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This study was conducted to describe the role of the chloroplast maturase K (matK) genetic polymorphism in the reciprocal
crossing between five barley varieties using several in vitro / in silico tools. Besides, the final consequences of the matK gene
polymorphism on its protein structure, function, and interactions were predicted computationally. Five parental varieties
were crossed to each other by full reciprocal crossing design, DNA was extracted from seeds and two different primers’ pairs
were designed to scan matK gene. Then, polymerase chain reaction — single-stranded conformation polymorphism (PCR-SS-
CP) were performed. Two distinct haplotypes in both parents and artificial F1 hybrids in the matK gene were observed in both
amplified fragments. This finding indicated that the studied gene had no participation in the reciprocal crossing performed.
Three SNPs were identified; two of them are non-synonymous (nsSNPs), namely G387V and L459M. The effect of these
missense mutations on the matK protein was analyzed by several in silico tools. It was shown that the coding SNP, L459M
was predicted to have much more effective consequences on matK protein structure and function. While the [-Mutant 2.0
prediction tool showed a decrease in stability for these two nsSNPs, which may destabilize the protein interactions to some
extent. In conclusion, though the observed missense mutations in the marK gene have no suggestive role in the reciprocally
crossed barley varieties, they caused dramatic alterations in several matK protein moieties, which may lead to potential sub-
sequent changes in the matK protein-mediated RNA splicing mechanisms.
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Barley is highly variable in adaptation and uti- picture of the genetic control of a set of parents

lization alone has caused barley to be subjected to
more physiological and genetic studies (Von Both-
mer et al. 2003). The high diversity of barley phe-
notypes, true diploid nature, and ease of hybridiza-
tion and cultivation has made barley species the
favorite genetic organism. Moreover, mutations can
more easily be identified in barley than in its poly-
ploid relatives, such as wheat and oats (Scholtz et
al. 2001). The reciprocal crossing analysis provides
a unique opportunity to obtain a rapid and overall

in the early generation (Crusio 1987). One of the
symptoms of revolutionizing angiosperm molec-
ular genomics is the development of new sets of
genetic markers to genotype barley as long as oth-
er essential plant breeds (Yu et al. 2011). Several
candidate markers are targeted on the level of DNA
architecture, one of these candidate genes is chlo-
roplast maturase K (matK) gene. It was reported
that matK gene might be contributed to plant mo-
lecular systematics and evolution (Johnson & Soltis
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1995; Liang & Hilu 1996). The matK gene, 1536 bp
long, is located within the intron of the chloroplast
gene #rnK, on a large single-copy section adjacent
to the inverted repeat (Hilu & Liang 1997). Matu-
rases contain three domains: a reverse-transcriptase
domain, domain X (the RNA binding and splicing
domain), and a zinc-finger-like domain (Mohr et al.
1993; Barthet et al. 2015). It’s reported that matu-
rases are enzymes that catalyze non-autocatalytic
intron removal from premature RNAs (Zoschke et
al. 2010). Therefore, the mafK gene may be a strong
candidate marker for evaluation of genetic polymor-
phism. The mafK gene with its underlying features
represents a molecule that has substantial potential
in providing insight into evolutionary and systemat-
ic problems at variable levels (Hilu & Liang 1997).
Moreover, the ability to use mafK gene in the nu-
cleotide polymorphism is reported (Barthet & Hilu
2007). However, very little genetic data is current-
ly available about the matK gene polymorphism in
barley varieties around the world since no sufficient
data that dealt with this hotspot genetic locus in H.
vulgare varieties are available at least in terms of
their genetic variability. Besides, no association
study has highlighted this segment as a candidate
genetic marker about its relationship with the main
variable identities of H. vulgare variations. Thus,
employing matK, as a gene included in the chDNA
in the genetic polymorphism could be considered as
an interesting genetic marker. In crops, the detec-
tion of the single nucleotide polymorphisms (SNPs)
permits a more accurate approach to the analysis
of sequence differences between alleles (Rafalski
2002). To manifest this practically, several tech-
niques are employed to exploit the portions of this
gene to detect the extent of polymorphisms in a way
that could be used in routine labs, such as SSCP. Al-
though PCR-SSCP is not the only reliable technique
to genotype breeds of different organisms and other
available methods are used instead, its performance
is one of the simplest and the most sensitive tech-
niques in the detection of unknown DNA mutation
(Gasser et al. 2006). Hence, the utilization for SSCP
polymorphisms could lead to the finding of useful
genetic markers of agricultural populations (Kuhn
et al. 2008). Thus, much more attention is gained
in the matK gene to be used as an attractive tool to
study the genetic polymorphism in this aspect. On

