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The functionality of sugarcane (Saccharum officinarum) plant cells is influenced by numerous metabolic routes and cell
signaling pathways. MicroRNAs (miRNAs) play critical functions in regulating production and providing protection against
diverse stressors. This research focuses on identifying and partially characterizing novel miRNAs in sugarcane utilizing
computational techniques, along with a preliminary assessment of their potential roles. With the help of in silico tools,
20 new non-coding miRNAs associated with 16 miRNA families were predicted. Subsequently, 5, 520 potential protein
targets for these miRNAs were obtained using the psRNA Target method. Among these, 17 key targets were associated with
managing metabolism, transcription, structural proteins, transport factors and cell signaling pathways. Notably, the miRNA
sof-miR5169a was linked to the faciata 1-like protein process. In summary, this study highlights the identification of novel
sugarcane miRNAs targeting critical genes, offering insights that may contribute to enhancing sugarcane tolerance under

environmental stresses.
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MicroRNAs (miRNAs) are small RNA molecules,
typically 18 to 26 nucleotides (nt) in length,
that originate endogenously within the body.
These molecules are a subset of non-coding
RNAs and play a crucial role in regulating gene
expression, either by directing the cleavage of target
mRNAs or by post-transcriptionally inhibiting their
translation'.

Mature miRNAs, which are derived from long
precursor miRNAs (pre-miRNAs) ranging from 70 to
500 nt, are processed into self-folded hairpin structures
by Dicer-like 1 (DCL1) enzymes in plants’®. These
mature miRNAs target messenger RNAs (mRNAs)
for degradation or inhibit protein translation at the
post-transcriptional  level. In plants, miRNAs
typically exhibit near-perfect or perfect
complementarity with their mRNA targets, which
facilitates mRNA degradation®. Research has shown
that miRNAs are vital in various plant developmental
processes, including cell development, stress
response, nutrient absorption, signal transduction, and

assimilation”'°,
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In recent years, an increasing number of miRNAs
have been identified across animals, plants, and even
viruses using both computational and experimental
methods. According to miRBase (Release 22), a
publicly accessible database, approximately 48, 860
miRNAs from 271 plant and animal species have
been identified'’.

After this finding, it was discovered that the
genomes of miRNAs from a variety of plant species
were completely sequenced''. Following this
discovery, the genomes of miRNAs from various
plant species have been sequenced, leading to a
growing body of research aimed at characterizing and
annotating miRNAs and their functions. Techniques
such as direct cloning, deep sequencing, and other
advanced methods have been employed in these
efforts. Comparative analyses of miRNAs across
different plant species, including mosses and eudicots,
have revealed evolutionary conservation of certain
miRNAs, indicating their significance’. Such
conserved miRNAs offer a valuable tool for
identifying novel miRNAs across diverse species.
Currently, conserved miRNAs from various
plant species, including Sorghum bicolor’, maize®,
sugarcane'”, and muskmelon, have been profiled
using comparative genome-based approaches.
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Sugarcane (Saccharum spp.), a member of the
grass family Poaceae, is one of the most widely
cultivated crops globally, contributing over 70% of
the world’s sugar supply. The plant is known for its
high caloric yield per unit growth and serves as the
primary source of sugar worldwide. Besides sugar
production, sugarcane also provides raw materials for
alcohol production and various other products.
Traditional methods of sugar production aim to
maximize sucrose content'>. Modern sugarcane
cultivars are Saccharum hybrids, with research
indicating that 70-80% of the genetic makeup of these
hybrids can be traced back to S. officinarum'. The
successful cultivation of sugarcane, like other
members of the Poaceae family, relies on genetically
robust cultivars, efficient seed production, and the
ability to withstand environmental stress. Genetic
analysis and testing in diverse environments are
crucial for improving plant traits'>"®.

Despite its economic importance, only 16 mature
miRNAs from sugarcane have been reported in
miRBase (Release 22: January 2019). This study aims
to contribute to the understanding and profiling of
new sugarcane miRNAs. Profiling conserved
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miRNAs in sugarcane is essential for improving this
vital crop. In this work, we have profiled new
sugarcane mMiRNAs and their targets using a
comparative genome-based homolog search.

