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Abstract
Aim: The study focused on identifying markers linked to aquaporin genes from the expressed regions of S. melongena using bioinformatics applications.

Methodology: The EST collections were explored for identification of aquaporin markers for water stress response using comparative analysis and in-
house developed repeat motif detection program. An algorithm was developed to generate repeat motifs which can be effectively used for collecting EST
of S. melongena tofilter the sequences having repeat motifs for further analysis.

Results: From the results generated, the 22 potential sequences with the markers were found to be associated with aquaporin proteins. The detected
repeat motifs are inherent part of markers and these markers are found to be evolutionarily conserved and associated with aquaporin proteins. Hence,
identifying markers for the presence of aquaporin proteins play an importantrole in water diffusion across cell membranesin plants.

Interpretation: Identifying aquaporin markers are useful for plant breeders for developing water stress tolerant crops during elevated temperatures.
These markers are linked to water channel proteins that belong to superfamily Major Intrinsic Protein, that primarily plays an important role in conduction

of waterin plants.
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Introduction

Water is the mostimportant limiting factor for plant growth
and plays a critical role in response to environmental stresses.
Aquaporins also known as water channel proteins are integral
membrane pore proteins, which conduct water molecules to cells
through the pores in the single file region. The presence of
aquaporin protein improves the osmotic hydraulic conductivity of
cell membrane (Preston et al., 1992). These are essential for the
transport of water system in plants and also for drought and salt
stress tolerance. These environmental stress conditions affect

plant growth and yield (Cushman and Bohnert, 2000) and during
drought, plants suffer from water deficit that directly affects plant
water relations. A constant water flow throughout the plants and
evaporation in the atmosphere is essential for carrying out their
physiological activities and its growth under stress conditions.
Rapid flow of water into and out of cells is mediated by the
presence of aquaporins (Johansson et al, 2000). Plant
aquaporins recognized as water channel proteins are membrane
intrinsic proteins (21 to 34 kD) that belong to the Major Intrinsic
Protein (MIP) superfamily (Tyerman et al., 1999). They are
expressed in various membranes of plant cells and are localized
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to the tonoplast and plasma membranes (Kapilan et al., 2018) by
forming a proteinaceous pore in the membrane. High expression
level of tonoplast aquaporin allows rapid flow of water through
living cells (Barrieu et al., 1998).

Brinjal (Solanum melongena L.) an important vegetable
crop can tolerate greater levels of drought stress (Behboudian,
1977) because of efficient mechanisms to transfer water across
the plant body and to control the negative effects of drought. The
genome size of brinjal is 1127 Mb and it was predicted that there
could be 85,446 genes including pseudo genes in the genome
(Hirakawa et al., 2014). In Arabidopsis thaliana, 35 genes for
aquaporins (Chrispeels et al., 1999, Johanson et al., 2001), 31 in
maize (Chaumont et al., 2001), 33 in rice (Sakurai et al., 2005),
72 in soybean (Zhang et al., 2013), and 47 in tomato (Reuscher
et al., 2013) have been identified. Information on aquaporin
protein accumulation in S. melongena is limited. With the
development of functional genomics, a large number of
expressed sequence tags (ESTs) have been developed for plant
species and these sequences are deposited in specific species
databases and in GenBank (http://www.ncbi.nlm.nih.gov/
Genbank/index.html) which is publicly available for large scale
analysis. As EST-derived microsatellites are from conserved
coding sequences of the genome, and they act as functional
markers. Several drought responsive genes have been
identified and studied by ESTs.

Aquaporin gene expression patterns reveal the role of
water channels to root water transport. In-silico analysis of
aquaporin genes in S. melongena could be the first step towards
revealing the contribution of aquaporins to water and solute
transport during crop development. By using bioinformatics
techniques with genetic information, known DNA sequences and
coded protein sequences to the unknown gene and protein can
be compared. Protein domains are often conserved across many
species and characterization of these domains has given way to
the classification of genes into families, enabling to assign
function to similar other genes. As microsatellite markers are
involved in gene regulation, locating these markers using
conserved protein families approach will be useful in identifying
genes associated with them and their specific function. In view of
the above, this study was carried out to identify aquaporin
markers in response to water stress. In this regard, a
computational method was developed to identify these markers
from the expressed regions of S. melongena.

