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Abstract

Long terminal repeats (LTRs) are a type of retrotransposons
possessing all commonly found structural features of long
interspersed element (LINEs), including RNA polymerase
III promoter, polyA tail, and flanking repeats. Here we report
identification and characterization of LTR element in abiotic
stress genes of solanaceae family along with an attempt to
explain their functional importance through their secondary
structure. We retrieved 366 abiotic stress genes of 5 species
of solanaceae family— Solanum lycopersicum, S. melongena,
S. tuberosum, Nicotiana tabacum and Capsicum annuum
from NCBI nucleotide Database. C. annuum, accession
HI543260.1 with the gene Id gi|311377312 possesses the LTR
region. The gene reportedly has role in stress tolerance and
high yield production. In gene masking, 16 simple repeats
were detected, which best masked 569 bp out 0of 308042 bp,
however, in protein masking 1 LTR (Tyl/copia) of 83 bp, 17
simple repeats of 603 bp and 15 low complexity regions of
514 bp were detected when masked 1200 bp out of 308042
bp. Secondary structure of the LTR region obtained, has
low thermodynamic energy i.e. -12.40 kcal/mol and for the
whole gene sequence it is -208.31 kcal/mol, denoting stability
and its role in gene therapy and RNA processing. The
findings shall be useful in gene delivery process, genome
evolution, TE regulation, transposition mechanism,
transgenesis, gene therapy and understanding of its
biological structure and functions.
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Introduction

Bioinformatics and genomic approaches have become
an integral part of large-scale studies on Transposable
Elements (TEs) to extract information with pure in silico
analyses or to assist wet lab experimental studies. TEs
are mobile genetic elements forming major portion of
most eukaryotic genomes and their dynamic presence
continues to be a major force in diversify genomes by
insertional mutagenesis (Kidwell and Lisch 2001).
Computational analyses of TEs in genome sequences
converge on filtering out “junk” sequences to make
possible gene annotation, early effort on abundance and
diversity of TEs in eukaryotic genomes transformed into
the systematic genome-wide categorization and
classification of TEs, (Janicki etal. 2011). RNA functions
as an information carrier, catalyst and regulatory element,
perhaps reflecting its importance in the earliest stages
of evolution, (Baranov et al. 2005). Long terminal repeat
(LTR) is a type of retrotransposons, that replicate through
reverse transcription of a mRNA intermediate, (Hou et
al. 2010). Because LTR retrotransposons and retroviruses
are similar in their genetic organization and mechanism
of replication, they are collectively referred to as
retroelements, (Boeke and Stoye, 1997). The LTRs
delimit retroelement insertions, and contain the promoters
and transcription terminators required to produce a
retroelement mRNA. Adjacent to the 52 and 32 end of
LTRs are a primer binding site (PBS) and a polypurine
tract (PPT), respectively, which serve as priming sites
for reverse transcription. All retroelements have two
genes in common: GAG encoding proteins that form
virus or virus-like articles (VLPs) and POL encoding
three enzymes, namely reverse transcriptase (RT),
integrase (IN) and protease (PR), (Hou et al. 2010). The
ability to catalyze cDNA integration makes retroelements
a good tool for gene delivery (Anson 2004). Similar to
their retrovirus relatives, retrotransposons rely on
element-encoded reverse transcriptase to generate DNA
copies of their own sequence from an RNA template.
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The cDNA copy can subsequently be inserted by
integrase into the host genome, (Tramontano et al. 2011).

Secondary structure of RNA is important to describe
the function of RNA element. Structural RNAs are
important as regulator, catalysts and structural
component of cells. Their secondary structure must be
known in order to understand the relationship between
structure and function, (Engelen and Tahi 2007). The
secondary structure is produced by the Watson-Crick
pairings (AU and GC), Wobble pairing (GU), and non-
canonical pairings, (Lescoute et. al. 2005). The concept
of secondary structure was introduced by Doty et al.
(1959). The structure is predicted using a loop-based
energy model and the dynamic programming algorithm
introduced by Zuker and Stiegler (1981). Prediction of
the secondary structure of an RNA sequence is a classic
problem of sequence analysis in bioinformatics,
(Hamada et al. 2010). The importance of accurate
predictions of secondary structures has increased due
to the finding of functional non-coding RNAs whose
functions are closely related to their secondary
structures, (Griffiths-Jones et al. 2005). There are many
tools and algorithms for secondary structure prediction
like Mfold, RNAfold, RNAstructure, etc. (Ding et al.
2005) and prediction the minimum free energy (MFE)
structure by using the Zuker’s algorithm (Zuker and
Stiegler 1981) being the most popular approach.

