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Identification of miRNAs in sorghum
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MicroRNAs (miRNAs) regulate gene expression mainly by post-transcriptional gene silencing (PTGS) and in some cases by
transcriptional genes silencing (TGS). miRNAs play critical roles in developmental processes, nutrient homeostasis, abiotic
stress and pathogen responses of plants. In contrast to the large number of miRNAs predicted in cereal model plant rice,
only 148 miRNAs were predicted in sorghum till date (miRBase release 17). This suggested that miRNAs identified in
sorghum is far from saturation. Hence, we developed a bioinformatics pipeline using an in-house PERL script and publicly
available structure prediction tools to identify miRNAs and their target genes from publically available Expressed
Sequence Tags (EST) and Genomic Survey Sequence (GSS). About 1,379 known and unique plant miRNAs from 33
different crops were used to predict new miRNAs in sorghum. We identified 31 new miRNAs belonging to 10 different
miRNA families. We predicted 72 potential target genes for 31 miRNAs, and most of these target genes are predicted to
be involved in plant growth and development. These newly identified miRNAs add to the growing database of miRNA
and lay the foundation for further understanding of miRNA function in sorghum plant development.

Introduction

Sorghum (Sorghum bicolor L.) is an important cereal crop that is
highly resistant to drought and heat stress, and is used for food,
fodder, and as a raw materials for the production of starch, alcohol
and biofuels.'™ The extensive agricultural use of sorghum and the
emerging demand of sorghum for biofuel production necessitates
development of cultivars with higher yields, altered stem reserves,
and improved resistance to biotic and abiotic stresses. MicroRNAs
(miRNAs) play important roles in development, nutrient acquisi-
tion and use, and tolerance to abiotic and biotic stresses.*
miRNAs are small non-coding RNAs of approximately 21
nucleotides (nt) in length that act mainly in PTGS and in some
cases TGS to regulate the expression of their target genes.
miRNAsare widespread in all eukaryotes including unicellular
green alga."The genes encoding miRNAs, MIR genes, are trans-
cribed by RNA polymerase II to produce a primary transcript
(pri-miRNA). The stem-loop structure of the pri-miRNA is
processed Dicer-Like (DCL) RNase III enzymes (mainly DCL1 in
Arabidopsis) to produce -21 nucleotide long miRNA-miRNA*
duplex. The DCLLI catalyzed processing of pri-miRNAs to pre-
miRNAs also requires two additional dsRNA-binding proteins
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namely HYPONASTIC LEAVES] (HYL1) and SERRATE (SE)
in Arabidopsis.” The HEN1, a methyltransferase, catalyzes 2’-O-
methylation of the 3' termini nucleotide in the miRNA-miRNA*
duplex. The miRNAs are exported in to cytosol with the help
of HASTY (exportin 5). In cytosol, miRNA is loaded into
AGO1 containing RISC which catalyzes PTGS.*? Plant miRNAs
negatively regulate the transcripts levels of their target genes, and
play important roles in plant growth, organ development, cell
differentiation and proliferation, cell death, signal transduction,
and stress response.®'Identification of miRNAs and their target
genes therefore is an important step toward understanding the
biological functions of miRNAs. Recently, computational appro-
aches are used wildly as rapid, accurate, and affordable method to
identify miRNAs. The computational approaches have been very
effective in plants, where miRNA and its target mRNA have
often nearly perfectly complementary.'** The earliest miRNAs
from plant kingdom were discovered in Arabidopsis thaliana
in 2002,"'¢ and subsequent miRNAs have been identified in
several plants by computational and experimental approaches.®"”
Conserved nature of mature miRNAs among different species
and the unique secondary structure of pri-miRNAs,'>'®!8=2!
facilitate miRNA prediction using bioinformatics approaches.”
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A comparative genomics approach for the prediction of novel
miRNAs and their targets was developed by Jones-Rhoades and
Bartel.”” Identification of several miRNAs from Arabidopsis,

rice,?* corn,?