the other hand, it is apparently demonstrated that
many SNPs have functional effects on their corre-
sponding protein structure especially by a single
change in the amino acid (Liao & Lee 2010). There
is an increasing awareness that other types of genet-
ic variations can affect several aspects of protein ex-
pression and function. Synonymous SNPs, (sSSNPs)
or silent” mutations, are now widely acknowledged
to be able to cause changes in protein expression,
conformation, and function (Sauna & Kimchi-Sar-
faty 2011). However, sSNPs do not alter amino acid
sequences. Conversely, a non-synonymous single
nucleotide polymorphism (nsSNP), which is present
within the exon of a gene, is responsible for the in-
corporation of other amino acid and known to be one
of the leading causes for the possible alteration of
the encoded protein. However, tolerant nsSNPs are
not deleterious and are not involved in any change,
whereas deleterious nsSNPs have a profound influ-
ence on protein structure or its interaction (Pauline
& Steven 2003). Therefore, it is important to differ-
entiate deleterious nsSNPs from tolerant nsSNPs to
characterize the genetic basis of these biochemical
pathways. By using bioinformatics prediction tools,
it would be possible to segregate neutral SNPs from
SNPs of likely functional effect and could also be
useful to explain the structural basis of the desired
and undesired variations in matK protein charac-
terizations. Thus, employing several computational
tools in this gene could be considered as interesting
genetic markers to give a perspective bioinformat-
ics insight to the nature of the genotypes within this
population. Therefore, two main objectives of this
study are pursued. The first one is to see the poten-
tial participation of the matK gene polymorphism in
the reciprocal crossing between five different barley
varieties. As well, to predict the potential functional
effect of the observed nsSNPs and to speculate their
possible influence on protein structure and function
using several state-of-art in silico computational
tools.

MATERIAL AND METHODS

Plants and experiment materials
The field study was conducted in Kurdistan re-
gion — Iraq, Qilyasan Agricultural Research Station,
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Table 1

The primer BLAST system that is employed to cover most of mafK gene sequences by designing two pairs of primers

No. Primer sequence Zgi;tégﬁ)rgggbrggﬂ:ﬁg;lg la ;1 ;;( Amplicon length
1 FP: 5'- AGGGGTTTGCGATTGTTGTG -3’ Start 302, Stop 321 868 bp
RP: 5'- TGCCCCGATCCAGTACAAAA -3’ Start 1169, Stop 1150
) FP: 5'- ACTGGATCGGGGCATCCTAT -3’ Start 1156, Stop 1175 229 bp
RP: 5'- CCGAACCCAATCGTTGCATA -3’ Start 1384, Stop 1365

Faculty of Agricultural Sciences, University of Su-
laimani (35°34'307" N, 45°21'992" E and 765 masl),
2 km Northwest of Sulaimani city, during the au-
tumn growing seasons 2010-2011(crossing between
parents at first location only to produce the first filial
at the three locations at 2011-2012). Five varieties
and pedigrees of two-rowed H. vulgare were used
in this study, which includes MORA, ABN, Arabi
Aswad, Clipper, and Bohoth HI. These varieties
were crossed in full diallel mating design to form 20
Artificial F1 hybrids (Online Suppl. Table 1). All the
Artificial F1 hybrids along with their parents were
grown in the following growing season. Seeds of 20
F1s with their 5 parents (25 entries) were sown in
the field experiments; they were conducted in a ran-
domized complete block design (RCBD) with three
replications. Each treatment was one row of 2-me-
ter length, 40 cm between rows and 20 cm between
plants within a row. The major features of these five
varieties were mentioned in concomitance with their
main sources (Online Suppl. Table 2).