The current revolution in genome sequencing technology
facilitates further progress in the existing frontiers of
research and emergence of new initiatives. TEs can
diversify gene regulation and potentially contribute to
the evolution of gene expression, ( Bureau and Wessler,
1992). ATE database can only keep pace with the ever
increasing abundance of genome sequences updated with
new information on TE families or super-families. New
TEs are still being discovered using classical genetic
approaches based on the mutagenic phenotypes caused
by their insertions (Janicki et al. 2011). Among abiotic
stress genes of Solanaceae family, the information on
LTRs, Long Interspersed Nuclear Elements (LINEs) and
Short Interspersed Nuclear Elements (SINEs) is very
limited (Grandbastien et al. 2005; Casacuberta and
Gonzalez 2013; Alzohairy et al. 2014; Kriedt et al. 2014;
Chénais et al. 2016 ). Here we predict, identify and
characterize the LTR element along with its secondary
structure in abiotic stress genes of Solanaceae family
to describe its functional importance.

Methods

i. DATA Retrieval:

Solanaceae family is one of most important family of

vegetables. Among 425 genes reportedly having role in
abiotic stress available at NCBI nucleotide database we
retrieved 366 genes from 5 species of Solanaceae family
i.e. Solanum lycopersicum, S. melongena, S. tuberosum,
Nicotiana Tabacum and Capsicum annuum [http://
www.ncbi.nlm.nih.gov/nuccore/?term
=solanaceae+(abiotic+stress)]

ii. Masking of Genomic data:

Sequence comparisons in RepeatMasker web server
were performed by one of several popular search
engines including, cross match, ABBlast/WUBlast,
RMBlast and Decypher (http://www.repeatmasker.org/
). RepeatMasker compares the query sequence against
one or more files of FASTA sequences. The sequences
in the library provided by the RepeatMasker are
consensus sequences derived from alignment of multiple
copies of interspersed or satellite repeats (Kumari et al.
2013). For interspersed repeats, a consensus tends to
approach the sequence of the transposable element from
which the repeat is derived. Both cross match and WU-
blast perform their Smith-Waterman (SW) alignments
by first identifying exact word matches and restricting
the alignment to a band or matrix surrounding the exact
match(es) while merging the overlapping matrices.
Generally, cross match and WU-blast report to the script
only those matches which are less than 80-90%
overlapped by a higher scoring match. The program
accepts information only in FASTA format with errors
and raw sequence files, but does not work with other
formats like GenBank, Staden, etc. RepeatMasker
makes a .masked file containing the query sequence(s)
with all identified repeats and low complexity sequences
masked. These masked sequences are listed and
annotated in the .out file. The masked sequences are
printed in the same order as they are in the input file,
whereas the sequences are presented alphabetically in
the annotation table. The .tbl file is a summary of the
repeat content of the analyzed sequence. (http://
www.animalgenome.org/bioinfo/resources/manuals/
RepeatMasker.html)

iii. RNA Secondary Structure Prediction:

The Vienna RNA secondary structure server provides a
web interface to the most frequently used functions of
the Vienna RNA software package for the analysis of
RNA secondary structures. It currently offers prediction
of secondary structure from a single sequence,
prediction of the consensus secondary structure for a
set of aligned sequences and the design of sequences
that will fold into a predefined structure. All three
services can be accessed via the Vienna RNA web server
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at http://rna.tbi.univie.ac.at. It provides programs, web
services, and databases, including RN Afold, RN Acofold
for the prediction of secondary structures of RNA. It
predicts minimum free energy (MFE) structures and
base pair probabilities from single RNA or DNA
sequences and allowed predicting the structure of dimers
that helps in prediction of function of retroelements on
the basis of their comparative study (Hofacker 2003).