cotton,?° Medicago truncatula,”’ soybezm,4 citrus,?®
mustard,”” wheat,® potato,’’ tomato,” switchgrass,” and sorg-
hum®* by computational approaches have been reported. The
database of Genomic Survey Sequences (GSS) and Expressed
Sequenced Tag (EST) are the major resources for identification of
miRNAs in most of the plants. Using this approach, more than
700 miRNAs have been identified in plants.”**3® Most research
groups prefer to use expressed sequence tags (ESTs) over genome
sequence as ESTs provide direct evidence for miRNA expres-
sion.””?® Several homology based tools (e.g., MIRcheck;"
miRU?) are available for identification of potential miRNA
target genes. The microRNAs registry database®*' (Release 17)
include 232, 491, 234 and 170 miRNAs from Arabidopsis
thaliana,">*™ Owza sativa,"" Populus trichocarpa,”™' and
Zea mays,” respectively. The number of miRNAs reported in
sorghum in miRbase version-17 is only 148. This indicates
potential for identification of additional miRNAs in sorghum as
currently only less number of miRNAs are reported in sorghum
as compared with other plant species. In this study, we used
computational pipeline to predict novel miRNAs and their target
genes in sorghum. Researchers can further validate these newly
predicted miRNAs by using direct sequencing of small RNA
libraries or by northern blotting.”® Validation of functions these
miRNAs in sorghum will help understand development and stress
responses of sorghum.

Results

Prediction of miRNAs. Plant miRNAs exhibit high degree of
conservation within plant kingdom.”**> Hence, known miRNAs
from one plant species can be used to identify the conserved
miRNAs in target species. A total of 2,728 plant miRNAs belong
to 33 different plant species were downloaded from microRNA
repository miRBase, version 17. From this data set, we omitted
previously reported sorghum miRNAs to avoid prediction of
previously identified sorghum miRNAs. Multiple sequence align-
ment was performed to eliminate miRNA with same sequence, and
finally we obtained 1,379 non-redundant reference miRNAs
belonging to 643 different miRNAs families. These reference
miRNAs were used to identify miRNAs from ESTs (240161
sequence) and GSS (799,504 sequences) in sorghum by using an
in-house PERL script. Sorghum GSS and ESTs that perfectdy
matched with reference miRNAs were considered as possible
precursors of miRNAs (pri-miRNAs) in this study. Initially, we
identified 375 pri-miRNAs (326 from GSS and 51 from ESTs).
Minimization of false positives. Removal of false positive is
an essential step in computational prediction of miRNAs. We
applied a number of initial filters to new potential pri-miRNAs
as suggested by Zhang et al.>® and Bonnet et al.”” We aligned
initially predicted 375 miRNAs with previously reported 148
miRNAs in sorghum (miRBase, version 17) and eliminated if
found. To analyze, whether the predicted putative pri-miRNAs
are non protein coding RNAs, BLASTX was performed against
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NCBI non-redundant protein database and excluded if puta-
tive pri-miRNAs with protein coding potential. The candidate
miRNA precursors were also aligned with known non-coding
RNAs such as tRNA, rRNA, snRNA or snoRNA and discarded
if found similar. The candidate miRNA precursors were also
aligned with plastid or mitochondrial genomes to eliminate
precursors with similarity to these genomes. These primary
filtering strategies reduced the number of predicted miRNA
precursors in sorghum, and thus we obtained 33 and 53 valid new
miRNA precursors from EST and GSS sequences, respectively.

Pri-miRNA structural filter. The 86 putative sorghum
miRNA precursors were carefully examined to make sure that
they qualify for the updated plant miRNA annotation criteria.’*®
One important feature that distinguishes miRNAs from other
endogenous small RNAs is that pri-miRNA transcript adopts a
stem-loop structure and the miRNA is derived from the stem-
arm. The miRNA precursors with 250 nt upstream and down-
stream to the mature miRNA sequence were analyzed for their
ability to fold into a stem-loop hairpin structure using the
RNAFold program®”® and those that fulfilled the hairpin struc-
ture criteria described by Jones-Rhoades et al.,® were selected as
potential candidate precursors for miRNA. Among the 86 puta-
tive miRNA precursors screened, only 54 passed initial filters for
positional overlaps, secondary structure and orientation of mature
miRNA sequence within the respective stem-loop structures.
As a result, a total of 54 new miRNAs, nine from EST and 45
from GSS sequence, were predicted in the stem-arm of the
stem-loop hairpin structures. All 54 sorghum miRNAs were
considered as valid candidates after satisfying the empirical
formula for biogenesis and expression of the miRNAs as sug-
gested by Ambroset al.”® Additionally, we mapped all these
54 miRNA precursors on sorghum genome to eliminate
overlapping miRNAs. As a result, we obtained 31 new miRNA
precursors mapped to unique genome loci and listed in Table 1.
The predicted miRNA precursor sequences and hairpin structures
are shown in Figure S1.