DNA Samples

Total genomic DNA was obtained from twen-
ty-five varieties (parents and artificial F1 hybrids) of
barley seeds. DNA was isolated from about 25 mg
seed using genomic DNA mini kit — Plant (Cat #
GP100, Geneaid Biotech — Taiwan) following man-
ufacturer’s instructions. The purity of DNA was
assessed by NanoDrop spectrophotometer, version
BioDrop pLITE (Biodrop — UK). The integrity of
isolated DNA was checked by ethidium bromide
(0.5 mg/ml) pre-stained 0.8% (w/v) agarose gel elec-
trophoresis in 1X TAE (40 mM Tris-acetate; 2 mM
EDTA, pH 8.3) buffer. The isolated DNA was used
as a template for PCR.

PCR Primers Designing and Amplification
Two fragments were designed for the matK gene

(1536 bp length) from GenBank accession number:
ABO078138 of NCBI website (www.ncbi.nlm.nih.
gov), using Primer® online software (http://www.
www.simgene.com/Primers). These two fragments
cover most of the matK gene (Table 1). The lyo-
philized primers were purchased from Bioneer (Bi-
oneer, Daejeon, South Korea). PCR reaction was
performed using the AccuPower PCR premix (Cat #
K-2012, Bioneer — South Korea). Each 20ul of PCR
premix was contained 1 U of 7op DNA polymerase,
250 uM of four dNTPs, 10 mM of Tris-HCI (pH
9.0), 30 mM of KCI, 1.5 mM of MgCl,. The PCR re-
action mixture was completed with 10 pmol of each
primer and 50 ng of genomic DNA. The following
program was applied in gradient PCR thermocycler
(Mastercycler-nexus, Eppendorf, 22331Hamburg).
The optimum annealing temperature for both de-
signed PCR amplicons was determined by gradient
PCR. Then, the amplification was began by initial
denaturation (94°C for 5 min), followed by 30 cy-
cles of denaturation (94°C for 30 sec), annealing
(52°C for 30 sec), and elongation (72°C for 30 sec),
and was finalized with a final extension (72°C for 10
min). Amplification was verified by electrophoresis
on an ethidium bromide (0.5 mg/ml) pre-stained
1.5% (w/v) agarose gel in 1 x TBE buffer (2 mM
of EDTA, 90 mM of Tris-Borate, pH 8.3). It was
made sure that all PCR resolved bands were distinct
and consisted of only one clean and sharp band to
be submitted into SSCP successfully (Online Suppl.
Figure 1).

SSCP analysis

The SSCP experiments were initially based on
Al-Shuhaib SSCP protocol (Al-Shuhaib 2017), with
some modifications. Different gel concentrations,
sample volumes, electrophoresis temperatures were
tested to optimize separation power of SSCP exper-
iments. Briefly, 7 ul of each amplification product
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was mixed with 10pl of SSCP denaturing loading
buffer (95% formamide, 20 mM EDTA pH 8§, 0.05%
xylene cyanol and 0.05% bromophenol blue). The
samples were heat-denatured at 95°C for 10 min and
chilled on ice for at least 5 min, and loaded poly-
acrylamide gel. The preliminary SSCP experiments
were performed in the commercially available mini
gels (10 x 10 x 1) mm version; OminiPage (Cleaver
Scientific — UK). After optimization, PCR ampli-
cons were separated onto mini-high resolution alu-
minum plates vertical gel format, gel size (W x L)
cm: 12 x 14.5, and gel thickness: 1 mm (model JY-
SCZ9, Junyi-Dongfang Electrophoresis Equipment
— China). Denatured PCR products were loaded into
the wells of 8% acrylamide/bis (37.5:1), containing
7% glycerol, and 1X TBE buffer. The gel was run
under 225 V / 112 mA at room temperature until the
tracking dye reached the end of the gel. Each SSCP
gel was stained by a rapid silver staining technique
(Byun et al. 2009).

