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IN-SILICO IDENTIFICATION OF MICRORNA-LIKE RNAs AND THEIR
REGULATING TARGET FUNCTIONS IN Fusarium graminearum,

A HEAD BLIGHT PATHOGEN OF WHEAT
Lalit L. Kharbikar', Arti S. Shanware? and Simon G. Edwards?

ABSTRACT

Different types of SRNA molecules regulating gene expression during many
biological processes, from growth and development to defence against biotic and abiotic
stresses have been identified previously. The fungi originated sRNAs, which are homologous
to plant and animal originated miRNAs, are often termed miRNA-like RNAs (milRNAs).
Fusarium graminearum is a devastating pathogen of wheat and other small grain cereals and
causes Fusarium Head Blight (FHB) disease. In the present study, in-silico tools were used
to identify milRNAs and their targets regulating different functions in F. graminearum
using the EST approach. Additionally, functional annotation, gene ontology and pathway
analysis of identified target transcripts were also done. Ten milRNA families were identified.
Meaningful regulations of target transcript by identified milRNAs were computationally
evaluated. Our results further confirmed that uracil was the predominant base in the
identified mature milRNA sequences, while adenine and uracil were predominant in pre-
milRNA sequences. Thirteen potential targets were evaluated for 4 milRNA families. The
majority of the identified target transcripts regulated by milRNAs showed a stress response.
milRNA 5021 was also indicated for playing an important role in the amino acid metabolism
and co-factor metabolism in F. graminearum. To the best of our knowledge, this is the first
in-silico study describing milRNAs and their regulation in different metabolic pathways of
F. graminearum. The findings are important for a better understanding of F. graminearum
milRNAs and their targets. However, further research is required to determine the specific

role of milRNAs.
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INTRODUCTION

Gene expression is regulated by endogenous small
RNA (sRNA) molecules such as small interfering RNAs
(siRNAs), Piwi-associated RNAs (piRNAs) and microRNAs
(miRNAs) (GroBhans and Filipowicz, 2008) . These SRNA
molecules are usually non-coding and regulate the gene
expression either at transcriptional or post-transcriptional
levels (Knip et al., 2014). Among sSRNAs, miRNAs are 18 to
24 nucleotide long, non-coding RNAs. miRNAs regulate
the post-transcriptional gene expression by binding or
cleaving the complementary sequences on target messenger
RNAs (mRNAs) (Liang et al., 2010). In fungi, some sSRNAs
may be perfectly homologous to mature miRNAs in plants
and animals. However, the prediction of their secondary
structures is not always possible. This is due to the
differences between characteristics and distribution of these
fungi originated sSRNAs and plant and animal originated

miRNAs (Lee et al., 2010). Hence, the fungi originated
sRNAs, which are homologous to plant and animal
originated miRNAs, are often termed miRNA-like RNAs
(milRNAs). The milRNAs generate from pathways other than
that of miRNA pathways and have been discovered recently
in some filamentous fungi (Lee et al., 2010; Zhou et al.,
2012a, 2012b; Kang et al.,2013). Limited reports describing
the role of milRNAs in gene regulation mechanisms of non-
plant pathogenic filamentous fungi are available (Lee et al.,
2010; Zhou et al., 2012b; Kang ez al., 2013). milRNA-mediated
gene regulation mechanisms have also been speculated to
exist in a plant pathogenic filamentous fungus belonging to
the genus Fusarium (Chen et al., 2014). However, no reports
are available on identifying milRNAs and their regulating
target functions in a plant pathogenic fungus Fusarium
graminearum.

F. graminearum is a devastating pathogen of
wheat and other small grain cereals and causes Fusarium
Head Blight (FHB) disease (Xu et al., 2005). Significant yield
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losses and mycotoxin accumulation in grain are the
consequences of disease when the climatic conditions are
favourable for its development (Parry et al., 1995). The
common mycotoxins produced by F. graminearum are
trichothecenes and zearalenone that can affect human and
animal health if they enter the food chain. Studies have
been conducted to investigate the wheat-F. graminearum
interaction and post-anthesis moisture have been reported
to influence the FHB development and mycotoxin
production (Kharbikar et al., 2015). However, the roles of F.
graminearum milRNAs in this interaction have not been
investigated. With concern to mycotoxin production, a deep
understanding of their regulatory system governed by the
milRNAs is required to study this economically important
pathogen.

