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To understand the network architecture of miRNA mediated regulations at the genomic and functional level of rice, we made
an unambiguous annotation of the experimentally verified miRNAs, predicted their targets and possible biological functions
they can affect. Some functions, namely translational and protein modifications, photosynthesis are targeted by higher percent-
age of miRNA. Using transformation procedures, we constructed genome scale miRNA-miRNA functional synergistic network
(MFSN). The analysis of MFSN modules help to identify miRNAs co-regulating target genes having several interrelated biolog-
ical processes. Some of these target genes are also co-expressed in particular condition. For example, the genes co-expressed in
drought condition as well as targeted by miRNAs present in a MFSN module have interdependent biological processes namely,
photosynthesis, cell-wall biogenesis, root development and xylan synthesis. The stress-induced miRNAs and their distributions;

the presence of transcription factors in the target set of MFSN modules were also analyzed.

Introduction

More than half of the world’s human population depends on
rice as major staple food!. Predictably rice-biotechnologists
aim to increase the production of rice by generating high yield-
ing, stress tolerant rice cultivars. This calls for understand-
ing the cellular physiology of rice, including the activities of
the genes and their regulations, which occurs at the level of
transcription, RNA processing, mRNA lifetime and transla-
tion etc. The miRNAs are a large family of about 21-22 nu-
cleotide endogenous non-protein-coding regulatory RNA se-
quences that are the key players in post-transcriptional gene
regulation?. miRNAs play critical role in cleavage, degra-
dation or translational inhibition of their target mRNAs with
a resultant repression of gene expression in animals, plants,
and fungi>*. Plant development, response to environmental
stress, pathogen invasion and regulation of their own biogene-
sis etc. are known to be finely tuned by miRNAs?.

The miRNAs are identified either by computational tech-
niques>® or by direct cloning of small RNAs’. The com-
putationally predicted miRNAs and their targets have been
widely used in different analyses for various species, like ver-
tebrates®, insectsg, Arabidopsis and rice >0, Recently, differ-
ent works have identified mature miRNAs at different devel-
opmental phases'®!! or at different stress conditions”!? us-
ing high-throughput technologies. It is believed that many
miRNA genes and their targets are still to be discovered; and
such discoveries may help us to understand the critical role of
miRNA mediated regulation in more details.

Genome-scale miRNA regulations have been studied

mostly in case of human !>'% and also in few plants'>. Rice

is one of the most important crops and the miRNA regulation
has also been studied in this species. Example of these include
miRNA mediated gene regulatory network in roots '°, vegeta-
tive and reproductive stage-specific regulation!”, the genome
wide analysis of miRNA and their target genes in leaf at senes-
cence'®, etc. While these studies have shed light on con-
dition and tissue specific regulatory role of miRNAs; to the
best of our knowledge, a comprehensive analysis of genome
scale miRNA-mediated co-target and co-functional network
(as studied in human !3) in rice has not been done so far.

The present work has constructed a genome scale miRNA-
miRNA co-targeting and co-functional network of rice and
has subsequently identified some crucial modules where the
participating nodes can co-target and co-regulate different but
related cellular processes. To decipher the broader scheme,
we have additionally analyzed miRNAs targeting transcription
factors and stress induced miRNAs within the co-functional
modules. Further, targets of the miRNAs of the co-functional
modules which are co-expressed in drought, salt and both of
the stresses are identified and the potential functions of the
miRNAs have been assigned.
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files [1-6]. See DOIL: 10.1039/6000000x/
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Materials and methods

Annotation of miRNAs

Mature miRNA sequences, expressed at different conditions,
have been collected from literature (Additional file 8). The
miRNA sequences have been identified by different experi-
mental techniques including MPSS, pyrosequencing, microar-
ray, deep sequencing, cloning etc. We observe that some of
the miRNAs have identical sequences, but different identi-
fiers have been used in different experiments. To identify the
unique miRNAs, unambiguous annotation is needed. Such an-
notation is achieved by assigning new identifier (starts with

m”) to 889 unique miRNA sequences. Fig. 1 represents the
schematic of our whole work in brief.