DNA sequencing and sequencing analysis

Each template DNA sample that showed a differ-
ent pattern on the SSCP gel for the amplified marK
gene fragments was sequenced from both ends
(Macrogen Inc. Geumchen, Seoul, South Korea).
Only clear chromatographs obtained from ABI se-
quence files were further analyzed, ensuring that the
annotation and variations are not because of PCR
or sequencing artifacts. The referring Hordeum vul-
gare matK database (GenBank acc. AB078138.1)
was retrieved from the NCBI website (https://www.
ncbi.nlm.nih.gov/nuccore/AB078138.1). The se-
quencing results of the PCR products of different
SSCP patterns were edited, aligned, and analyzed
as long as with the respective sequences in the ref-
erence database using BioEdit Sequence Alignment
Editor Software Version 7.1 (DNASTAR, Madison,
WI, USA).

Constructing the primary structure of the altered
matK protein

The primary protein structure building of each
SSCP genotype was begun by mutating the avail-
able reference NCBI DNA sequences of the marK
gene, by substituting each observed SNP from the
BioEdit /Lasergene software into its accurate posi-
tion in the whole reference the marK DNA sequence
to represent each altered variant. The observed vari-

ation was translated into amino acids in a reading
frame corresponds to the reference matK amino acid
sequences using the Expasy online program (http://
web.expasy.org/translate/). Multiple amino acid se-
quence alignment was made between the reference
matK amino acid sequences and its observed vari-
ations using the Clustal Omega program from the
UniProt website (http://www.uniprot.org/align/).

Finding the deleterious effect of the matK protein
nsSNP using SIFT

The amino acid sequence of matK along with
non-synonymous SNPs (nsSNPs) with correspond-
ing amino acid positions was submitted using SIFT
(sorting intolerant from tolerant) program (Pauline
& Steven 2003). The SIFT prediction tolerance in-
dex (TI) score was ranged from 0.0 to 1.0, which de-
noted the normalized probability that the amino acid
change was tolerated. Substitutions at each position
with normalized probabilities less than a tolerance
index of 0.05 were predicted to be deleterious or
intolerant; those greater than or equal to 0.05 were
predicted to be tolerated (http://sift.bii.a-star.edu.sg/
www/SIFT seq_submit2.html).

Predicting the functional effect of nsSNPs using
PolyPhen-2

PolyPhen or Polymorphism Phenotyping is
a tool which predicts possible impact of an amino
acid substitution on the structure and function of the
protein using straightforward physical and compar-
ative considerations. PolyPhen-2 (http://genetics.
bwh.harvard.edu/pph2/), is a new development of
the PolyPhen tool for annotating coding nonsyn-
onymous SNPs (Adzhubei et al. 2010). Prediction
outcomes could be classified as probably damaging
or benign according to the score ranging from 0-1
respectively.

Prediction of functional impact of the matK nsSNP
using PROVEAN

Further confirmation of the effect of nsSNPs on
protein was done using PROVEAN (Protein Vari-
ation Effect Analyzer) tool. PROVEAN tool can
predict the impact of an amino acid substitution
on the biological function of the protein (http://
provean.jcvi.org/index.php). The default threshold
of PROVEAN tool is —2.5, i.e., variants with a score
equal to or below —2.5 are considered “deleterious,”
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while variants with a score above —2.5 are consid-
ered “neutral” (Choi et al. 2012).

Prediction of the severity effect of the matK nsSNP
using SNAP?2

SNAP2 is a tool that can distinguish between
the effect and the neutral nsSNPs (Smigielski et al.
2000). Predicting a score (ranges from —100 strong
neutral prediction to +100 strong effect prediction),
the analysis prediction scores were potentially cor-
related with the severity of effect (https://www.pre-
dictprotein.org).

Investigation of altered protein stability of the matK
nsSNPs using I-Mutant 2.0

To have a better insight to the stability of the pro-
tein caused by mutation, the altered positions were
analyzed using [-Mutant 2.0 (Capriotti ez al. 2005).
The study of the effect of a mutation may alter the
stability of the matK protein of interest and might
lead to a change in the main characteristics of this
protein. [-Mutant 2.0 (http://folding.biofold.org/
cgi-bin/i-mutant2.0) is a tool for the prediction of
protein stability changes upon missense mutations.