Various approaches such as genetic screening,
direct cloning or computational predictions can be used to
characterize the sSRNAs including milRNAs (Guleria et al.,
2012). Genetic screening for SRNAs is possible only when
the genomic sequence data is available (Zhang et al., 2006).
Besides, direct cloning of SRNAs is difficult due to their
spatial and temporal expression patterns (Zhang et al., 2006).
Both genetic screening and direct cloning require wet lab
procedures; therefore, are expensive and time-consuming.
Computational characterization of sSRNAs, in contrast,
involves the prediction from expressed sequence tags (EST)
or genomic survey sequences (GSS). This is the cost-
effective and rapid approach towards the identification of
sRNAs (Guleria et al., 2012). Since milRNAs are the types of
sRNAs computational approach could also be utilized to
characterize the milRNAs in plant pathogenic fungi such as
F. graminearum. F. graminearum EST sequences available
in the NCBI database were used to identify milRNAs and
their target in this study. ESTs have also been used for
miRNA identification in several previous studies (Zhang et
al.,2005; Unver et al., 2010; Barozai et al., 2012; Catalano et
al., 2012). Comprehensive milRNA target analysis is still
limited due to the limited ability of the available bio-
informatics tools in predicting translational inhibition and
integrating transcriptome data. To overcome this problem,
different types of tools at each step of this study were used
to identify possible milRNA mediated regulation of wheat-
F. graminearum interaction.

MATERIALS AND METHODS

Data retrieval and software employed

A set of reported 23,260 ESTs of F. graminearum
were downloaded from the NCBI (www.ncbi.nlm.nih.gov/
nucest) in February 2019. To remove the redundancy from
the EST sequences CAP3 (Huang and Madan, 1999) was
used. milRNAs and their target prediction were performed
by using a comprehensive tool C-mii version 1.11 (Numnark
etal.,2012) from 3436 contigs. Nine sequences were excluded
according to the criteria of the miRNA identification module
(length exceeding limit 3000 bps) of C-mii. Online web servers
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psRNATarget (Dai and Zhao, 2011) and Target-align (Xie
and Zhang, 2010) were used to evaluate the prediction
results of C-mii. Blast2GO (Conesa and Gotz, 2008) was used
for annotation of identified target transcripts.

miRNAs and their target prediction

The miRNA identification module of C-mii used in
this study uses a homology search-based approach. Primary
miRNA folding and precursor miRNA folding, sub-modules
were used with their default parameters. To process the
predicted results, the stability of the secondary structure of
the pre-miRNAs needs to be evaluated. A contig was
considered as a milRNA candidate if it fits in the following
criteria; 1) length of predicted milRNA should be in the
range of 18-24 nucleotides; 2) more than three substitutions
were not allowed for the predicted mature milRNAs against
the known miRNAs; 3) one arm localization of the mature
milRNA within a stem-loop structure; 4) maximum 6
mismatches were allowed between milRNA sequence and
milRNA* sequence of stem-loop structure; 5) A + U content
should be high compared to G + C content, and 6) high
negative minimal folding free energy (MFE) and high MFE
index (MFEI) value of the secondary structure. Predicted
milRNAs were then used for target search against all contig
sequences of F. graminearum. The target identification
module of Target-align is based on perfect or near-perfect
complementarities of miRNA and its target. Target scanning
was performed to search complementary sites of predicted
milRNAs for all contigs. The following criteria were set for
the prediction of milRNA-target genes: 1) maximum three
mismatches between predicted milRNAs and target gene;
2) no mismatches were allowed for 10" and 11" positions of
the complementary site; 3) MFE of milRNA and target duplex
should be negative, and 4) no more than 4 GU pair was
allowed in the complimentary alignment.