Materials and Methods
Reference miRNA sequences

The miRBase database yielded 6, 164 plant
miRNA sequences, including precursor and mature
forms''. These source miRNAs have been obtained
from 16 plant classes (Table 1). These sequences
served as reference miRNAs to identify novel
conserved miRNAs in sugarcane expressed sequence
tags (ESTs).

Retrieving candidate miRNAs

The ESTs of sugarcane were retrieved through a
comparative homology-based approach. The Blastn
program in the NCBI (National Center for
Biotechnology Information) database was employed
to analyze sequences from miRBase after selecting
the appropriate species. To identify potential
conserved miRNAs, reference miRNAs and
sugarcane ESTs were analyzed using BLASTn after

Table 1 — Explanation of freshly profiled sugarcane preserved miRNAs.
The sugarcane projected miRNAs are categorized with respect to reference miRNAs

S. officinarum  Source miRNAs 'PL >MFE 3MS (5'—>3") ‘NM ML °SE  "MSA 3GC% SO '""OE
miRNAs

sof-miR160a  zma-miR160a 99 -37.35 UGCCUGGCUGCCUGCCUGCCA 3 21 CA242860 5 71 + Leaf
sof-miR397a  zma-miR397a 62 -17.30 UCACUGAGCGCAGCGUUGAUG 1 21 CAI183151 3" 57 - Leaf
sof-miR397b  hvu-miR397a 43 -21.50 CCGUUGAGCGCGGCGUUGAUG 4 21 CAl163560 5 67 - Root
sof-miR397¢c  hvu-miR397a 55 -22.50 CCGUUGAGCGCGGCGUUGAUG 4 21 CA163560 3' 67 - Root
sof-miR528a  zma-miR528a 94 -49.40 UGGAAGGGGCAUGCAGAGGAG 0 21 CA290495 5 62 + Seed
sof-miR528b  zma-miR528a 94 -49.40 UCCUGUGCCUGCCUCUUCCAU 0 21 CA290495 3' 57 + Seed
sof-miR528¢  ata-miR528 48 -28.40 CCUGUGCCUGCCUCUGCCAUU 4 21 CA080979 3 62 - Leaf
sof-miR1120b  tae-miR1120b 59 -11.40 UUCUUCUAUUUUGGGACAGAG 4 21 CA087047 5 38 + Leaf
sof-miR1127b  tae-miR1127b 88 -19.94 ACAUGUUUUUCUGGACGGAGG 3 21 CA167120 5 48 - Seed
sof-miR1432  zma-miR1432 50 -11.60 CUCAGGAGAGAUGACACCGAC 4 21 CA276610 3' 57 - Seed
sof-miR1435  osa-miR1435 188 -25.59 UGUCUUAAGUCAAGCUUCUA 4 20 CA148668 5 35 + Root
sof-miR1846a  osa-miR1846a 105 -38.45 AGUGAGGAGGCCGGGGCCGCU 4 21 CAI186254 3' 76 + Seed
sof-miR1846¢  osa-miR1846e 76 -35.90 CGACGAGGAGGCCGGUGAGC 3 20 CA201353 3" 75 - Leaf
sof-miR1860  osa-miR1860 147 -75.40 AGAAGACCAGCUUCCAGAUCU 2 21 CA283180 3' 48 + Seed
sof-miR2925a  o0sa-miR2925 168 -74. 58 UUCGCCGCCGCGGGCUUCG 2 19 CA220927 5 79 + Leaf
sof-miR2925b  o0sa-miR2925 89 -53.50 UGGCCGCCGCGGGCUUCGU 4 19 CA240884 5 79 - Leaf
sof-miR4414a  mtr-miR4414a 53 -14.10 AGCUGGUGAAUCUUUGGUUCA 3 21 CA094033 5 43 - Stem
sof-miR5038a  gma-miR5038a 75 -20.40 UGAGAAUUUGGGUUAUGGCCA 4 21 DV732767 3" 43 + Stem
sof-mir5169a  bdi-mir5169a 138 -22.90 UUUUACCACGUUU-UAGAAAA 4 20 CA167185 5 25 + Stem
sof-mir5169b  bdi-mir5169a 141 -33.48 UUUUACCACGUUU-UAGAAAA 4 20 CA167185 5 25 - Stem