Three-dimensional matK structure modeling using
RaptorX and PyMol

The whole amino acid sequences of barley matK
were retrieved from NCBI (GenBank acc. No.
ABO078138.1). The UniProtKB/Swiss-Prot acces-
sion number for barley matK protein was P17158,
and no matching PDB entries were found in this
protein  (http://www.uniprot.org/uniprot/P17158).
The three-dimensional (3-D) structure of the marK
gene was constructed from the online 3-D model
prediction software; namely RaptorX (http:/rap-
torx.uchicago.edu/StructurePrediction/predict/).
The observed mutations were inserted in the na-
tive sequence of the entire 511 amino acid residues
matK protein to represent the observed variation.
Then, the 3-D structures of the native matK protein,
as well as the observed alteration were predicted us-
ing RaptorX tool. For given FASTA query sequence,
RaptorX predicted its secondary and tertiary struc-
tures as well as solvent accessibility and disor-
dered regions (Kallberg et al. 2012). The virtually
proposed changes within its corresponding altered
proteins were performed by using PyMol-v1, 7.0.1
software (www.shrodinger.com).

Prediction of some physio-chemical properties of
the matK protein

A novel META-Disorder prediction method,
or MD tool, molds various sources of information
predominantly obtained from orthogonal prediction
methods, to significantly improve in performance
over its constituents (Schlessinger et al. 2009).
Profisis tool, which is a web server that can predict
protein-protein and protein — polynucleotide bind-
ing sites, was utilized to identify the interacting
residues from sequence alone (Ofran & Rost 2007).
Both tools that utilized for these predictions were
available on (https://www.predictprotein.org/).

Post-translation modification sites present on matK
protein

Glycation sites of € amino groups of lysine res-
idues were predicted using a NetGlycatel.0 server
(http://www.cbs.dtu.dk/services/NetGlycate/).  In
NetGlycate a score of NO.5 was considered gly-
cated. Phosphorylation sites were predicted using
a NetPhos3.0 server (http://www.cbs.dtu.dk/ser-
vices/ NetPhos/). In NetPhos3.0, serine, threonine,
and tyrosine residues with a score of N0.5 were
considered phosphorylated. Ubiquitylation sites
were predicted using UbPerd (www.ubpred.org). In
UbPerd, lysine residues with a score of >0.62 were
considered ubiquitylated. Sumoylation sites were
predicted using SUMOplot (http://www.abgent.
com/sumoplot). For SUMOplot, high probability
motifs having a score of 0.5 were considered su-
moylated (Jenna & Stephen 2014).

RESULTS

To identify the reason that lies behind the vari-
ations of barely, it was deduced to study the chlo-
roplast matK protein as a possible candidate in this
regard. Accordingly, we have artificially created
variable entries of barley in this study to see — if
any — possible participation of the matK gene in this
reciprocal crossing between five different parental
varieties (Figure 1, A). By designing two specific
PCR primers pairs, 390 out of 511 amino acid resi-
dues were covered, which constitute about 76% of
the whole amino acid sequences of the chloroplast
matK protein in twenty-five artificially crossed H.
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vulgare varieties. The genetic polymorphism of study; in vitro genotyping results through PCR-SS-
each observed haplotypes was predicted computa- CP-sequencing experiments, and in silico prediction
tionally. Two sets of results were obtained in this results through several bioinformatics tools.
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Figure 1. A full schematic workflow of the matK gene polymorphism study. This study consists of three main partitions; A)
field study (crossing of the five different parents), B) in vitro genotyping through PCR-SSCP-sequencing of both designed
amplicons of 868 bp and 229 bp, in which two genotypes were resolved in each case, and C) in silico computational analysis

of the observed missense mutations.
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Table 2
Nucleotide substitutions and types among haplotype A, and haplotype B, and the reference NCBI sequence of H. vulgare
matK gene
Nucleotide Nucleotide | SSCP Haplotypes of Hordeum vulgare
The size of position in the | position in matK gene Amino acid
: Type of SNPs
amplicon NCBI reference the PCR change
matK gene fragment Reference | A haplotype | B haplotype
86f8 bp PCR 1053 752 A G - non Synonymous
ragment
1160 5 G T - G387V Non-synonymous
matK 229 bp
PCR fragment
1375 220 T A - L459M Non-synonymous
Genotyping analysis solved variations and NCBI reference sequences.