RNA fold server provides both the basic and most widely
used function. Input consists of a single sequence that
has to be typed or pasted into a text field of the input
form. In the simplest case, the server predicts only the
minimum free energy (mfe) structure of a single
sequence using the classic algorithm of Zuker and
Stiegler (1981). In addition to mfe folding the server
calculates equilibrium base pairing probabilities via John
McCaskill’s partition function algorithm (McCaskill
1990). By default, the RNA energy parameters of the
Mathews et al. (1999) are used, but single stranded DNA
sequences can also be handled, by selecting the DNA
parameter set (SantaLucia 1998). The fold server output
consists of a static html page presenting the predicted
mfe structure as a string in bracket notation and links
to the plots generated for visualization. Three types of
plots can be produced. Firstly, the predicted mfe
structure is plotted as a conventional secondary structure
graph using the naview layout method (SantaLucia
1998). Secondly, the pair probabilities can be visualized
in a so-called ‘dot plot’: on a square grid of n_n we
draw for each possible pair (i, j) a box with area
proportional to its probability are produced. Finally, a
mountain plot depicting both the predicted mfe and pair
probabilities was obtained. A mountain plot is a xy-graph
that plots the number of base pairs enclosing a sequence
position (for pair probabilities the average number of
enclosing pairs).

Results and Discussion

LTRs possess all the structural features commonly
found in long interspersed elements including RNA
polymerase I1I promoter, polyA tail, and flanking repeats.
In gene masking the result are 16 simple repeats only it
best masked 569 bp out of 308042 bp and in protein
masking 1 LTR (Tyl/copia) of 83 bp, 17 simple repeats
of 603 bp and 15 low complexity regions of 514 bp, it
best masked 1200 bp out of 308042 bp. LTR region
found in C. annuum responsible for polynucleotides,
polypeptides encoded thereby, and methods of using
same for increasing abiotic stress tolerance and/or
biomass and/or yield in plants expressing the same
(Kumar et al. 2012). Accession is HI543260.1 and the
gene Id is gi|311377312 (Sequence 671 from Patent
EP2183371 play role in stress tolerance and high yielding)
other genes having only polyA tail, and flanking repeats.
The secondary structure prediction result of LTR region
and the concerning gene is showing the minimum free
energy (MFE). Details of LTR/Copia sequence found
in repeat masking were given in Table 2.

Here, 306 shows score of SW algorithm for the match
found, 21.3% is substitutions in matching region
compared to the consensus regions, 0.0 showing
percentage of bases opposite a gap in the query
sequences (deleted bp) 3.8 shows percentage of bases
opposite a gap in the repeat consensus (inserted bp)
Gi|311377312 shows gene identification number, 394
shows starting position of match in query sequence,
476 is ending position of match in query sequence, (238)
is the number of bases in query sequence past the ending
position of match, C is the match with complement of
the consensus sequence in the database, ATCopia24l is
the name of matching interspersed repeat element, LTR/
Copia is the class of repeat, 1901 is the number of bases
in (complement of) the repeat consensus sequence prior
to beginning of match, 2806 is the starting position of

306 21.3 0.0 3.8 gi|311377312 394 476 (238) C ATCopia24Il LTR/Copia (1901) 2806 2727 28
ANNOTATION EVIDENCE:
306 21.28 0.00 3.75 gi|311377312 394 476 238 ¢ ATCopia24I LTR/Copia 2727 2806 1901

gi|311377312

v s v

C ATCopia2dI#LT
gi|311377312

i i i v

C ATCopia24I#LT

Matrix = 20p43g.matrix
Transitions / transversions = 0.89 (8 / 9)

Gap_init rate = 0.01 (1 / 82), avg. gap size

394 TGCTGATGCTGATGATGCTGATGTGGATGTTAAGAGTGATGATGAGAGTG 443
vV v i vii ===

2806 TGATGATGCAGATGATGATGATGATGATGATGATGATGATGATGA---TG 2760
444 ATGACGATGATGACGACGAAGATGATACAGAAG 476

i i v

2759 ATGATGATGATGATGATGATGATGGTGCAGTAG 2727

3.00 (3 / 1)

Sequence alignment by cross match, A. thaliana taken as model plant

1 = Transition (G<->A, C<->T); v = Transversion (all other substitutions)
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match in database sequence, 2727 is the ending position
of the match in database sequence.