miRNA - target genes, GO terms and transcription factors

Large number of tools are available to computationally pre-
dict the target genes of miRNAs. Srivastava and co-authors
have recently compared their performances in plant miRNA
target prediction!”. They have concluded that Targetfinder
alone or in combination with psRNATarget or Tapirhybrid for
the miRNA target predictions can provide the most satisfac-
tory results. Firstly, the target genes (TGs) of miRNAs are
predicted using each of the four different tools: Target Finder
1.6, Tapir Fasta, psRobot 1.2, and psRNAtarget, with opti-
mal cut-off values (6, 4, 6 and 4, respectively) as suggested
by Srivastava et. al. Then, we have considered only the
common target genes for our further analysis. Gene Ontol-
ogy (GO) annotations (biological processes (BP), molecular
function (MF) and cellular component (CC)) are downloaded
from BiomartZ® (Release 24). Lists of transcription factors
are taken from PlantTFDB 2.0, PInTFDB 3.0 and DBD: Tran-

scription factor prediction database (Release 2). Rice genes
are collected from Oryza sativa MSU Rice Genome Annota-
tion (Release 7).

Construction of post-transcriptional miRNA - miRNA
co-targeting network (p-CNet)

miRNA target data sets are preprocessed as described in the
previous section. The p-CNet is constructed following the
method of Balaji et. al.?'. In the p-Cnet, initially an edge
is given between a pair of miRNAs if they target a common
gene (Fig. 2a); thus 56845 pair-wise interactions among 706
miRNAs have been identified. The edge-weight is denoted by
the number of TGs co-targeted by the pair. Then this value is
normalized by the ratio of the observed number of shared TGs
by a pair of miRNA to the expected number of genes shared by
the same pair. The normalized value is termed as co-targeting
coefficient (CC) value for each pair. The expected number is
calculated by taking the average of shared TGs for a miRNA
pair in 60,000 randomly generated post-transcriptional net-
works where degree distribution remains similar to that of the
original network. We have filtered only those miRNAs which
have CC > 1 (i.e. observed co-targeting association is higher
than the random one). Further, considering O,,;;, (minimum
number of co-targeted TGs)= 3, a p-Cnet with 677 edges be-
tween 232 miRNAs is obtained (Fig. 2b). The same threshold

of CC value has been used by Balaji et. al.?!.
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Fig. 2 Post-transcriptional miRNA - miRNA co-targeting network
(p-CNet). (a) Procedure to determine co-targeting network. (b)
Sparse co-targeting network in rice.

In the p-Cnet, the weight of the edge between miRNAs is
a measure of the extent of co-targeting association between
pairs of miRNAs over what is expected by chance. Bias aris-
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ing due to chance sharing of TGs, especially seen in high-
throughput datasets, is normalized by this procedure®'. We
have used this p-Cnet consisting of significant co-targeting in-
teractions of miRNAs in rice for further genome-scale analy-
sis.

Construction of miRNA - miRNA functional synergistic
network (MFSN)

For a given miRNA pair (M1 and M2), the co-targeting set
(M1 N M2) has been identified. We have taken only those set
of miRNA pairs which contain at least three common target
genes '3 and also have CC-values > 1. These common target
genes have been used for further analysis. By functional en-
richment analysis (for different gene ontology domains e.g.,
biological processes (BP), molecular function (MF) and cellu-
lar component (CC) separately) the processes (GO categories)
where this target set is enriched are identified. Considering the
hypergeometric distribution '3, the probability PG; for M1 N
M2 in the GO term ‘i’ is calculated according to the following
relation,

( : ) ( L )
" t L—1t
PGi=1-F(n|S,T,L)=1-)