The polymorphism of matK gene was detected
by PCR-SSCP and DNA sequencing methods, and
the observed variations of SSCP gels indicate the
detection of two different variations. In both studied
PCR fragments, two haplotypes were resolved, AA
and AB (Figure 1, B). The pattern and nature of each
SNP that was detected by sequencing indicated that
the AA variation has one novel sSNP (A1053G),
while in the variation AB no SNP was observed
(Table 2). The haplotype distribution is slightly pre-
dominated by AB haplotype. Despite the fact that
the multitude of SSCP bands that we observed in this
studied matK gene fragment, this is usually evident
in some SSCP configurations that exceed 600 bp
(Gasser et al. 2006). However, both haplotypes were
available in both parents and offspring, suggesting
a nonparticipation of marK large gene fragment in
the reciprocal crossing that performed between par-
ents. In this aspect, the situation was the same in
matK the 229 bp gene fragment, in which two hap-
lotypes were revealed. It was revealed that the hap-
lotype AA has much more frequencies over variant
AB. The variant AA was the predominant one since
the number of variant AA in this study was fifteen
samples in both parents and offspring, which con-
stituted about 60%, while the variant AB was less
common since it was included only ten samples,
whereas no other samples showed any other notice-
able variant even after repeating SSCP electrophore-
sis for several times. Sequencing results confirmed
these two different electrophoretic SSCP patterns
since two SNPs were detected between the two re-

Both nsSNPs, (G1160T and T1375A), were found in
AA variants. However, the functional nsSNPs were
apparently shown only in the 229 bp PCR fragment
out of the whole matK amino acid sequences. Ac-
cording to PCR-SSCP-Sequencing, two conforma-
tional patterns of both marK PCR fragments were
observed in this study as they determined in parental
and artificial F1 barley samples. However, it was re-
vealed that both variants were the only genetic poly-
morphisms that were available for both parents and
their artificial F1 hybrids.

Computational analysis

To get better exploration to the detailed genetic
variation(s) within the matK gene, both SSCP-DNA
sequencing variations of both PCR fragments were
computationally analyzed by several in silico tools
(Figure 1, C). While only one non-coding SNP is
positioned in the AA variant of the 868 bp PCR
fragment, two coding SNPs that were available only
in the AA variants of the 229 bp PCR fragment.
In both nsSNPs, the hydrophobic aliphatic amino
acids Gly and Leu in the positions 387 and 459 of
the whole matK proteuren (Figure 2, A) are substi-
tuted into another amino acids of the same group,
which is Val and Glu respectively (Figure 2, B).
The consequences of these nsSNPs were evaluat-
ed using different publicly available computation-
al algorithms, namely, SIFT, PolyPhen-2, SNAP2,
PROVEAN, and I-Mutant 2 bioinformatics tools
(Table 3). However, by comparing the prediction
of these methods for each observed nsSNP, vari-
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able results were observed. Usually, the SIFT tool is
utilized first, which predicts whether an amino acid
substitution affects protein function among related
genes and domains over evolutionary time (Ng &
Henickoff 2006). SIFT predicts that G387V nsSNP

was found to be tolerated, which showed a highly
acceptable tolerance index score (more than 0.05),
which couldn’t affect the protein function. While
in the case of L459M, SIFT predicts an effect on
protein function, which showed an unacceptable

Figure 2. The proposed 3-D structure of matK protein of H. vulgare species with its polar interactions. A) The native protein
is shown with two highlighted amino acids (G387 and L459). B) The altered protein is shown with two altered amino acids
(V387 and M459). C) The interaction of S387 with both T386 and H390 before mutation. D) The interaction of V387 with
both T386 and H390 after mutation. E) The absence of any polar connections in the L387 before mutation. F) The absence of

any polar connections in the M387 after mutation.