Sorghum miRNAs family. The newly identified miRNAs in
this study were assigned to different families of miRNA in
sorghum. The family assignment was based on sequence similarity
between newly predicted miRNAs and already known miRNAs in
other plants including known sorghum miRNAs in the miRBase.
To determine the sequence similarity, multiple sequence align-
ment was performed by using ClustalW°' and based on cluster
analysis (data not shown), predicted 31 miRNAs were assigned
to respective MIR family. In this study, 31 newly identified
miRNAs were assigned to 10 diverse MIR families namely
miR156, miR166, miR167, miR168, miR171, miR390, miR396,
miR398, miR399 and miR444 in sorghum (Fig. 1). Typically each
MIR loci produced single precursor but a few MIR loci pro-
duced two or more precursors, probably due to exon shuffling.

Sequence characteristics of new miRNAs. Among the newly
predicted miRNAs, the largest number, i.c., nine miRNAs were
assigned to miR166 family followed by six miRNAs assigned to
miR396 family. The nucleotide length of these newly identified
miRNAs varied from 19 to 24 nt, with an average of 20.91 +
1.18 nt (Fig. 2). The nucleotide length of sorghum pre-miRNA
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Table 1. List of 31 sorghum miRNAs identified by comparative genomics and secondary structure analysis

miR Family miRNA mature Sequence L*  Chr* Precursor PL*  MM* Arm* Strand* MFE AMFE MFEI
Start End kcal/ mol
sbi-MIR156j UGACAGAAGAGAGUGAGCACA 21 3 3473047 3473132 86 2 5' = 54.9 6384 1.25
sbi-MIR156k UGACAGAAGAGAGUGAGCACA 21 3 3473329 3473501 173 1 5’ = 88 50.87 1.04
sbi-MIR156! UGACAGAAGAGAGUGAGCACA 21 4 5373507 5373664 158 3 5’ = 79.5 5032 092
sbi-MIR156m  UGCUCUCUGCUCUCACUGUCAUC 23 2 62836711 62836860 150 3 3 = 81.8 5453 091
sbi-MIR166| GGAAUGUUGUCUGGUUCAAGG 21 1 17295173 17295276 104 3 5’ = 46.7 449  1.09
sbi-MIR166m UCGGACCAGGCUUCAUUCC 19 1 7426516 7426597 82 2 3 + 38.6 47.07 073
sbi-MIR166n UCGGACCAGGCUUCAUUCC 19 1 69265255 69265358 104 3 3 = 59.1 56.83 1.02
sbi-MIR1660 UCGGACCAGGCUUCAUUCC 19 1 17295173 17295276 104 3 3 = 46.7 449  1.09
sbi-MIR166p UCGGACCAGGCUUCAUUCCCC 21 1 17295156 17295297 142 4 3 = 66.7 46.97 1.13
sbi-MIR166q UCGGACCAGGCUUCAUUCCCC 21 1 69265255 69265360 106 3 3 = 60.7 5726 1.05
sbi-MIR166r UCGGACCAGGCUUCAUUCCCC 21 1 7426516 7426597 82 2 3 + 386 47.07 073
sbi-MIR1665s UCGGACCAGGCUUCAUUCCCCC 22 1 69265255 69265358 104 4 3 = 59.1 56.83 1.02
sbi-MIR166t UCGGACCAGGCUUCAUUCCCCU 22 1 17295156 17295297 142 4 3 = 66.7 46.97 1.13
sbi-MIR167j GAUCGUGCUGCGCAGUUUCACC 22 3 64088363 64088485 123 2 3 = 61.9 5033 111
sbi-MIR167k ~ UGAAGCUGCCAGCAUGAUCUGA 22 3 64088363 64088485 123 1 5' = 61.9 5033 1.11
sbi-MIR168b CCCGCCUUGCACCAAGUGAA 20 4 2246312 2246408 97 3 3 = 56.1 5784 084
sbi-MIR168c  GAUCCCGCCUUGCACCAAGUGAAU 24 4 2246328 2246408 81 5 3 = 529 6531 098
sbi-MIR171I UUGAGCCGUGCCAAUAUCAC 20 7 7609102 7609232 131 1 3 + 74.1 56.56  0.89
sbi-MIR171m UUGAGCCGUGCCAAUAUCACG 21 7 7609102 7609232 131 1 3 74.1 56.56  0.89
sbi-MIR390b CGCUAUCUAUCCUGAGCUCCA 21 1 2870964 2871206 243 2 3 i 115.5 47.54 1.03
sbi-MIR396f GUUCAAGAAAGCUGUGGAAGA 21 4 66092395 66092515 121 2 5 = 55.1 4555 092
sbi-MIR396 g =~ GUUCAAUAAAGCUGUGGGAAA 21 4 66092521 66092630 110 2 3 = 42 38.18 0.75
sbi-MIR396h UCCACAGGCUUUCUUGAACUG 21 4 67655115 67655256 142 2 5' = 61.8 4352 0.86
sbi-MIR396i UCCCACAGCUUUAUUGAACUG 21 4 66092395 66092515 121 2 5' = 375 3099 0.65
sbi-MIR396j UCCCACAGCUUUAUUGAACUG 21 4 66092515 66092635 121 2 3 + 55.1 4555 092
sbi-MIR396k ~ UCUCCACAGGCUUUCUUGAACU 22 4 67655122 67655251 130 3 5' = 65.6 5046 0.99
sbi-MIR398b GGGGCGGACUGGGAACACAUG 21 2 15190815 15190961 147 2 5' = 69.6 4735 0.81
sbi-MIR399I GGGCAACUUCUCCUUUGGCAGA 22 9 55688233 55688348 116 3 5' + 493 425 074
sbi-MIR444a UGCAGUUGUUGUCUCAAGCUU 21 4 53723200 53728533 126 1 3 = 75.2 5968 1.27
sbi-MIR444b UGUUGUCUCAAGCUUGCUGCC 21 4 53723200 53728533 126 3 3 s 752 59.68 1.27
sbi-MIR444c UUGUGGCUUUCUUGCAAGUUG 21 4 59021719 59021792 74 1 3’ + 225 304  0.64