5 (1)

where S is the number of all targets (default background dis-
tribution), 7; is the total number of genes that are annotated in
the GO term ‘i’ and targeted by miRNAs, L is the size of M1
N M2, n is the number of targets in M1 N M2 that are also an-
notated to term ‘i’. Here, i = 1,2......,I and [ is the total number
of GO terms we considered. If PG; < 0.05 and FDR (Ben-
jamini Hochberg)<0.05, we consider that the GO term ‘i’ is
functionally enriched by the targets of the miRNA pair under
study. If at least one GO category is significantly co-regulated
by a pair of miRNAs, we define them as synergistic. After
assembling all significant miRNA pairs identified above, we
have constructed the miRNA - miRNA functional synergistic
network (MFSN). A node represents a miRNA, and two nodes
are connected if the corresponding miRNA pair has a syner-
gistic action, otherwise no edge, is deemed to exist.

Module identification

A module in the co-functional network has been defined as
a k-clique, i.e. a highly-dense sub-graph with ‘.4’ number of
miRNAs where all miRNAs having co-functional association
with other miRNAs in the sub-graph. Modules are identified
using Cytoscape?® AllegroMCODE plug-in with k-core value
of 2. Each module has a unique composition of miRNAs and
the same miRNA or the same pair do not occur in more than
one module.

Stress induced coexpressed miRNA targets

Co-expression network from microarray dataWe
have collected drought and salt stressed microarray
data (Additional file 9) from Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/). We have used No3CoGP
tool?* (GCRMA as data normalization method) to identify
co-expressed gene sets in salt, drought and in both the
stresses.

Identification of coexpressed genes regulated by miR-
NAs in MFSN modulesThe co-expressed genes which are
present in drought, salt and both of the stresses have been
identified using the No3CoGP tool. Next we extracted genes
which are regulated by the miRNAs from MFSN modules and
which functions those miRNAs regulate. Further, the coex-
pressed TFs and non-TFs targeted by the same miRNA under
different stresses have been identified.

Results and Discussions

General Properties of Oryza sativa genome-scale post-
Transcriptional regulatory network

Considering the miRNAs and their target genes (TGs)
as nodes; and interactions of miRNAs with their target
genes as edges; we have constructed a genome-scale post-
transcriptional targeting network (p-Tnet) of Oryza sativa.
The network has 6230 nodes ( 706 miRNAs and 5524 TGs)
and 7928 edges. Each miRNA has an average of 11 TGs,
while each TG is targeted by an average of ~1.43 miRNAs.
A list of unique miRNA sequences with the new and old iden-
tifiers is presented in Additional file 1. The distributions of
miRNAs and TGs show that while a large number of miRNAs
(70%) target lesser number of TG (i.e., below average, 1 to
11), a few miRNAs (30%) target higher number of TG (i.e.,
above average, 12 to 100).

Transcription factors are targeted by higher number of
miRNAs

1566 transcription factors (TFs) have been taken from Plant-
TFDB 2.0, PInTFDB 3.0 and DBD: Transcription factor pre-
diction database (Release 2). Dataset in Oryza sativa MSU
Rice Genome Annotation release 7 contains 66,153 genes.
The results show that 117 TFs and 5407 non-TFs are targeted
by miRNAs through 459 and 7469 interactions, respectively.
One TF, on average, is targeted by ~ 4 (more precisely 3.94)
miRNAs and this number is higher than the average number
(1.38) of miRNAs targeting one non-TFs. This result is simi-
lar to the previous study (but with different dataset) by Archak
and Nagaraju®.

This journal is © The Royal Society of Chemistry [year]
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miRNAs acting as mater regulators

It is always interesting to find the hubs of a network as they
play significant roles in the network architecture. A hub
miRNA can target and thus regulate a large number of TGs.
We define the top 10% of miRNAs in the p-Tnet with high
out-going connectivities (i.e., >(average + standard deviation)
of the entire population) as hubs. The predicted hubs have
>26 TGs. One sample t-test (p<0.0001) showed that the de-
grees >26 are significantly higher than the rest of the popula-
tion. Interestingly, these 10% of total miRNAs, acting as hubs,
have more than half of the interactions (edges) of the network.
Some of these hubs are om510 (miR3979-5p), om255 (osa-
miR5490), om197 (miR5819) etc. and each of which targets
>70 TGs. These hub miRNAs may have the potential to act as
master regulators and their list is presented in Additional file
2.