Materials and Methods

The EST data available in the public domain for brinjal
(Solanum melongena) were downloaded in fasta format from
http://www.ncbi.nim.nih.gov/nucest for identifying markers
implicated in stress tolerance. In this study, the first step was to
develop a mathematical algorithm based computer program
(Thomas et al., 2017) which would identify di, tri, tetra, penta and

upto octa repeats from the EST collections. The EST sequences
were tagged with identifiers and these EST collections were
analyzed for repeat sequences. Subsequently, the EST
sequences containing low complexity repeat sequences with an
average length of around 500 nucleotides were processed as
batch files against NCBI nucleotide database, after removing all
the redundant sequences, the sequences of non-redundant ESTs
were loaded on NCBI Blast. The identification and clustering of
unique EST sequences with motifs was obtained by refining the
NCBI BLAST results. From the BLAST results, the matching
alignments of similar sequences from Solanaceae were
analysed. The ESTs having repeat motif were clustered into
groups and analyzed for conserved regions. The sequences
having conserved regions along with their IDs were subjected to
NCBI CD search tool for searching the conserved domain
database with protein query sequences (Chandraprakash et al.,
2019) and generates list of conserved domain hits and their
superfamilies description against each protein queries. Finally,
the unique S. melongena aquaporin sequences were further
refined by repeated pair-wise BLAST search. The matching ESTs
of Solanum melongena with protein domains and their respective
superfamilies were grouped into smaller groups associated with
abiotic stress tolerance.

Results and Discussion

The identified potential EST sequences having markers
were compared with published aquaporin proteins. The protein
databases available for model plants were used as reference
databases for cross comparison and analyzing data obtained
from S. melongena. From the results obtained by comparative
analysis, 22 sequences viz., FS028035, FS035000, FS042054,
FS047611, FS020305, FS022093, FS049874, FS050128,
FS050363, FS050393, FS050754, FS050904, FS050980,
FS051061, FS051996, FS052264, FS052585, FS052893,
FS052964, FS053173, FS000434 and FS051738 were found to
be associated with aquaporin proteins. These water channel
proteins belong to highly conserved major intrinsic proteins (MIP)
superfamily which play an important role in transport of water in
plants (Afzal et al., 2016), its regulation and protein expression
(Hachez et al., 2006). These aquaporin isoforms with distinct cell
type and tissue-specific expression patterns are presentin plants
where some are constitutively expressed, while others are
regulated in response to environmental factors, such as drought
and salinity. The identified marker regions present in the ESTs
were inherent part of the sequence and associated with
aquaporin TIP proteins. These were also found in Solanum
nigrum, Solanum lycopersicum, Solanum tuberosum, Capsicum
annuumand Nicotiana tomentosiformis.

Tonoplast Intrinsic Proteins (TIPs) are the most abundant
aquaporins in the vacuolar membrane (Maurel et al., 2008) and
were the first proteins identified for water transporting function
(Johnson et al., 1990). Water permeability of the tonoplast is
greater than that of the plasma membrane because of highly
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Fig.1: Multiple sequence alignment of aquaporin EST sequences from S. melongena.

abundant tonoplast aquaporins (Fleurat-Lessard et al., 2005)
which thus regulates rapid osmotic adjustment of cytoplasm and
maintain turgor pressure of the cell. The average length of
matching regions with the identified sequences were found to be
608 bp (Table1). These highly expressed sequences were found
to be evolutionarily conserved and identical with published
aquaporin proteins of Solanaceous crops viz., chilli (Martinez-
Ballesta et al., 2003), tomato (Balarynova et al, 2018), S.
tuberosum etc. (Venkatesh et al., 2013), which facilitate transport
of water through cell membranes. It was reported that these
expressed regions have been identified in roots of many plant
species like Arabidopsis (Postaire et al., 2010), rice (Sakurai et
al., 2008), maize (Hachez et al., 2006) and barley (Knipfer et al.,
2011), which play a crucial role in plasma membrane,
transcellular water transport and TIPs, which show high
expression level in roots. These 22 non-redundant ESTs of S.
melongena with microsatellite markers associated with aquaporin
are given below (Table 1) along with EST length, number of similar
proteinsidentified in other species, repeat motif.