*L, length of mature miRNAs; *PL, precursor length; *Arm, location of mature miRNAs on secondary stem-loop structures of pre miRNA sequences;

*Strand, miRNAs existence in sense (+) and antisense (-) strand.

(stem-loop) varied from 74 to 243 nt, with an average of 122.58 +
32.78 nt. The length distribution of miRNAs and their precursor
sequences are similar to the previous reports in other plant
species.®?>?%%> Out of 31 miRNAs, 22 (70.97%) began with a 5'
uridine, a characteristic feature of miRNAs. Mature miRNA
sequences have been shown to be located on the stem-arm of the
secondary stem-loop hairpin structure of the potential pre-
miRNA. Out of 31 miRNAs identified, 11 (35.48%) were found
to be located on the 5' arm of the stem-loop hairpin structure,
while 20 (64.52%) resided on the 3' arm. It is previously reported
that microRNA precursors, unlike other non-coding RNAs,
have lower folding free energy than random sequence.'*
Minimal folding free energy has been considered as one of
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important feature in previously described methods for miRNAs
identification.>*All newly identified sorghum miRNA pre-
cursors have negative minimal folding free energies (MFE),
ranging from -22.5 to -115.5 kcal mol" with an average of
-61.05 + 17.82 kcal mol™ (Table 1). MFEs are strongly and
positively correlated with their sequence length.* To normalize the
potential effect of sequence length on MFE and to differentiate
miRNAs from other RNAs,** we used two energy measurements-
namely MFE (AMFE) and minimal folding free energy index
(MFEI), and demonstrated that a candidate RNA sequence is
more likely to be an miRNA when the MFEI is greater than 0.85.
The newly identified sorghum pri-miRNAs had a high MFEI
(0.64-1.27), with an average of about 0.96 (Fig.3) which is
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Figure 1. Distribution of 31 newly predicted miRNAs under diverse 10 miRNA families.

significantly higher than that for tRNAs (0.64), tRNAs (0.59),
and mRNAs (0.62-0.66).%°

MIR gene clusters in sorghum genome. In general, miRNA
gene clusters are found in both animal and plant genomes. Several
studies revealed that some members of MI/R gene family are
physically clustered in plant genomes.'®*7° Some clusters are so
compact where multiple miRNAs are aligned in the same
orientation and transcribed as a polycistronic transcript.®®”"">

Clusters are conserved across vertebrates: from teleost fish to

human.” However in plants, only few miRNA cluster have been
found.'>?¢>¢687074 /e mapped all the previously registered
148 sorghum miRNAs and 31 miRNA predictedin this study
to examine the potendal clusters of MIR genes on the sorghum
genome. As a result, 24 compact clusters were predicted for
73 sorghum miRNAs, having their genomic organization within
10 kb. The identified miRNA clusters belong to 12 different
MIR gene families (Table 2). Our analysis revealed that chro-

mosome 4 has seven MIR gene clusters, while chromosome
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Figure 2. Length distribution of mature miRNAs in sorghum.
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Figure 3. Minimal folding free energy index of pre-miRNAs in sorghum.
Table 2. Sorghum miRNA gene clusters on different chromosomes
Cluster number Cluster name  miRNAs members Cluster length$ Distance between miRNAs# Chromosome