'Precursor miRNA length (PL), *Minimum free energy (MFE), *Mature sequences (MS), ‘Number of mismatches (NM) [denoted in bold
and red], *Mature sequence length (ML), *Source EST (SE), "Mature sequence arm (MSA), 3GC percentage (GC%), *Strand orientation
(SO), Sense (+), Antisense (-), '°Organ of expression (OE)
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removing repetitive sequences and protein-coding
regions'’. Candidate sugarcane miRNAs exhibiting
non-coding characteristics and allowing up to four
mismatches with the reference miRNAs were
identified, saved in FASTA format, and subsequently
analyzed.

Sugarcane miRNAs stem-loop structures

To profile and describe newly conserved miRNAs
in sugarcane, preliminary candidate sequences were
examined for hairpin structures’. MFOLD tool
(version 3.6)* was used to create hairpin structures of
the initially found sugarcane miRNA sequences in
order to examine their secondary structures. In the
UNAFold software, the sequences finalized from
Blastn were placed to acquire probable stem loop
structures. Sequences that failed to generate viable
secondary structures were excluded. The selection
process prioritized candidate miRNA sequences with
constant secondary structures, characterized by
mature sequences within the stem section, a minimum
free energy (MFE) of < -10 Kcal/mol, and
approximately 12 nucleotides comprised in Watson-
Crick or G/U base pairing with the complementary
strand. These selected sequences were preserved and
manually examined for further analysis.

Analysis of phylogenetic and conservation relationships

A phylogenetic study of miR-160 was conducted
by equating it to other monocotyledonous and
dicotyledonous plant precursors connected with
Saccharum officinarum (sof), Zea mays (zma),
Asparagus officinalis (aof), Glycine max (gma),
Eugenia uniflora (eun) and Arabidopsis thaliana (ath)
using Clustal Omega. Additionally, a conservation
study of various plant precursors, including Zea mays
(zma), Eugenia uniflora (eun) and Glycine max (gma)

16
ENumber of Pre-miRNAs

14 ENumber of mature miRNAs
ENumber of organs

Number of miRNAs

1-50 51-100 101-150 151-200 19
Length of Pre-miRNAs

compared to Saccharum officinarum (sof), was
conducted using the WebLogo tool (version 2.8). The
process for logo creation followed previously
established methods™?'.

Targets assessment

The newly discovered sugarcane miRNAs were
evaluated for potential targets using psRNATarget: A
Plant Small RNA Target Analysis Server (2017
Update)™. The sugarcane database served as the target
library, with the analysis performed using updated
2017 parameters, including a mismatch penalty of 1.0

and a maximum expectation cutoff of (5)***.

Results

Sugarcane new potential miRNAs

In this study, 20 new sugarcane miRNAs were
profiled through several computational tools. These
newly non-coding miRNAs belong to 16 distinct
miRNA families (Table 1). Notably, these 20
miRNAs were not formerly reported and are
presented here for the first time. These novel miRNAs
were derived from source miRNAs such as 4. tauschii
(5%), B. distachyon (10%), G. max (5%), H. vulgare
(10%), M. truncatula (5%), O. sativa (30%), T.
aestivum (10%), and Z. mays (25%).

Sugarcane miRNAs characterization

Several criteria were established to classify and
describe the newly profiled sugarcane miRNAs
(Table 1). The mature sequences of these newly
conserved miRNAs were located within the stem
regions of their respective hairpin structures (Fig. S1).
In addition, the sugarcane pre-miRNAs ranged in
length from 43 to 188 nt, with a mean length of 94 nt.
So, the distribution of pre-miRNA lengths showed
that 1-50 nt pre-miRNAs accounted for 15% of the

14

20 21 Leaf Seed Stem  Root
Length of mature miRNAs

Organ of expression

Fig. 1 — The Divisions Recognized in Sugarcane ESTs: Precursor miRNAs length, Mature miRNAs length and organ of expression
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total, 51-100 nt made up 55%, 101-150 nt constituted
20%, and 151-200 nt accounted for 10% (Fig. 1).