Multiple sequence alignment: Further, these EST sequences
were aligned using multiple sequence alignment (Fig. 1) for its
conserved marker regions within the potential EST sequences.
Multiple sequence alignment (MSA) reveals highly conserved
region in EST sequences (Bilu et al, 2006). The alignment
showed conserved marker region with repeat motif pattern that
occur several times within the sequence as showniin (Fig.1).

The marker sequence having 56 bp length was conserved
across 17 sequences out of 22 aquaporins of S. melongena with a
repeat motif pattern AAATTA repeated twice. These sequences

Branch length: @ Cladogram Real

FS000434.1 0.3346
FS047611.1 -0.00306
FS028035.1 -0.00255
FS035000.1 0.00255
FS042054.1 0.0034
FS051996.1 0.00113
FS052893.1 -0.00116
FS022093.1 0.00401
FS050754.1 -0.00016
FS051061.1 0.00208
FS050980.1 0
FS053173.1 0.00422
FS050393.10
FS051738.10
FS052964.1 0.00186
FS050363.1 0.00177
FS050128.1 0.00176
FS049874.10
FS050904.10

—  FS052585.10

L—  FS052264.10
FS020305.10

Fig. 2: Phylogenetic tree of aquaporin EST sequences in S. melongena.
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Table 1: ESTs of S. melongena having microsatellite markers associated with MIP superfamily

Brinjal- EST Motif Matches with  Species
ESTId length  pattern published
proteins
Fs000434 580 (AAAC), 4 Capsicum annuum, Solanum nigrum, Solanum lycopersicum, Solanum tuberosum
Fs020305 499 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum
Fs022093 460 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum
Fs028035 431 (CTGGAC), 4 Capsicum annuum, Solanum nigrum, Solanum lycopersicum, Solanum tuberosum
Fs035000 565 (CTGGAQ), 4 Capsicum annuum, Solanum nigrum, Solanum lycopersicum, Solanum tuberosum
Fs042054 465 (CTGGAQ), 4 Capsicum annuum, Solanum nigrum, Solanum lycopersicum, Solanum tuberosum
Fs047611 466 (CTGGAC), 4 Capsicum annuum, Solanum nigrum, Solanum lycopersicum, Solanum tuberosum
Fs049874 585 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs050128 577 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs050363 568 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum
Fs050393 615 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs050754 467 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum
Fs050904 573 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs050980 533 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs051061 466 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum
Fs051738 555 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs051996 523 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs052264 485 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum
Fs052585 500 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum
Fs052893 446 (AAATTA), 1 Solanum tuberosum
Fs052964 538 (AAATTA), 3 Solanum lycopersicum, Solanum tuberosum, Nicotianatomentosiformis
Fs053173 474 (AAATTA), 2 Solanum lycopersicum, Solanum tuberosum

remain evolutionarily conserved with microsatellite markers,
shown in white color (Fig.1). The alignments of 22 sequences
revealed the robustness of these microsatellite markers in the
aquaporin genes coding regions. The conserved consensus
motifs exist across the aquaporin subfamilies to support their
association.

Phylogenetic tree: The alignments of sequence were also
performed by using the default parameter of Clustal W program
(Tamura et al., 2013) and a phylogenetic tree was constructed
(Fig.2) as per Neighbor-Joining tree method. The phylogenetic
analysis revealed that these 22 sequences show the
evolutionarily-conservedness of multigene aquaporin family
present in several species of Solanaceae such as Solanum
nigrum, Solanum lycopersicum, Solanum tuberosum,
Capsicum annuum, Nicotiana tomentosiformis as aquaporin
TIP protein are present in most of them. However, the
development of markers from conventional method is time-
consuming and expensive due to sequencing requirements
from several sources. Here, we found unique aquaporin
markers within available EST collections, by computational
method using repeat motif identifier. In doing so, we identified
potential aquaporin markers present in 22 expressed regions
from 98089 EST collections of brinjal. These markers would be

useful in plant breeding program for development of water
stress tolerant crops to regulate water uptake by roots during
water deficit conditions.
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