1 MIR390 b*, a 242 b-a: Overlap Chr.1
2 MIR166 m*, r¥, b 82 m-r: Overlap; r-b: Overlap Chr.1
3 MIR166 p* t* a, I*, o* 142 p-t: Overlap; t-a: Overlap; a-I: Overlap; I-o: Overlap Chr.1
4 MIR166 n* q¥ s* ¢ 106 n-g: overlap; g-s: Overlap; s-c: Overlap Chr.1
5 MIR398 b*, a 147 b-a: Overlap Chr.2
6 MIR156 m*, d 150 m-d: Overlap Chr.2
7 MIR169 f,g 2984 f-g: 2686 Chr.2
8 MIR156 j* b, k¥, c 454 j-b: Overlap; b-k: 198; k-c: Overlap Chr.3
9 MIR167 j* k*, g 124 j-k: Overlap; k-g: Overlap Chr.3
10 MIR168 b*, a, c* 110 b-a: Overlap; a-c: Overlap Chr4
11 MIR156 I*, a 158 I-a: Overlap Chr4
12 MIR399 j k 5412 j-k: 5258 Chr4
13 MIR444 a*, b* 126 a-b: Overlap Chr4
14 MIR166 g f 407 g-f: 136 Chr4
15 MIR396 ¢, f* i*a, j*, g* 7351 c-f: 6947; f-i:0verlap; i-a; Overlap; a-j: Overlap; j-g: Overlap Chr4
16 MIR396 h*, k*, d 142 h-k: Overlap; k-d: Overlap Chr.4
17 MIR395 f,c d e 805 f-c: 71, c-d: 246, g-h: 89 Chr.6
18 MIR395 a b, gh 1014 a-b: 445, b-g: 75, g-h: 94 Chr.6
19 MIR395 ij k| 742 i-j: 87, j-k: 84, k-I: 227 Chr.7
20 MIR171 b, I¥, m* 133 b-I: Overlap; I-m: Overlap Chr.7
21 MIR169 I, m,n 8633 I-m: 5291; m-n: 3063 Chr.7
22 MIR167 i e 2466 i-e: 2157 Chr.8
23 MIR399 ceql* 6127 c-e: 1438; e-g: 4311; g-I: Overlap Chr.9
24 MIR399 f, h 2492 f-h: 2242 Chr.10

#, Distance, Distance (nt) to previous miRNA gene in the cluster; $, Cluster length, Total miRNAs occupied region in one cluster; *, miRNA members, A star
mark denote predicted sorghum miRNAs in this study.
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1 has four MIR geneclusters (Fig.4). We also noticed that no
cluster was detected on chromosome 2. This indicates MIR gene
clusters are common in sorghum. This prediction is similar
as previously predicted MIR gene clusters in human” and
soybean.* Altuvia et al.”” confirmed that 42% miRNA genes are
placed in clusters in the human genome using a 3 kb threshold
or 48% if using 10 kb threshold between two miRNA genes.
Zhang and colleges* also observed that 16% of the total identi-
fied soybean miRNAs genes are arranged in clusters. The sorghum
MIR gene clusters were found diverse in structure and varies in
cluster length from 82 to 8,633 bp, with an average of 1689.54.
Here, we observed that each cluster consists of miRNA genes
strictly from same gene families. This is in support to the pre-
viously given hypothesis that plant MIR gene clusters are
comprised of homologous members.'***** Generally, miRNA
members in a cluster share high sequence conservation; whereas a
regular decrease in sequence similarity suggests that duplication
events occurred at various time points. Compact clusters between
two miRNAs have been found in various plant species. 2>°*7%7¢77
In this article, we identified 31 new miRNAs. Most of which are
arranged in compact cluster, and same miRNA family members
with high sequence similarity formed a cluster.

Potential target genes for newly predicted miRNAs. The
putative target genes of sorghum miRNAs were identified by
a perfect or near-perfect sequence complementarity between
miRNA and its target transcript. We searched the potential
miRNA targets for predicted 31 new miRNAs against mRNA
sequence of sorghum by using plant miRNA analysis psRNA
Target tool®” and UEA sRNA plant target prediction tool”® and
as a results, we obtained 72 (of which 49 are unique) potential
target genes for 31 newly predicted miRNAs belonging to