10
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Table 3

List of the possible effects and consequences of the observed nsSNPs on matK protein structure and function as determined
by four bioinformatics tools

nsSNP SIFT PolyPhen-2 PROVEAN SNAP2 I-Mutant 2.0
0.002 1 2pDG*
1 (sensitivity: 0.99) 4.470 ¢ -50 L ) Score
G387V (specificity: 0.30) (reliability index: 3)
Tolerated Benign Neutral Neutral Decrease Prediction
0.98 _1.14PpG*
0.00¢ (sensitivity: 0.75) —-0.730 ¢~ 21 (reliabil.it index: 8) Score
L459M (specificity: 0.96) y X
Affggclt)irglgem Probably damaging Neutral Neutral Decrease Prediction

CF* cutoff = 2.5, 1¢": (LC; low confidence); this substitution may have been predicted to affect function just because the
sequences used were not diverse enough. ¥"; reliability index score. PP¢"; DG(NewProtein)-DG(WildType) in Kcal/mol. 5%

(Sensitivity: 0.99, Specificity: 0.30)

tolerance index score (less than 0.05), which could
affect the protein function. However, the last one
SIFT prediction had little confidence because the
submitted H. vulgare matK protein sequence wasn’t
diverse enough for this program to give high con-
fidence prediction. To predict the possible impact
of these nsSNPs on both structure and function of
the matK protein, the PolyPhen-2 program was used
(Adzhubei et al. 2010). In agreement with SIFT re-
sults, PolyPhen-2 has predicted the same outcomes
of these two SNPs. Thus, based on both SIFT and
PolyPhen-2, the missense mutation L459M would
be of prime importance concerning both its struc-
tural and functional effect on the matK protein. The
SIFT/ PolyPhen-2 predicted characterization of
G387V, and L459M nsSNPs were further validat-
ed using PROVEAN tool (Choi et al. 2012). The
default threshold of PROVEAN tool is 2.5, i.e.,
variants with a score equal to or below —2.5 are con-
sidered “deleterious”, while variants with a score
above —2.5 are considered “neutral”. In contrast to
SIFT/ PolyPhen-2 variable scores, PROVEAN re-
vealed that both these nsSNPs weren’t deleterious.
It predicts that G387V and L459M nsSNPS are neu-
tral (below —2.5). The SNAP2 program was also
used to assess the effect of both SNPs on the matK
protein sequence. In agreement with PROVEAN
program, SNAP2 was found that both G387V and
L459M were neutral (less than 0). Nevertheless, in
the last two programs, there is a slight tendency of
L459M to be more effective. However, it’s interest-
ing to note that when these four programs were used

together, we observed 100% agreement of the SIFT/
PolyPhen-2/PROVEAN/SNAP2 results and 50%
of agreement of these programs on the G387V pro-
gram. To add another layer of confirmation, these
two variants were submitted to the I-Mutant-2.0
web server to predict the DDG stability and reliabil-
ity index (RI) upon mutation. If the DDG value is
>(), protein stability decreases and when DDG value
is <0 protein stability increases. The I-Mutant 2.0
program showed a reduced stability of the matK
protein for both two nsSNPs. Thus, there are high-
er chances that protein stability might get affected
in mutation at two amino acid positions; 378 (DDG
score —1.22), and 459 (DDG score —1.14).