Validation

The least number of allowed mismatches for the
alignment of putative milRNAs and known miRNAs is the
foremost feature to get accurate results. In-silico validation
was done only for milRNAs having targets in predicted
results. User-submitted small RNAs and user-submitted
transcript section of psRNA Target were used in this study.
The same alignment approach was also used by Target-
align. During validation of predicted result by Target-align
3 mismatches were allowed from base 1 to 9. The following
criteria were taken into account for the validation of milRNAs
and their targets. 1) Only 3 non-consecutive or consecutive
mismatches were allowed; all aligned pairs having more than
3 mismatches by validating tools were filtered; 2) The
sequences having aligned section were considered as final
results; any predicted milRNA or transcripts showing no
alignment by both tools were ignored; 3) to improve the
accuracy of the results only cleavage type of inhibition was
considered by psRNATarget; and 4) significance of the
predicted results at p = 0.05 was considered for the study.
Evaluated target transcripts were selected for functional
annotation. BlastX was performed against the plant/
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Arabidopsis thaliana protein database (PDB). Gene ontology
(GO) and pathway analyses were performed with its analyzed
default parameters, which also evaluates annotated results.

RESULTS AND DISCUSSION

1. milRNA prediction

After carefully considering the homology and
secondary structure prediction results, 10 sequences were
selected as milIRNA candidates. These predicted sequences
belonged to 10 different families (Table 1). Evolutionarily
highly conserved milRNA families such as milR2325¢ and
milR5549-3p were identified in this study (Fig. 1). The

distribution of identified milRNAs in the investigation was
not uniform. All the milRNA families identified had
originated from 41 different EST transcripts belonging to
distantly related organisms (Fig. 2). Given that many
miRNAs are highly conserved between organisms and
species (Pasquinelli ez al., 2000) it is likely, that a milRNA
discovered in F. graminearum will also be present in A.
lyrate, A. thaliana, B. distachyon, B. taurus, C. elegance,
D. melanogaster or other organusms and species. Further,
fifty per cent of the milRNA families identified had more
than one member. For example, in the case of milR5549-3p,
nineteen members were identified from the same transcript
(Table 1); however, only one milRNA candidate was
considered for the study.

Table 1. MicroRNA like RNAs identified in Fusarium graminerum Expressed sequence tags (ESTs)
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Figure 1. Graphical representation of
homology of known miRNA families with
41 F. graminearum EST sequences
nerating 10 milNA candidates.

Evolutionary highly conserved,
conserved and unconserved milNAs
were identified in the present study
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Caenorhabditis elegans

Bos taurus

Drosophila melanogaster  Arabidopsis lyrata

Identification of F. graminearum milRNAs from distantly related

Arabidopsis thaliana
Brac hy podium distachyon

Figure 2. Distribution of F
graminearum milNAs in the present
study. The identified milRNAs were not
uniformly distributed. All the milNA
families identified had originated from
41 different EST transcripts belonging

to distantly related organisms

Characterization of predicted pre-milRNAs
a. Length variation

The majority of plus strands were observed for
predicted milRNAs. Mature milRNA sequences showed
variations from O to 1 nucleotide, where the O nt length
variation was shown by 29 milRNA candidates and 1 nt
length variation was shown by 12 milRNA candidates.
When compared to precursor miRNAs, predicted mature
milRNAs showed less variation in their length (Table 1).
Variations in the length of pre-miRNAs were also reported
in earlier studies (Barozai et al., 2012; Wang et al., 2012;
Patanun et al., 2013).

b. GC content
The pairing of three hydrogen bonds between G

and C contributes to the formation and stabilization of the
secondary structure of stem-loop hairpins. With this logic,
the stability of the secondary structure of RNA should
contain high GC content in the sequence. In this study, the
overall range of GC varied from 30.71% to 60.14% (Table 2).
The predicted milRNA families 169m-3p and 5549-3p only
showed less than 40% of GC contents in their pre-milRNA
sequences. Whereas, a predicted conserved milRNA family
milR4968-3p and a highly conserved milR2325¢ showed more
than 50% of GC content in their pre-milRNA sequences.
Interestingly most unconserved milRNA families identified
in the present study were GC rich in contrast to earlier
report on Helianthus and Nicotiana tabacum (Frazier et
al., 2010; Barozai et al., 2012). This suggest that
unconserved milRNAs may also tend to have high GC
content.