10 different miR families (Table 3). The sequence alignments
of 31 putative miRNAs and their corresponding targets in
sorghum are shown in Supplemental Figure2. We observe that
number of targets per miRNA varied and some miRNAs have
multiple target genes. For example, miR396 has 13 target genes,
whereas miR444 has eight target genes. We noticed that a
miRNA family members target the same set of genes, suggest-
ing a functional redundancy amongthe family members. For
example, a few members of miR166 family (miR166m-s) target
the mRNA of homeobox leucine zipper transcription factor
gene (target accession no: CN140010). In contrast, some
members of miRNA families (e.g., miR444) have specific target
genes. For example, miR444a target to WD-40 repeat family
protein (target accession no: CN125113), involved in signal
transducer activity. Pathway analysis of predicted target genes
revealed that 14 targets are metabolism-associated. Among
these, six miRNA (e.g., miR444b, 166 min, 1660, 166p, 166q
and 166r) targets genes involved in sulfur metabolism, whereas
eight members of miR177 targets genes involved in riboflavin
metabolism. Most of the predicted targets of newly identified
mRNAs are transcription factors that may have potential role in
plant growth and development (Table 3). Remaining miRNAs
target genes are involved in a broad range of biological func-
tions, such as hydrolase activity (miR156 target EH409419)
oligopeptide transporter activity (miR167target CX614408),
riboflavin synthase activity (all predicted targets of miR171),
kinase activity (miR396), zinc and calcium ion binding (miR444),
translation initiation factor activity (miR444) and signal trans-
ducer activity (miR444) (Table 3). We also observed that when
miRNA has more than one target, the potential targets belonged
to the same gene family. All predicted miRNA and their targets

m miRNA Clusters
20

B Number of miRNAs

Chr.l1 Chr.2 Chr3 Chr4 Chr5

Chromosomes

Chr.6 Chr.7 Chr8 Chr9 Chr10

Figure 4. Number of miRNA clusters and occupied miRNAs gene on sorghum chromosomes.
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Table 3. Potential target genes and their predicted functions for 31 newly identified miRNAs in sorghum (continued)
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Embryo, Ovary
and Root

WD40 Repeat Protein

No Hits Found

Signal Transducer Activity

WD-40 repeat family protein

CN125113

sbi-MIR444a

No Hits Found No Hits Found

No Hits Found

Transcription Factor Binding

MADS-box transcription factor 57

BE596704

sbi-MIR444b

No Hits Found Leaf

No Hits Found

Zinc lon Binding

Putative far-red impaired response
protein

BM330337

sbi-MIR444b

Callus, Embryo,
Leaf and Pollen

Sulfite ReductaseHemoprotein

Sulfur Metabolism

Ferredoxin-sulfite reductase

AW564049

sbi-MIR444b

Beta-Component

Sulfite Reductase Activity

precursor

No Hits Found No Hits Found

No Hits Found

Transcription Factor Binding

MADS-box transcription factor 57

BM323459

sbi-MIR444c

Chromosome Segregation
ATPases Leaf and Ovary

RNA Transport

Translation Initiation Factor Activity

Eukaryotic translation initiation
factor 3 subunit A

BM325378

sbi-MIR444c

share high similarity to their orthologs in Arabidopsis thaliana
and Zea mays.

Discussion

Large numbers of miRNAs have been predicted in cereal model
plant rice. However, in sorghum, only 148 miRNAs were
reported till date (miRBase release 17). This suggested that
miRNA identification in sorghum is far from saturation. We
used ESTs and GSS to predict miRNAs and predicted 31 new
miRNAs, in addition to 148 miRNAs in miRBase release 17.
We also predicted 72 potential target genes for the newly
identified 31 miRNAs. In consistent with earlier studies, members
of a miRNA family target same set of genes, suggesting a
functional redundancy of the miRNA family members. We
mapped newly identified 31 miRNAs and previously known
148 miRNAs on sorghum genome, and found that several MIR
genes are arranged in clusters in sorghum genome. Each cluster
consists of MIR genes belonging to the same family.