The minimal free energy (MFE) of freshly
discovered sugarcane pre-miRNAs ranged from -75.4
to -11.4 kcal mol™', with a mean of -33.15 kcal mol™.
Regarding MFE distribution, 10% of pre-miRNAs fell
within the -79 to -60 kcal mol™ range, 15% within the
-59 to —40 kcal mol range, 50% within the —39 to —
20 kcal mol” range, and 25% within the —19 to 0.0
kcal mol”' range. Ranging from 0 to 4, the mismatches
between the predicted mature sugarcane miRNAs and
their reference sequences averaged 3. Half of the
miRNAs exhibited 4 mismatches, 20% had 3
mismatches, 10% had 2 mismatches, 5% had 1
mismatch, and 15% were perfectly matched.
Sugarcane miRNAs had mature lengths ranging from
19 to 21 nt, with a mean of 21 nt. Most of the mature
sequences (70%) were 21 nt in length (Fig. 1).

Of the mature sequences, 55% were located on the
5" arm of the secondary structures, while 45% were
found on the 3' arm. Ranging from 25% to 79%, the
GC content, a key parameter, had an average of 55%.
The distribution of GC content showed that 20% of
sequences had a GC content between 10% and 40%,
35% between 41% and 60%, and 45% between 61%
and 80%. The organ of expression for the ESTs of the
recently analyzed sugarcane miRNAs were also
presented. The majority of miRNAs were expressed
in the leaf (7 out of 20), representing 35% of the total,
followed by seed (6), contributing 30%, stem (4),
accounting for 20%, and root (3), representing 15%

(Fig. 1).

Phylogenetic and conservation analysis of sugarcane miRNAs

This study presents an in-depth analysis of
sugarcane miRNAs, focusing on their phylogenetic
relationships and conservation across various plant
species. The phylogenetic tree (Fig. 2) highlights the

24

Mature

close relationship between sugarcane and the grass
species Zea mays (maize), as illustrated by the red-
highlighted box. The analysis shows that sof-
miRNA160a is closely associated with Z. mays (zma)
compared to other species such as A. officinalis (aof),
G. max (gma), E. uniflora (eun) and A. thaliana (ath).
Conservation analysis of the pre-miRNA 160a
(Fig. 3) further reveals conserved regions within the
mature sequences that are shared with other plants,
including Z. mays, E. uniflora and G. max, as shown
by the red-highlighted areas.

Target prediction and functional annotation of sugarcane
miRNAs

A critical aspect of this research involved the
identification and functional annotation of sugarcane
miRNA targets. Using stringent criteria, we predicted
the targets of mature sugarcane miRNAs, with results
summarized in Table S1 and depicted in (Fig. 4). The

ath-miR160a

eun-miR160a

gma-miR160a

aof-miR160a

zma-miR160a

sof-miR160a

Fig. 2 — Phylogenetic study of sugarcane miRNA. When
equated to Z. mays, A. officinalis, G. max, E. uniflora and
A. thaliana, a tree exposed that Z. mays is closely connected to
S. officinarum. The adjacent plant species were highlighted with
the red box
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Fig. 4 — The graph displays different proteins targeted by sugarcane miRNAs

analysis identified 5520 potential protein targets, of
which 17 were deemed significant and categorized
based on their functional roles. These categories
include structural proteins, transcriptional regulators,
metabolic enzymes, cell signaling proteins, and
transporters.

Discussion

The miRNAs identified in this study include
homologs from both dicot and monocot species.
While some miRNAs are conserved across both
groups, others appear to be unique to either dicots or
monocots. Comparative genomics, a widely used
approach in the discovery of novel miRNAs, led to
the identification of 20 new sugarcane miRNAs**™.
These newly identified miRNAs were analyzed using
empirical formulas (A, B, and D), with principle D
proving essential for confirming homologous
sequences across multiple plant species®’. This
principle was thus employed to identify and verify
new conserved sugarcane miRNAs.