Compared to GC content AU content was high and
varied from 35.16 to 69.28 (Table 2). Uracil was dominant in
the mature milRNA sequences, suggesting its important role
in milRNA mediated regulation in organisms (Zhang et al.,
2008; Unver et al., 2010; Dhandapani et al., 2011; Luo et al.,

2013). In most of the milRNAs, the predominance of Adenine
and Uracil was observed, which is following the earlier report
in Gossypium arboretum (L.) and Brassica rapa (L.),
respectively (Dhandapani et al., 2011; Wang et al., 2012).

¢.MFE and MFEI
MEFE is another criterion for measuring the stability

of an RNA or secondary structure. It is reported that
precursor microRNAs have lower folding energies than other
non-coding RNAs (Bonnet et al., 2004). The MFE of
the 9 predicted pre-miRNAs varied from 09.20 to 94.32 (“kcal
mol™). Due to the variation in the length of precursor
miRNAg, it is not enough to characterize milRNA based on
MFE. The MFEI resolution for a length of variation was
also calculated to distinguish miRNA from RNAs (Zhang et
al.,2006). The range of MFEI of predicted pre-miRNAs in F.
graminearum varied from 0.31 to 0.81 (“kcal mol™).

1. Target prediction
Perfect or near-perfect match of miRNA to their

target mRNAs helps to regulate post-
transcriptional gene expression by translation inhibition and
cleavage. In this study, only 4 milRNA families from the
predicted milRNAs showed putative targets (Table 3). This
is because the milRNA targets were highly complementary
to the respective milRNAs as we focused on genes with a
limited number of mismatches (Haley and Zamore, 2004).
Thirteen distinct targets were predicted by Target-align.
The milRNA family miR414 had 46% of all the numbers of
predicted sequences for target genes. It has been reported
for siRNAs, which act in a similar manner as most milRNAs,
that perfect complementarity to siRNNAs can be sufficient to
trigger cleavage in vitro (Haley and Zamore, 2004). The
majority of the identified target transcripts regulated by
milRNAs showed a stress response. milRNA 5021 was also
indicated for playing an important role in the amino acid
metabolism and co-factor metabolism in F. graminearum.
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Table 2. Characterization of F. graminearum milRNAs predicted in the present study

milRNA  PL? Content GC AU MFE MFEI milRNA sequence
AlU (%) (%) (—kal (—kcal
mol™) mol")
Fgr- 282 6 12 333 673 34.00 0.78 5"
milR169 2 6 3 7 GGCAGUCUUCUUGGCUAU
m-3p C:3
Fer- 128 1 38 593 40.6  41.80 0.31 5"
milR- 4 7 2 GUUUUGUUUGGGUUUGUU
1814c Uu:3’
Fer- 182 2 38 64.8 351  54.00 0.81 5"
milR- 6 3 6 GGuuGuUUuUuuuuCcuuuuU
2325c¢ uc:3’
Fer- 119 3 24 504 495  23.60 0.39 5"
milR414 5 2 7 UCAUCUUCAUCAUCAUCG
UCA:3’
Fer- 147 3028 59.1 408  9.20 0.34 5"
milR- 2 8 2 CAGCAACAGCAGCAGCAG
4968-3p CAGA:3'
Fgr- 148 3 54 425 574 31.60 0.50 5"
milR502 1 6 3 UGAGAAGAAGAAGAAGAA
1 AA:3
Fgr- 349 9 11 41.8 581 8134 0.55 5"
milR- 30 3 5 CUUGUGAAAUUAACGUGA
5549-3 GU: 3’
Fgr- 267 8 10 307 692 49.70 0.60 s"
milR- 32 1 8. UCAUGUUGGUUUUUUGUU
5549-3p GGU:3’
Fer- 133 51 43.6 563 2750 0.47 5"
milR565 4 0 9 AUGAUGAUGAUGAUGAUG
& AAAZ
Fgr- 138 4 15 60.1  39.8 9432 0.29 5%
milR948 4 5 CCUUUGGGGAAGAAGGGA
2 AAC:3