Sorghum crop is highly tolerant to drought and heat stress,
and the expansion of members of MIR gene families, specifically
miR169 family, was suggested as one of the probable reasons
for adaptation of sorghum to abiotic stresses.”” Besides miR169
family, expansion of other miRNA families may also contribute
to the better adaptation of sorghum. The miR166 gene family
and its role in leaf development are evolutionarily conserved in
all land plants. The miR166 family regulates the expression
of the HD-ZIP III (class-IIT homeodomain-leucin zipper) gene
family that is necessary for proper specification of leaf polarity,
in both Arabidopsis and maize.** In this study, initially we
predicted 26 candidate miRNAs, belong to miR166 family.
Later, genome mapping of these miRNAs showed that only
nine miRNAs mapped to unique genomic loci. The fact that the
copies of Sb-miR166 family member do not vary during the
evolution suggests its importance in sorghum. Previous studies
also showed that many miRNAs are evolutionarily conserved
across animals and plants.®* However, some miRNAs are
species-specific.®® For instance, miR444 family is present in rice
but not in Arabidopsis, suggesting that it might be restricted
to monocots.”” Further studies revealed that miR444 family
members are conserved only in monocot species (e.g., barley,
maize, wheat, sorghum, Brachypodium and sugarcane) but not
in dicot species (e.g., Arabidopsis and Populus).**”*° Here, we
identified three members of miR444 family in sorghum namely
miR444a, b and ¢ which were identical to the previously reported
miR444c.1, c.2 and d, respectively in rice.”’ The precursors of
these newly identified miR444a, b and ¢, had a high minimal
folding free energy index of 1.27, 1.27 and 0.64, respectively.
This is significantly higher than those reported for tRNAs
(0.64), rRNAs (0.59), and mRNAs (0.62-0.66), suggesting that
pri-miRNA folding of this family is less stable than that of others.
It is previously reported that miR444 family members target
MADS-box transcription factors that are involved in number of
biological functions including developmental processes namely
meristem identity, root development, fruit dehiscence, flowering

time®*®” and tolerance to salt and cold stresses.”>*>*® We also
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observed that all three members of miR444 family target to
MADS-box transcription factors (target accession no: BM323459
and BE596704) and other target genes with a role in calcium ion
binding, translation initiation factor activity, DNA binding
transcription factor, sulfite reducates activity and signal transducer
activity. The lack of a miR444 homolog and their conserved
target gene (MADS box) in dicot families such as Arabidopsis
provided strong evidence that miRNA-mediated regulation of
MADS box gene is conserved only in monocots and known as
‘monocot-specific’ family. Further molecular genetic analysis of
miR444 family might be helpful to unravel the significance of this
monocot-specific family.

EST mining from publically available database could provide
evidence for the expression of miRNAs in different tissues. In this
study, EST profiles were explored from UniGene database that
revealed the expression patterns of miRNAs families in various
tissues and at different development stages (Table S1). The
differential expression pattern of miRNAs suggests their potential
role in development of the respective tissues or process in these
tissues. Thus, the newly identified miRNAs and their predicted
roles form the basis for understanding their role in sorghum plant
development and stress adaptation.

Materials and Methods

Reference sequences for miRNA prediction. To identify poten-
tial conserved miRNAs, a total 2,728 previously identified plant
miRNA from 33 different plant species were obtained from
miRBase database (release 17, April 2011) (www.mirbase.
org/).*>*"*? This set include miRNA sequences from Chlamy-
domonas reinbardti (50), Pinus taeda (37), Physcomitrella patens
(229), Selaginella moellendorffii (58), Arabidopsis thaliana (232),
Brassica napus (46), Brassica oleracea (6), Brassica rapa (19), Carica
papaya (1), Glycine max (203), Lotus japonicus (3), Medicago
truncatula (375), Phaseolus vulgaris (8), Vigna unguiculata (2),
Gossypium  arboreum (1), Gossypiumberbecium (1), Gossypium
hirsutum (34), Gossypium raimondii (4), Aquilegia coerulea (45),
Malusdo mestica (1), Citrus clementine (5), Citrus reticulata (4)
Citrus sinensis (60), Citrus trifoliata (6), Populus euphratica (5),
Populus trichocarpa (234), Solanum lycopersicum (36), Vitis vinifera
(163), Brachypodium distachyon (139), Oryza sativa (491),
Saccharum officinarum (16), Triticum aestivum (44) and Zea mays
(170). After removal of the redundant sequences, 1379 miRNAs
were used as reference set.

Sorghum EST, GSS and WGS sequence data set. Sorghum
expresses sequence tag (EST), genomic survey sequences (GSS)
and whole genome sequence (WGS) were obtained from
GenBank nucleotide database available at NCBI (www.ncbi.
nlm.nih.gov/). This data set contains 240161 nucleotide sequence
from EST and 799,504 nucleotide sequences from GSS (Till
January 5, 2010).

Non-coding data set. Non coding data set of mRNA were used
to discriminate between miRNA and other structural RNAs (e.g.,
tRNA, rRNA, snRNA and snoRNA). The BLASTN search was
performed against pfam (http://rfam.sanger.ac.uk/) database'® to
remove EST's or GSS having similarity with structural RNAs. The

256

Plant Signaling & Behavior

filter for tRNA was also conducted by blast of possible miRNAs
precursors against genomic tRNA database (v.2.4.2) (http://
gtrnadb.ucsc.edu/blast.html).'®" The parameters for BLAST align-
ment was fixed as Alignment Program: blastn; Expect: 0.01;
Word Size; 11; Database All eukaryotic tRNA.The tRNA geno-
mic data set contain tRNA gene sequences from Arabidopsis,
soybean and rice. The snRNA and snoRNA sequences from
plant kingdom were also retrieved at random basis from NCBI
(www.ncbi.nlm.nih.gov) and mapped with predicted miRNA
data set to exclude false positive miRNA precursors in sorghum.