A brief summary of the 366 aligned sequences by
RepeatMasker web server, information about
retroelement and simple repeats were shown in Table
1. Details of aligned sequences by cross match program
were shown in Supplementary file of Table 1.

Secondary structure prediction of Gene and LTR region
For Gene, gi|311377312,

Table 1: Brief Information about the aligned sequences by
RepeatMasker web server

Number of Length Percentage of
elements* occupied sequence

Retroelements 1 83 bp 0.03
SINEs : 0 0bp 0.00
Penelope 0 0bp 0.00
LINEs: 0 0bp 0.00
CRE/SLACS 0 0bp 0.00
L2/CR1/Rex 0 0bp 0.00
R1/LOA/Jockey 0 0bp 0.00
R2/R4/NeSL 0 0bp 0.00
RTE/Bov-B 0 0bp 0.00
L1/CIN4 0 0bp 0.00
LTR elements: 1 83 bp 0.03
BEL/Pao 0 0bp 0.00
Tyl/Copia 1 83 bp 0.03
Gypsy/DIRS1 0 0bp 0.00
Retroviral 0 0bp 0.00
DNA transposons 0 0bp 0.00
hobo-Activator 0 0bp 0.00
Tcl-IS630-Pogo 0 0bp 0.00
En-Spm 0 0bp 0.00
MuDR-IS905 0 0bp 0.00
PiggyBac 0 0bp 0.00
Tourist/Harbinger 0 0bp 0.00
Other (Mirage, P- 0 0bp 0.00
element, Transib)

Rolling-circles 0 0bp 0.00
Unclassified: 0 0bp 0.00
Total interspersed 83 bp 0.03
repeats:

Small RNA: 0 0bp 0.00
Satellites: 0 0bp 0.00
Simple repeats: 17 603 bp 0.20
Low complexity: 15 514 bp 0.17

File name: RM2_solabioticstress.txt 1310374708; Sequences: 366;
Bases masked: 1200 bp (0.39 %); Total length: 308042 bp (308042
bp excl N/X-runs); GC level: 42.89 %

* most repeats fragmented by insertions or deletions have been
counted as one element. The query species was assumed to be
Arabidopsis; RepeatMasker version open-3.3.0, default mode run
with blastp version 3.0SE-AB [2009-10-30] [linux26-x64-132LPF64
2009-10-30T17:06:09] RepBase Update 20110419, RM data-
base version 20110419

Structures generated from Vienna Web Server, Figure
1A and 1B showing secondary structure of RNA on the
basis of their positional entropy (range 0 to 2.5) and
MFE (range 0 to 1) structure drawing encoding base-
pair probabilities while The optimal secondary structure
in dot-bracket notation with a minimum free energy of -
194.38 kcal/mol is given below (Figure 1).

A ?\: B [+] D
Qg Vs &
'
} % £ k] >
A 7 0%
A % ! - &
P [ S ol [ E—
Figure 1: Secondary structure for gene gi|311377312 and

LTR region:

Structures generated from Vienna Web Server, A and B show-
ing secondary structure of RNA on the basis of their posi-
tional entropy (range 0 to 2.5) and MFE (range 0 to 1) struc-
ture drawing encoding base-pair probabilities while C and
D showing secondary structure of RNA on the basis of
their positional entropy (range 0 to 2.5) and MFE (range 0
to 1) structure drawing encoding base-pair probabilities for
LTR region found in the same gene.

Table 2: Details of LTR/Copia sequence found in repeat
masking

Values Description

306 Smith-Waterman score of the match, usually
complexity adjusted. The SW scores are not always
directly ~ comparable. Sometimes ~ complexity
adjustment has been turned off, and a variety of
Scoring-matrices are used.

21.3% Substitutions in matching region compared to the
consensus.