“Length of precursor miRNA
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Table 3. Target prediction, validation, annotations and pathway analysis of the milRNA target genes
using Blast2GO

milRNA Target  Target protein Target function Enzymes Pathways

Fgr- Contig  High mobility Chromatin assembly or - -
milR414 1374 group b3 protein  dissemble/nucleic

acid metabolic process

Contig  Ring u-box Protein - -
2136 domain- degradation/signal
containing transduction
protein
Contig  Unknown - - -
2184
Contig  Nascent Response to stimulus - -
277 polypeptide-
associated
complex
subunit alpha-like
protein 4
Contig  Unknown - — -
2774
Contig  Histone Regulation of - -
3094 deacetylase hdt2 transcription/regulation
of
gene expression,
epigenetic
Fgr- Contig  3-Ketoacyl- Fatty acid - -
milR169m- 665 synthase 6 biosynthesis/response to
3p stress/
developmental process
Fgr- Contig  hxxxd-type acyl-  Transferase activity EC: Cysteine and
milR5021 1735 transferase-like 2.1.1.14  methionine
protein metabolism/
selenocompound
metabolism
EC: Pantothenate and
2773 CoA biosynthesis
Contig  Non-specific Transferase activity EC: Cysteine and
1888 lipid-transfer 2.5.1.6 methionine
protein 7 metabolism
Contig  Ubiquitin- Ubiqutin-dependent - -
2208 conjugating protein catabolic
enzyme e2 19-
like
process
Fer- Contig  Ubiquitin- Ubiqutin-dependent - -
milR5658 2520 specific protease  protein catabolic
family c19-
related
protein process
Contig  Peptide Response to stress - -
896 methionine
sulfoxide
reductase b2
Contig  Gram domain Response to biotic and - -

1974 family protein abiotic stress




3. Validation

Both milRNAs and their targets were predicted by
using selected criteria as mentioned earlier. Results obtained
by Target-align suggested the possible role of predicted
milRNASs in the down-regulation of corresponding targets.
Variation between the evaluated and predicted results for
milRNAs and their targets was analyzed and the result was
categorized based on milRNA families (Table 3). The rest of
the milRNA families had a significant match with the
predicted transcript by validation. This suggests that for
milR414, six predicted target transcripts were evaluated
successfully. Both evaluating tools showed alignment with
the same transcript. In the case of milR5021, two transcripts
were validated. A small variation was observed for predicting
transcript contig 1735, which was evaluated by Target-align
but did not yield any results for this transcript. In this
investigation, only those results were considered which
showed results with at least one tool. An extra transcript
contig 2528 was suggested by Target-align, for which there
were no prediction results. Hence, this transcript was ignored
for this family. Target-align results suggested that all
evaluated results are responsible for post-transcriptional
regulation by cleavage inhibition.

4. The multiplicity of a target site

miRNAs are known to have multiple target sites
on a specific target transcript (Axtell et al., 2006). Recognition
activity of the miRNA to the mRNA target can be measured
by the multiplicity of target sites. In this study, the
multiplicity of the evaluated milRNA-target transcript with
the difference of more than three consecutive nucleotide
positions was considered as multiple target sites. All
evaluated tools showed variation in the multiplicity of the
target sites. According to the analyzed result, the majority
of the target transcripts have more than one binding site for
miRNAs. More binding sites of target transcripts are
suggested by evaluating tools for identified miRNAs
presenting more accuracy for miRNA-target duplex.