Prediction of secondary structure. To make data non-
redundant, including EST, GSS and reference miRNA sequence,
multiple sequence alignment was performed by using locally
installed ClustalX (version 2.0.12) and web based ClustalW°!
(version 1.83) (www.genome.jp/tools/clustalw) with default
parameters. The unique reference miRNA sequences were
mapped on EST and GSS sequence by using an in-house
PERL script (www.perl.org) and miRNAs with no mismatch
were only retained for further analysis. Flanking region of
250 nt base pair upstream and downstream from miRNA
sequence from EST and GSS sorghum sequences were extracted
and folded using RNAFold version 1.8.4 from the Vienna
RNA package® (rna.tbi.univie.ac.at/) to find out minimum
free energy containing structure. To predict real miRNA
precursor triplet-SVM classifier'® program which is based on
support vector machine was used (bioinfo.au.tsinghua.edu.cn/
mirnasvm/). This software package needs third-party softwares
namelyRNAfold and LibSVM packages. The minimal folding
free energy Index (MFEI) was calculated using the following
equation: MFEI = [(MFE*/length of the RNA sequence)
*100]/(G+C) %. *MFE denotes the negative folding free
energies (AG).

MicroRNAs target genes. The putative target sites of miRNAs
were identified by aligning the miRNA sequences either perfectly
or near-perfectly binding to complementary sites on their target
mRNA sequences®® by using Plant Target Prediction Tool
available on UEA sRNA ToolKit”® (srna-tools.cmp.uea.ac.uk/
plant/cgi-bin/srna-tools.cgi) and psRNA Target server’® (http://
plantgrn.noble.org/psRNATarget/) with default

Maximum expectation: 3.0, length for complementarity scoring

parameters;

(hspsize): 20, Target accessibility-allowed maximum energy to
unpair the target site (UPE): 25.0, Flanking length around target
site for target accessibility analysis: 17 bp in upstream and 13 bp
in downstream, Range of central mismatch leading to translation
inhibition: 9-11 nt. The rules used in UEA sRNA Tool Kit for
target prediction suggested by Allen et al.'® and Schwab et al.**
were as follows: (1) No more than four mismatches between the
small RNA and the target (G-U bases count as 0.5 mismatches);
(2) No more than two adjacent mismatches in the miRNA: target
duplex; (3) No adjacent mismatches in positions 2-12 of the
miRNA: target duplex (5' of miRNA); (4) No mismatches in
positions 10—11 of the miRNA: target duplex; (5) No more than
2.5 mismatches in positions 1-12 of the of the miRNA: target
duplex (5" of miRNA); (6) The minimum free energy (MFE) of
the miRNA/target duplex should be = 74% of the MFE of the
miRNA bound to its perfect complement.
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Functional analysis of target genes. The functional assignment
of predicted target genes were annotated by COGnitor program
that compare gene sequence against the Clusters of Orthologous
Groups of proteins (COG) database® (version 66) (www.ncbi.
nih.gov/COG). AmiGO (version 1.8) (amigo.genontology.org)
and KEGG (Kyoto Encyclopedia of Genes and Genomes) (www.
genome.jp/kegg)pathway analyses were employed to further
investigate the biological processes and corresponding metabolic
networks regulated by potential miRNAs. All predicted target
genes with an e value of le-30 were identified by BLASTX
searching program'® against the GO protein and KEGG
databases (version 58.0) (Released on April 1, 2011).

Conclusions and Prospective

In this study, we identified 31 new miRNAs in sorghum
by analyzing ESTs and GSS. The study revealed that 73
diverse miRNAs (including miRBase, version 17 registered
sorghum miRNAs) were arranged into 24 compact clusters on
sorghum genome. We also found three members of monocot

species-specific MIR444 family, widely involved in regulation of
MADS-box transcription factor expression. About 72 potential
target genes for 31 individual miRNAs belonging to nine differ-
ent miRNA families were predicted. We noticed that majority of
the predicted target genes were transcription factors, which are
involved in the regulation of plant growth and development. The
findings from this study will contribute to further understanding
the miRNAs function and regulatory mechanisms in sorghum.
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