0.0 % of bases opposite a gap in the query sequence
(deleted bp)

3.8 % of bases opposite a gap in the repeat consensus
(inserted bp)

Gi|311377312 Gene Id of query sequence.

394 starting position of match in query sequence

476 ending position of match in query sequence

(238) no. of bases in query sequence past the ending position
of match

C match is with the Complement of the consensus

sequence in the database
ATCopia241 name of the matching interspersed repeat
LTR/Copia the class of the repeat

1901 no. of bases in (complement of) the repeat consensus
sequence prior to beginning of the match
2806 starting position of match in database sequence

2727 ending position of match in database sequence
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Figure 2: Mountain plots of MFE secondary structure of whole gene and LTR region. Color by positional entropy: (figure
2A). The free energy of the thermodynamic ensemble is -208.31 kcal/mol. The frequency of the MFE structure in the
ensemble is 0.00 %. The ensemble diversity is 246.66.
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Figure 3: Dot plot showing the formation of homodimer and monomer with the minimum ensemble energy

The centroid secondary structure in dot-bracket on the basis of their positional entropy (range 0 to 2.5)
notation with a minimum free energy of -89.29 kcal/ and MFE (range 0 to 1) structure drawing encoding
mol is given below. base-pair probabilities for LTR region found in the same
For LTR region: gene.

Figure 1C and 1D showing secondary structure of RNA The free energy of the thermodynamic ensemble is -
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12.40 kcal/mol. (Figure 3)

The frequency of the MFE structure in the ensemble
is 6.35 %.

The ensemble diversity is 15.53.

The centroid secondary structure in dot-bracket
notation with a minimum free energy of -6.54 kcal/mol.

Color by positional entropy for LTR region:

Mountain plot representation of the minimum free energy
structure. Thermodynamic ensemble of RNA structures
and the centroid structure in gene (Figure 2A) and LTR
region (Figure 2B). The lower panel of both A and B
exhibit the positional entropy for each position.

The MFE structure of an RNA sequence is the secondary
structure that contributes a minimum of free energy.
This structure is predicted using a loop-based energy
model and the dynamic programming algorithm
introduced by Zuker et al., 1981. RNA secondary
structure can be uniquely decomposed into loops and
external bases.

RNA cofold Result: The optimal secondary structure
of the hetero-dimer in dot-bracket notation with a
minimum free energy of -213.79 kcal/mol is given below
“&” separates the two sequences and the two structures
(Figure 1).

Thermodynamic ensemble prediction: The free energy
of the thermodynamic ensemble is -228.88 kcal/mol.
The frequency of the MFE structure in the ensemble
is 2.33227e-11 %. “G for heterodimer binding is -
8.12 kcal/mol. “G (Gibb’s free energy) is also the
chemical potential that is minimized when a system
reaches equilibrium at constant pressure and
temperature, it shows heterodimer stability (Figure 3).

Conclusion

The importance of accurate predictions of secondary
structures has increased due to the recent finding of
functional non-coding RNAs whose functions are
closely related to their secondary structure. The cross
match output lines defined the LTR region in 366 abiotic
stress genes of Solanaceae family (the gene accession
HI543260.1 and the gene Id is gi|311377312 of C.
annuum). Secondary structure of the LTR region having
very less thermodynamic energy i.e. -12.40 kcal/mol
and for the whole gene sequence it is -208.31 kcal/mol.
A large number of advances in the prediction of RNA
secondary structure by free energy minimization have
been reported (Mathew and Turner 2006). Recent
experiments continue to reveal the sequence dependence
of RN A loop stability (Wuchty 1999) indicating stability

of the secondary structure in nature, its role in RNA
processing (Katz and Burge 2003), and also it helps in
gene delivery process, genome evolution, TE regulation,
transposition mechanism, transgenesis, gene therapy
(Janicki et al. 2011) and to the understanding of its
biological structure and function as shown in Figure 4.

. Structure
Masking Analysis of &
gene function

Genome
sequence

De novo
transposable
element

TE database
search

Transgenesis

Figure 4: Flow-chart of a simplified field map of TE research
in context of genomic research (Janicki et al. 2011).

Gene therapy
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