The average incoming connectivity (>1) of TGs and the de-
gree distribution of p-Tnet clearly indicate that like transcrip-
tional regulatory network of genes?!; this post-transcriptional
regulatory network of genes mediated by miRNAs also has
co-targeting regulatory architecture.

Characteristics of Co-targeting association

To understand the co-targeting association we have con-
structed the post- transcriptional co-targeting network (p-
Cnet) using a network transformation procedure described in
Methods. Here, only those pairs having coregulation coeffi-
cient (CC) (for definition, see methods) value > 1 have been
considered. The resultant network has 232 miRNA nodes
with 677 edges among them (miRNA-miRNA connectivities).
Each of the miRNA pairs in p-Cnet can target more than one
target gene. 677 miRNA pairs of p-Cnet can target 5524 TGs
through 5266 interactions. Thus, each miRNA-pair targets an
average of ~8 (to be precise, 7.7) TGs. However, the network
is sparse (i.e. nodes of the network are not fully connected) in
nature (Fig. 2b) and it has many clusters of miRNAs.

miRNA functional synergistic network and modules

For each miRNA pair, we have identified their co-targeting
genes as a target subset and then, have identified candidate
functional GO category by performing functional enrichment
analysis (described in method section). We have performed
functional enrichment for different gene ontology domains
e.g., biological processes (BP), molecular function (MF) and
cellular component (CC) separately. However, here we have
described results of the biological processes only. Assem-
bling all synergistic miRNA pairs (3518 pairwise interactions
among 204 miRNAs) we have constructed miRNA functional
synergistic network (MFSN) (Fig. 3).

miRMNA-rmiRNA
_ Jfunctional synergistic
# |Metwork based on

WA Biological function

E. Cellular component

_ €. Malecular Function

Fig. 3 MFSN networks based on different GO categories namely
BP (biological process), CC (cellular component) and MF
(molecular function)

Next, we have analyzed the modular structure of the
miRNA functional synergistic network (MFSN) and identified
19 modules (see methods). The modules having higher num-
ber of miRNAs are less in number. The largest module con-
sists of 20 miRNAs and the smallest one with only 3 miRNAs.
The significant miRNA pairs, their targeted GO biological
processes and respective TGs in each module are presented in
Additional file 3. Next, we have analyzed biological functions
of each module and have identified that some modules are
involved in multiple biological processes (e.g., Module 5 in
57 different processes like glucuronoxylan metabolic process
(GO:0010413), phosphorylation (GO:0016310), callose depo-
sition in cell wall (GO:0052543), cell wall macromolecule
metabolic process (GO:0044036), regulation of photosynthe-
sis, light reaction (GO:0042548) etc.), while other modules are
involved in less number of biological process (e.g., Module 17
in 3 processes like regulation of transcription, DNA-templated
(GO:0006355), transcription, DNA-templated (GO:0006351),
and root development(GO:0048364).

We have also analyzed the over-representation of any bio-
logical function within the modules. The biological function
“regulation of transcription, DNA-dependent (GO:0006355)”
is present in 12 different modules (Module 2 to 12 and 19);
protein phosphorylation (GO:0006468) is present in 10 differ-
ent modules (Module 1,2, 3, 5,7, 8,12, 13, 14 and 17); “trans-
port (GO:0006810)” is present in 4 different modules (Module
7,8, 11, 12) etc.