3. Annotation

Understating the target functions of milRNAs is
highly important as it helps to understand the functional
regulation of milRNAs. According to C-mii annotation contig
2184 and contig 2774 coding for transcription initiation factor
IIF subunit alpha and 60 ribosomal proteins play a major
role in positive regulation of transcription and translation,
respectively. No function was found for contig 2184 and
contig 2774 by Blast2GO. Analysis of ten sequences using
Blast2GO yielded similar results as C-mii annotation.
Environmental stresses are an important limiting factor for
growth and development in organisms. There are reports
that during stress the mycotoxin biosynthesis increases in
F. graminearum (Edwards et al., 2012; Kharbikar et al., 2015).
Additionally, different elicitors accumulated during stress
also increase its mycotoxin biosynthesis. The results of
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this investigation are directly not related to mycotoxin
biosynthesis but related to stress response (Table 3). Hence,
the result also has importance to study the relationship of
milRNA-mediated response to mycotoxin production.
Additionally, the study reveals that identified milRNA
regulated target genes had differential biological functions
including transferase activity, fatty acid biosynthesis and
signal transduction (Table 3).

4. Pathway regulation by milRNA5021

Plant enzymes obtained through Blast2GO analysis
were considered for the study (Table 3). Methionine works
as an active precursor of S-adenosylmethionine (AdoMet)
which is a major methyl group donor in trans-methylation
reaction. Moreover, being an intermediate in the
biosynthesis of polyamines and the phytohormone ethylene,
it plays important role in plant development. Alteration in
plant morphology and induction in homeotic alteration in
flower organs are responses to the methylation of cytosine
residues in DNA (Finnegan et al., 1998). Our study revealed
that milR5021 may control the growth by regulating S-
adenosylmethionine synthase (EC: 2.5.1.6) and
homocysteine methyltransferase (EC: 2.1.1.14) in cysteine
and methionine metabolism. Additionally, seleno compound
metabolism may also be regulated by the same milRNA by
targeting homocysteine methyltransferase (EC: 2.1.1.14).
Apart from this amino acid metabolism, milRNA5021 may
regulate the growth, stress resistance and seed lipid storage
through targeting pantethine-phosphate adenyltransferase
(EC:2.7.7.3) in the pantothenate CoA biosynthetic pathway
(Rubio et al., 2008). A homologous miRNA, miR5021 have
already been reported to play a role in oxidative stress,
methyltransferase activity and terpenoid biosynthetic
process in Catharanthus roseus (Pani and Mahapatra, 2013).

Comprehensive plant milRNA target analysis is still
limited despite the availability of tools. These tools have
limited ability to predict translational inhibition and integrate
transcriptome data. To overcome this problem, different
types of tools at each step of this study were used. The
present investigation predicted 10 milRNA families in F.
graminearum using the bioinformatics method. In addition,
13 targets could be identified for 4 milRNA families. All
predicted milRNAs and targets were computationally
validated. Validated milRNAs showed a response to
environmental stress. With concern to pathogenicity, this
study may provide a deep understanding of the regulatory
system of mycotoxins governed by the milRNAs, by the
relationship of milRNA-mediated response to mycotoxin
production. This study presents the first report for the in-
silico identification of F. graminearum milRNAs and their
targets. These findings are important for a better
understanding of F. graminearum milRNAs and their
targets. Further research is required to determine the role of
milRNAs in the regulation of mycotoxins by F. graminearum.



REFERENCES

Axtell, M.J., C. Jan, R. Rajagopalan and D.P. Bartel, 2006. A two-hit
trigger for siRNA biogenesis in plants. Cell. 127(3) : 565-
5717.

Barozai, M.Y.K., I.A. Baloch and M. Din, 2012. Identification of
MicroRNAs and their targets in Helianthus. Mol. Biol.
Report., 39 (3) : 2523-2532.

Bonnet, E., J. Wuyts, P. Rouzé and Y. Van de Peer, 2004. Evidence
that microRNA precursors, unlike other non-coding RNAs,
have lower folding free energies than random
sequences. Bioinformat. 20 (17) : 2911-2917.

Catalano, D., D. Pignone, G. Sonnante and M.M. Finetti-Sialer,
2012. In-silico and in-vivo analyses of EST databases
unveil conserved miRNAs from Carthamus tinctorius and
Cynara cardunculus. BMC Bioinformat., 13(4) :1-11.