Our analysis demonstrates that the stem section of
predicted miRNA hairpin structures contains 11-21
nucleotides involved in G/U or Watson—Crick base
pairing between the mature miRNAs and its
complementary arms (pre-miRNAs). This structural
feature, which lacks significant internal loops or bulges,
aligns with findings from similar studies on miRNAs in
other plant and animal species™. Most identified pre-
miRNAs (11 out of 20) were found within a length
range of 51-100 nt, with a minimum free energy (MFE)
ranging from —75.4 to —11.4 kcal/mol and a mean of —
33.15 kcal/mol. These MFE values are consistent with
those reported in maize and wheat™*.

The study also examined the mismatch rates
between predicted mature sugarcane miRNAs and
their source sequences, ranging from 0 to 4, with a
mean of 3 mismatches. Approximately 15% of the
analyzed miRNAs were perfectly matched, a rate
comparable to that observed in other plant and animal
species”. Additionally, the mature miRNA sequences
were predominantly 21 nucleotides in length, with
70% of the miRNAs (14 out of 20) falling within this
category. This length is consistent with known
miRNAs from Coffea species™.

Notably, 50% of the miRNAs were found on the
sense strand, whereas the remaining 50% were
located on the antisense strand. Furthermore, 55% of
mature miRNAs were located on the 5' arm of
secondary structures, with the remaining 45% on the
3' arm. Organ-specific expression of sugarcane
miRNAs revealed their involvement in the growth and
regulation of various plant tissues, with the highest
expression observed in leaves (35%), followed by
seeds, stems, and roots. These findings are consistent
with organ-specific miRNA expression patterns
reported in other plant species, such as cherry and red
alga?!®.

The identified sugarcane miRNAs target a diverse
range of proteins, playing crucial roles in various
biological processes. It is shown that one single
miRNA can target a collection of proteins’. According
to our analysis 4 out of 17 targeted proteins (24%)
were involved in signal transduction, including
serine/threonine  kinase, nematostella vectensis,
mitogen-activated protein kinase, and faciata 1-like
protein. Numerous scientists have previously
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identified a wide range of cell signaling targets in
various plants®".

The second class of proteins includes transcription
factors. They are a component of every plant and are
essential to the growth of plants®. Four targeted
proteins (24%) were classified as transcription factors,
essential for plant growth and development. These
include elongation factor 1-alpha, Os12g0110400
protein, and helix-loop DNA-binding domain-
containing protein.

The third class consists metabolic functions in
which 3 out of 17 targets (18%) were involved in
metabolic processes, such as aspartate aminotransferase,
ADP-ribosylation factor, and glycine-rich RNA-binding
protein. Metabolism is the main function of these
targeted proteins involving in different metabolic
functions such as stem formation, in the cell cycle etc.
of sugarcane plant”?'. The fourth class are
hypothetical proteins in which 3 targeted proteins
(18%) were classified as hypothetical, with functions
yet to be determined. These proteins were identified
using methods previously employed in other plant
species®*?.

The fifth class contains the structural protein where
two targeted proteins (11%) were involved in
structural roles, crucial for the development of roots,
shoots, leaves, and flowers. These included histone
H2A and probable histone H2A wvariant 1. Several

scientists have stated many structural targeted
proteins in numerous plants utilizing this
technique'>**3*. In the sixth class, one targeted

protein (5%), identified as a monosaccharide transport
protein, was involved in molecular transportation
within the plant. There have been reports of several
targeted transport proteins created using the identical
method in various plants™.

Conclusion

This research marks the first identification of 20
novel potential sugarcane miRNAs, distributed across
16  different miRNA  families. = Advanced
bioinformatics approaches were employed to predict
and analyze these miRNAs, leading to the
identification of 5520 protein targets, with 17 key
targets playing roles in processes such as metabolism,
cell  signaling, transcription, structure, and
transportation. Notably, sof-miR397c was found to
regulate the monosaccharide transport protein 1,
facilitating molecular transport, while sof-miR1860
regulated mitogen-activated protein kinase, which is
involved in cell signaling. These findings underscore

the diverse and significant roles of sugarcane
miRNAs in regulating gene expression, with
implications for enhancing sugarcane productivity and
resilience.
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