Next, we have analysed how the transcription fac-
tors are distributed within the targets of miRNA cofunc-
tional modules. As expected, the TFs of same fam-
ily are mostly present in one module. For example,

4| Journal Name, 2010, [vol]1-9

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9

Molecular BioSystems

members of TF family AP2-EREBP (LOC_Os07g13170.1,
LOC_0s04g55560.2 etc.) are co-targeted by miRNAs of
Module 7; and miR families 172, 18, 84 are present in
Module 7. Aukerman and Sakai postulated that downreg-
ulation of AP2-like target genes by miR172 resulting in
the promotion of flowering?®?’. MADS transcription fac-
tor family genes (LOC_0s02g36924.1, LOC_0s02g49840.1
etc.) are the potential targets of miRNA family 444
present in Module 5. It has been already reported
that MADS genes are collectively regulated by miR4442°,
ARF family TFs (LOC_0s02g06910.1, LOC_Os04g57610.1,
LOC_0s06g46410.1) are present in Module 11. Thus, we
have identified the set of miRNAs regulating the co-functional
transcription factors. Moreover, sometimes a combination of
different miRNA families can co-regulate cofunctional TFs
(e.g., HB family TFs are targeted by miRNAs of Module 2
and 5). The TFs, the miRNA pairs targeting them and the GO
biological processes within each module are presented in Ad-
ditional file 4.

From the database PASmiR 22, we have collected miRNAs
induced in different stresses. Out of 87 miRNA families
present in PASmiR, there are only 47 families which have tar-
gets in our dataset. In the MFSN modules, we have found that
stress induced miRNAs are distributed in 14 modules (out of
19) and the details are present in Additional File 5.

For example, miR169 is present in Module 8. The experi-
mental evidence?® suggests that this miR169 is induced differ-
ently under varying conditions. For example, it is up-regulated
in excess aluminium, drought, ozone, high salt, phosphorus
deficiency and down-regulated in abscisic acid, low tempera-
ture and nitrogen deficiency. We found that protein phospho-
rylation (GO:0006468), translation (GO:0006412), transcrip-
tion, DNA-templated (GO:0006351), ER to Golgi vesicle-
mediated transport (GO:0006888) etc. are regulated by miR-
NAs of Module 8. It is expected that the varying expres-
sions of miRNA169 under different stresses might change the
amount of its targeted gene due to post-transcriptional regula-
tion. Thus, the miRNA pairs induced during abiotic stresses
have enormous potential to regulate different biological pro-
cesses.

Biological functions of miRNA targets at different levels

p-TnetThe analysis of p-Tnet helps us to identify hub
miRNAs (e.g., om510 (miR3979-5p, oryza_test-m0135-5p),
om?255 (0sa-miR5490, miR11, oryza_test-m0141-3p, oryza
_test-m0142-3p ), om197 (miR5819), om141 (miR2055.2"))
which can control the post-transcriptional regulations of a
large number of genes.

As expected, these hubs that act as master regulators in cell,
are few in numbers. Further, the GO (BP, CC, MF) functional
classification of the genes targeted by the miRNAs indicate
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Fig. 4 Distributions of miRNA and their regulating different GO
categories namely BP (biological process), CC (cellular component)
and MF (molecular function).

that miRNA can regulate different important functions of a
cell. The distributions of miRNA and their regulating GO cat-
egories also show that while a large number of miRNA reg-
ulate a small number of biological functions, a few miRNAs
regulate a large number of biological functions (Fig. 4). TGs
of 319 (out of 889) miRNAs could not be classified in the
known GO categories. In particular, 31.8% miRNAs regulate
more than 11 (above average) biological processes. For exam-
ple, om765, om776, om141, om347 are involved in 71, 69, 57,
57 biological processes, respectively. The GO distribution of
570 miRNAs are described in Additional file 6.