Conb, R., N. Jiang, Q. Jiang, X. Sun, Y. Wang, H. Zhang and Z. Hu,
2014. Exploring microRNA-like small RNAs in the
filamentous fungus Fusarium oxysporum. PloS One, 9(8)
1 p.e104956.

Conesa, A. and S. Gotz, 2008. Blast2GO: a comprehensive suite for
functional analysis in plant genomics. Inter. J. Plant
Genom., doi: 10.1155/2008/619832.

Dai, X. and P.X. Zhao, 2011, psRNATarget: a plant small RNA
target analysis server. Nucl. A. Res., 39 (suppl_2) : W155-
W159.

Dhandapani, V., N. Ramchiary, P. Paul, J. Kim, S.H. Choi, J. Lee, Y.
Hur and Y.P. Lim, 2011. Identification of potential
microRNAs and their targets in Brassica rapa L. Mol. and
Cell. 32 (1) : 21-37.

Edwards, S., L. Kharbikar and E. Dickin, 2012. Zearalenone risk in
wheat associated with pre-harvest rainfall. in: World
Mycotoxin Forum and IUPAC Internation Symposium
on Mycotoxins and Phycotoxins, 4-9th November.,
Rotterdam, The Netherlands.

Finnegan, E.J., R.K. Genger, W.J. Peacock and E.S. Dennis, 1998.
DNA methylation in plants. A. Rev. Plant Biol. 49 (1) :
223-247.

Frazier, T.P., F. Xie, A. Freistaedter, C.E. Burklew and B. Zhang,
2010. Identification and characterization of microRNAs
and their target genes in tobacco (Nicotiana
tabacum). Planta. 232 (6) : 1289-1308.

GroBhans, H. and W. Filipoicz, 2008. The expanding world of
small RNAs. Nat., 451 (7177) : 414-416.

Guleria, P., D. Goswami and K.S. Yadav, 2012. Computational
identification of miRNAs and their targets from Crocus
sativus (L.) Arch. Biol. Sci. 64 (1) : 65-70.

Haley, B. and P.D, Zamore, 2004. Kinetic analysis of the RNAi
enzyme complex. Nat. Struct. Mol. Biol. 11(7) : 599-
606.

Huang, X. and A. Madan, 1999. CAP3: A DNA sequence assembly
program. Gen. Res. 9(9) : 868-877.

Kang, K., J. Zhong, L. Jiang, G. Liu, C.Y. Gou, Q. Wu, Y. Wang, J.
Luo and D. Gou, 2013. Identification of microRNA-Like
RNAs in the filamentous fungus Trichoderma reesei by
solexa sequencing. PloS One, 8 (10) : p.e76288.

Kharbikar, L.L., E.T. Dickin and S.G. Edwards, 2015. Effect of
water regimes, fungicide and harvesting time on the
concentration of deoxynivalenol and zearalenone in
wheat. Food Add. Cont.: Part A, 32 (12): 2075-2085.

Knip, M., M.E. Constantin and H. Thordal-Christensen. 2014.
Trans-kingdom cross-talk: small RNAs on the move.
PLoS Genet. 10 (9) : p.e1004602.

Lee, H.C., L. Li, W. Gu, Z. Xue, S.K. Crosthwaite, A. Pertsemlidis,
Z.A. Lewis, M. Freitag, E.U. Selker, C.C. Mello and Y.
Liu, 2010. Diverse pathways generate microRNA-like

18

RNAs and Dicer-independent small interfering RNAs in
fungi. Mol. Cel. 38 (6) : 803-814.

Liang, C., X. Zhang, J. Zou, D. Xu, F. Su and N. Ye, 2010.
Identification of miRNA from Porphyra yezoensis by high-
throughput sequencing and bioinformatics analysis. PloS
One. 5 (5) : p.e10698.

Luo, X., Z. Gao, T. Shi, Z. Cheng, Z. Zhang and Z. Ni, 2013.
Identification of miRNAs and their target genes in peach
(Prunus persica L.) using high-throughput sequencing and
degradome analysis. PLoS One, 8 (11), p.e79090.

