is the probability of occurrence of a considered CRE in a
particular promoter.

The significance level has been defined in terms of a ‘P-value’ for the
CREs present in miRNAs and their target promoters. Correction for the FDR
was performed using the Benjamini—-Hochberg method (Benjamini and
Hochberg 1995). The actual P-values were compared with Benjamini-
Hochberg critical values and found to be significant at a 99.75% confidence
level (Garcia-Arenzana et al. 2014). The CREs with P-values <0.01 (FDR
confidence level = 99.75%) were considered as over-represented in the
target promoters. The targets of the miRNAs are protein-coding genes of
the rice genome which have been widely studied for promoter analysis
(Mohanty et al. 2012, Deb et al. 2016). On the other hand, inadequate
analyses have been done on the promoter elements of the miRNAs.
Therefore, for further analysis of CREs in rice miRNA promoters, a higher
stringent level of filtering has been considered to obtain high confidence
data. Here, in miRNA promoters, the CREs with P-values <0.001 (FDR con-
fidence level = 99.75%) were considered as highly over-represented and
were taken for further analysis.

Target gene and transcription factor expression
analysis from microarray data

Microarray data sets from rice seedling and panicle under cold, drought and
salinity stress and from rice root and shoot under N and P deficiency (GSE6901,
GSE26280, GSE38102, GSE52159, GSE6187 and GSE66935) were used to com-
pute expression of the target genes and transcription factors associated with
over-represented CREs found in promoters of both DEMs and their respective
targets under a particular condition (Supplementary Table S1). Each microarray
data set contained three replicates. GEO2R (Barrett et al. 2013) was used to find
differential expression of the desired loci under different conditions, and only
those target genes or transcription factor(s) with an adjusted P-value <0.05
were considered for further analysis.
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Supplementary data are available at PCP online.
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