We have also observed that there are few TGs which
can be post-transcriptionally controlled by a large num-
ber of miRNAs. For example, LOC_0Os01g20720.1,
LOC_0Os10g26820.1, LOC_0s05g34220.1 are potential tar-
gets of 21, 19 and 16 miRNAs respectively. Among them, it is
already reported that the defense responsive NBS-LRR gene
family are targeted by miNRAs??3%, This indicate several
possibilities: (i) there may be functional redundancies among
miRNAs targeting a gene, (ii) tissue (condition) specific ex-
pression of different miRNAs can regulate the same gene in
different tissues (conditions), (iii) there may exist combinato-
rial regulation of a gene targeted by different miRNAs. The
regulation by miR164 family in Arabidopsis>! is one of such
example of functional redundancies. The authors experimen-
tally demonstrated that the disruption of shoot development by
a single gene mutation vary drastically from the loss of entire
miR 164 family. Next example is for tissue specific expression
of the genes of a miRNA family. Yanjie et. al. showed that
while miR169a expressed abundantly in cotyledon, hypocotyl,
stoma and root vascular tissues; miR169c uniquely expressed

This journal is © The Royal Society of Chemistry [year]
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in the shoot apex, root tip and the lateral root primordia>?. An-
alyzing the expression of miR169, they further suggested for
a cooperative regulatory mechanism of miRNA'’s action.

Next we observe that some groups of biological processes
are targeted by higher percentage of miRNAs. For exam-
ple, 18% miRNAs are involved in translational and protein
modification, 16.3% miRNAs are involved in photosynthesis.
Some groups of biological processes are targeted by lower per-
centage of miRNAs. For example, 6% miRNAs are involved
in cellular growth, 7% miRNAs are involved in homeostasis,
8.5% miRNAs are regulating stress and signaling etc. A pie-
chart of percentage of miRNAs regulating different groups of
biological processes is described in the Fig. 5.

Translation and protein
modification
B Photosynthesis
Other cellular processes
B Replication and transcription
u stressand signaling
B Celldeath
Transport

Metabolic process

¥ Homeostasis

u Cellular growth

Fig. 5 Pie-chart of miRNAs regulating different groups of
biological processes.

p-Cnetln general, the higher the CC-value of a miRNA
pair indicates the higher association of the target genes of that
miRNA pair. We have identified that many miRNA pairs have
arelatively low CC value, but a small number of miRNA pairs
have very high co-targeting coefficients.

Interestingly, we observe that co-targeting network is en-
able to identify the miRNA pairs regulating related bi-
ological processes. For example, at CC value > 10.0
and < 30.0, om334:om332, om869:0m26 are regulating
determination of bilateral symmetry (GO:0009855), em-
bryonic pattern specification (GO:0009880), adaxial/abaxial
axis specification (G0O:0009943), polarity specification of
adaxial/abaxial axis (G0O:0009944), adaxial/abaxial pattern
specification (GO:0009955) etc. All these functions re-
lated to growth and development3*3*. At CC value >
5.0 and < 10.0, om54:0om374, om74:0m375, om53:0m374
are regulating sulfate assimilation (GO:0000103), carbohy-
drate metabolic process (GO:0005975), protein phosphoryla-
tion (GO:0006468), metabolic process (GO:0008152), sulfate
transport (GO:0008272) etc. It is expected as well as reported
that sulfate transport has role in plant metabolic process> and

is also linked with phosphorylation/dephosphorylation pro-
cess©. It may be hypothesized that these processes might be
co-regulated by these miRNA pairs.

miRNA target gene coexpression analysis identifies sets of
miRNAs associated with related functions

It has been hypothesised that TGs of miRNAs are likely to
be coexpressed?’*8. Using No3CoGP tool** we compared
the drought and salt coexpressed genes and identified the co-
expressed genes in drought, salt and both of the stresses. From
the MFSN modules we already obtained the co-targeted co-
functional set of miRNAs. Next, we identified the gene sets
co-targeted by miRNAs of a module as well as co-expressed
in a particular stress condition. Some evidences in support of
this are given below.