Numnark, S., W. Mhuantong, S. Ingsriswang and D. Wichadakul.
2012, December. C-mii: a tool for plant miRNA and target
identification. BMC Genom. 13 (7) : 1-10.

Pani, A. and R.K. Mahapatra. 2013. Computational identification
of microRNAs and their targets in Catharanthus roseus
expressed sequence tags. Genom. Dat. 1 : 2-6.

Parry, D.W., P. Jenkinson and L. McLeod. 1995. Fusarium ear blight
(scab) in small grain cereals—a review. P. Pathol. 44 (2) :
207-238.

Pasquinelli, A.E., B.J. Reinhart, F. Slack, M.Q. Martindale, M.L.
Kuroda, B. Maller, D.C. Hayward, E.F. Ball, B. Degnan, P.
Miiller and J. Spring, 2000. Conservation of the sequence
and temporal expression of let-7 heterochronic regulatory
RNA. Nat. 408(6808) : 86-89.

Patanun, O., M. Lertpanyasampatha, P. Sojikul, U. Viboonjun and J.
Narangajavana, 2013. Computational identification of
microRNAs and their targets in cassava (Manihot esculenta
Crantz.). Mol. Biotechnol. 53 (3) : 257-269.

Rubio, S., L. Whitehead, T.R. Larson, I.A. Graham and P.L. Rodriguez,
2008. The coenzyme a biosynthetic enzyme
phosphopantetheine adenylyltransferase plays a crucial
role in plant growth, salt/osmotic stress resistance, and
seed lipid storage. P1. Physiol. 148 (1) : 546-556.

Unver, T., I. Parmaksyz and E. Diindar, 2010. Identification of
conserved micro-RNAs and their target transcripts in
opium poppy (Papaver somniferum L.). P. Cel. Rep. 29
(7) + 757-769.

Wang, Z.M., W. Xue, C.J. Dong, L.G. Jin, S.M. Bian, C. Wang, X.Y.
Wu and J.Y. Liu, 2012. A comparative miRNAome analysis
reveals seven fiber initiation-related and 36 novel miRNAs
in developing cotton ovules. Mol. Pl. 5(4) : 889-900.

Xie, F. and B. Zhang, 2010. Target-align: a tool for plant microRNA
target identification. Bioinformat. 26 (23) : 3002-3003.

Xu, X.M., D.W. Parry, P. Nicholson, M.A. Thomsett, D. Simpson,
S.G. Edwards, B.M. Cooke, FM. Doohan, J.M. Brennan,
A. Moretti and G. Tocco, 2005. Predominance and
association of pathogenic fungi causing Fusarium ear
blightin wheat in four European countries. Eur. J. Plant
Pathol. 112 (2) : 143-154.

Zhang, B.H., X.P. Pan, Q.L. Wang, P.C. George and T.A. Anderson,
2005. Identification and characterization of new plant
microRNAs using EST analysis. Cel. Res. 15 (5) 336-360.

Zhang, B., X. Pan, G.P. Cobb and T.A. Anderson, 2006. Plant
microRNA: a small regulatory molecule with big impact.
Dev. Biol. 289 (1) : 3-16.

Zhang, B., X. Pan and E.J. Stellwag, 2008. Identification of soybean
microRNAs and their targets. Planta. 229 (1) : 161-182.

Zhou, J., Y. Fu, J. Xie, B. Li, D. Jiang, G. Li and J. Cheng, 2012a.
Identification of microRNA-like RNAs in a plant
pathogenic fungus Sclerotinia sclerotiorum by high-
throughput sequencing. Mol. Genet. Genom. 287 (4) :
275-282.

Zhou, Q., Z. Wang, J. Zhang, H. Meng and B. Huang, 2012b. Genome-
wide identification and profiling of microRNA-like RNAs
from Metarhizium anisopliae during development. Fung.
Biol. 116 (11) : 1156-1162.

Rec. on 23.11.2021 & Acc. on 07.12.2021



	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18