Drought co-expressed genes and MFSN Module 5:
We identified 7 TGs (LOC_0s02g36924, LOC_0s04g23910,
LOC_0s04g51350, LOC _0Os05g47560, LOC_0s06g23980,
LOC_0s07g04690, LOC_0s08g33488) co-expressed during
drought stress, among the TGs targeted by miRNAs of
Module 5. The miRNA pairs om80:0m571, om76:0m571,
om78:o0m77, om79:0m571, om80:0m77, om82:0m80 etc. co-
target MADS TF family (LOC_0s02g36924), which is in-
volved in callose deposition in cell wall (GO:0052543), cell
wall macromolecule metabolic process (GO:0044036), lateral
root development (GO:0048527), xylan biosynthetic process
(GO:0045492), cell wall biogenesis (G0O:0042546), etc. On
the other hand, the miRNA pairs om79:0m78, om80:0m78
and om80:0m79 co-target serine-threonine kinase protein
(LOC_0s05g47560), having a role in regulation of photosyn-
thesis (GO:0042548), circadian rhythm (GO:0007623), phos-
phorylation (GO:0016310) etc. Interestingly, all these miRNA
pairs belong to Module 5 (Fig. 6) of MFSN network and lit-
erature survey suggests that the functions of their targets are
interlinked with one another. It is already well-established that
the MADS box promotes the flowering by enhancing chloro-
plast development and photosynthesis3®*°. The photosynthe-
sis is tightly coupled with cell wall biogenesis*!*?, root de-
velopment*?, nutrient response** and xylan biosynthetic pro-
cess® in the developing plant. Again root development de-
pends on cell wall biogenesis*® which has a link to xylan
synthesis47’48. On the other hand, Stomatal regulation is con-
nected to nutrient response*’ and photosynthesis>°.

Salt co-expressed genes and MFSN Module 13:
Among the co-targeted genes of miRNAs of MFSN Module
13 (Fig. 7) we observed that 7 TGs (LOC_Os01g13190,
LOC_0s01g44330, LOC_Os01g63180, LOC_Os01g63200,
LOC_0s05g38390, LOC _0s09g26820, LOC_Os11g48060)
are co-expressed during salt stress.

The miRNA pairs om816:0m60,
om60:o0m378, om816:0m378, om816

om378:0m239,
:om239 co-target
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Fig. 6 MFSN Module 5: miRNAs (first layer), drought co-expressed
target genes (second layer) and GO processes (third layer).
Literature support (reference number) for the cross-talk between two
GO biological processes are given in the [ ] beside the link line. TG
description: MADS TF family (LOC 0s02g36924), serine-threonine
kinase protien (LOC Os05g47560), OsMADS25 - MADS-box
family gene (LOC Os04g23910), OsMADS23 - MADS-box family
gene (LOC Os08g33488); GO descriptions: callose deposition in
cell wall (GO:0052543), lateral root development (GO:0048527),
xylan biosynthetic process (GO:0045492), cell wall biogenesis
(GO:0042546), regulation of photosynthesis (GO:0042548),
phosphorylation (GO: 0016310), glucuronoxylan metabolic process
(GO:0010413), cell wall organization (GO:0071555), stomatal
lineage progression (GO:0010440), response to nutrient
(GO:0007584), root hair cell differentiation (GO:0048765).

LOC_0s01g13190 (histidinol dehydrogenase, chloroplast
precursor) which is involved in cellular amino acid biosyn-
thetic process (GO:0008652), histidine biosynthetic process
(GO:0000105), pollen development (GO:0009555), re-
sponse to UV (GO:0009411), spermidine biosynthetic
process (GO:0008295). The miRNA pairs om61:0m60,
om61 :0m239, om60:0m378 co-target LOC_Os05 g38390,
LOC_Os11g48060 (laccase precursor protein) which are
involved in lignin catabolic process (GO:0046274), response
to copper ion (GO:0046688), vegetative to reproductive phase
transition of meristem (GO:0010228). UV stress plays role in
pollen development’'-32, amino acid biosynthesis?, vegeta-
tive growth>* and metabolism>>. Spermidine biosynthesis is
interlinked with UV, water or copper stress>°. It is reported
that UV and copper shows similar stress response>’. Pollen
development is dependent on spermidine biosynthesis>®?,
and histidine®%°!. UV stress also regulates spermidine
biosynthesis®>. The above examples support that the mod-
ule of the MFSN network can cluster the miRNAs whose
targets can act together to perform interconnected biological

A
=

A
VN i

’ 53

Fig. 7 MFSN Module 13: miRNAs (first layer), salt co-expressed
target genes (second layer) and GO processes (third layer).
Literature support (reference number) for the cross-talk between two
GO biological processes are given in the [ ] beside the link line. TG
description: laccase precursor protein (LOC Os01g63200),
histidinol dehydrogenase, chloroplast precursor (LOC Os01g13190
); GO description: cellular amino acid biosynthetic process
(GO:0008652), histidine biosynthetic process (GO:0000105), pollen
development (GO:0009555), response to UV (GO:0009411),
spermidine biosynthetic process (GO:0008295), response to copper
ion (GO:0046688), vegetative to reproductive phase transition of
meristem (GO:0010228), metabolic process (GO:0008152).

functions within the cell.

Functional classification of miRNA regulated condition
specific TFs and non-TFs

By investigating the transcriptional regulation of microRNA
target genes, Wang et al. showed that different groups of target
genes of the same miRNA are co-expressed under different
conditions 3. Here, we have identified 462 and 464 miRNAs
which have targets in the drought and salt co-expressed gene
set, respectively; comparing the co-expression of genes in the
drought stress with the salt stress. Among these miRNAs, 80
and 84 miRNAs have both the coexpressed TFs and non-TFs
in the drought and salt stress respectively (Additional file 7).
For example, om82 (miR444) has 3 TFs and 7 non-TFs which
are coexpressed in both the drought and salt stress. Further, we
have classified the miRNAs which have co-expressed targets
in only drought, only salt and in both of the stresses.

Future direction

Our analysis on co-functional modules identified sets of miR-
NAs having the potential to post-transcriptionally co-regulate
known inter-related cellular activities. Moreover, based on

This journal is © The Royal Society of Chemistry [year]
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the co-functional modular analysis (Additional File 3), one
can generate hypothesis to test the possible dependencies of
several cellular processes, which can be verified by doing re-
lated experiments. Further, we want to mention that while the
cross-talk among a subset of GO biological processes within
a module are supported by existing literature; one can exploit
the potential relationships among other biological processes
present within the same co-functional module but we could
not find any evidence of their direct relationship through liter-
ature search.

We are aware that there are several limitations in computa-
tion based miRNA research. The problems lie in (i) false tar-
get prediction and (ii) though there are many genes having pu-
tative binding sites for multiple miRNAs %% some putative
sites may be non-functional in vivo, etc. Experimental veri-
fication of any hypothesis is needed. However, it is not very
easy to perform the experiment to study the whole genome
level miRNA gene regulatory network. Recently, it has been
demonstrated that the manipulation of miRNAs can change
the miRNA mediated gene regulatory network and the authors
speculate that this may be used to design the desired effect in
Arabidopsis®. Thus, our findings might help the researchers
in designing efficient rice cultivars.

Conclusion

In conclusion, ambiguities regarding the repeated annotations
of some miRNA sequences have been removed from the avail-
able experimental data in the present work. p-Tnet analysis
identifies a number of master miRNA regulators (hubs) which
can target large number of genes. The functional processes
which may be regulated by large set of miRNAs have also
been reported here. Potential roles of miRNAs (whose target
genes are involved in different gene ontology domains e.g.,
biological processes, molecular function and cellular compo-
nent) along with the interacted miRNAs can be detected by
means of MFSN construction. We also identified different
groups of target genes (TFs and non-TFs) of the same miRNA
which are co-expressed under different stresses. The further
study on the miRNA functional modules and TFs connection
will provide a new approach towards the mechanism study of
the alterations of miRNAs in different stresses.
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