The 3-D structure of the native matK model that
generated through RaptorX (Kallberg et al. 2012)
was revealed that all 511 (100%) residues were
modeled, and only 1 (0%) positions were predict-
ed as disordered, while the mutated protein has 25
(4%) positions were predicted as disordered. Sec-
ondary structures of the native matK model revealed
50% helix, 9% beta sheet, and 40% loop structures,
while the secondary structure of the altered protein
model showed 42% helix, 10% beta sheet, and 47%
loop structures. The protein solvent accessibility
was divided into three states by 2 cut-off values:
10% and 42%. A value less than 10% was identi-
fied as buried, larger than 42% value was identified
as exposed and if the value was between 10% and
42% was designated as a medium. Regarding sol-
vent access, noticeable differences were found be-
tween native and altered protein. The proportions of
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exposed, medium and buried regions in the native
matK protein were 37%, 15%, and 47% respective-
ly, while in the altered protein was 31%, 37%, and
30% respectively. The nature of the polar interaction
of the observed three nsSNPs was tested by PyMol
to unravel its possible role in the conversion of the
nature of the native amino acid binding with its sur-
rounding residues in the matK protein.

It was found that G387 in the native protein has
two polar interactions with Thr386 and His390 of

3.3 A and 3.4 A lengths respectively (Figure 2, C).
While the altered amino acid 387V forms the same
polar interactions with the same residues and dis-
tances (Figure 2, D). In the case of L459M nsSNP,
it was found that L459 in the native protein doesn’t
have any polar interactions (Figure 2, E); and the
situation is the same for the altered 459M (Figure
2, F).

It is necessary to identify the disordered regions
in proteins from their amino acid sequences since

Table 4

Protein disorder possibility prediction of the S387V and L459M nsSNPs in the matK protein

Number | Residue | NORSnet | NORS2st | PROFbval Ucon Ucon2st | MD _raw MD rel MD2st
387 G 0.31 - 0.55 D 0.19 - 0.263 8
459 L 0.08 - 0.55 D 0.14 - 0.263 8

Number — residue number; Residue — amino acid type; NORSnet — raw score by NORSnet (prediction of unstructured loops)
NORS2st — two-state prediction by NORSnet; D = disordered; PROFbval — raw score by PROFbval (prediction of residue
flexibility from sequence); Bval2st — two-state prediction by PROFbval; Ucon — raw score by Ucon (prediction of protein
disorder using predicted internal contacts); Ucon2st — two-state prediction by Ucon; MD_raw score by MD (prediction of
protein disorder using orthogonal sources); MD _rel — reliability of the prediction by MD; values range from 0-9. 9 = strong
prediction; MD2st — two-state prediction by MD
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Figure 3. Prediction of protein-protein and protein-polynucleotides binding sites for native matK protein A), and its altered

G387V mutant B), and L459M mutant proteins C)
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the disordered regions are also important for the
functional annotation of proteins. The available pre-
diction MD tool has enabled us to use the “meta ap-
proach” to predict disordered regions (Schlessinger
et al. 2009). Interestingly, MD program predicted
that both of G387V and L459M occupied readi-
ly disordered positions in the native matK protein
(Table 4). Since the disordered regions that have
no stable structures without their partner molecules
are often found in functional sites of proteins (Ward
et al. 2004), a potential participation of these two
nsSNPs in the binding with other proteins, such as
transcription factors or polynucleotide binding pro-
teins was predicted. This prediction was confirmed
using profISIS, which has shown noticeable differ-
ences between the native and the altered matK pro-
tein. In comparison to the native protein, 4 protein
binding sites were altered in the mutant G37V and
L459M proteins. Besides, one additional polynucle-
otide binding site and a transmembrane protein were
observed (Figure 3). This observation indicates the
possible interaction of G387V and L459M with the
binding with other proteins and polynucleotides.
Several in silico post-translational modification pre-
diction tools, such as NetGlycatel.0, NetPhos3.0,
UbPerd, and SUMOplot were utilized to identify
the potential participation of G387V and L459M
in the post-translational modification. No partici-
pation was observed for both nsSNPs in all studied
post-translational glycation, phosphorylation, ubig-
uitylation, and sumoylation modification sites (On-
line Suppl. Table 3).

DISCUSSION

Initially, we were led to engage the matK gene
polymorphism in this study because of several
reasons; 1) The chloroplast matK DNA sequence,
a chloroplast-encoded locus that has been reported
to relatively have higher substitution rates at both
nucleotide and amino acid level than other genetic
loci (Barthet et al. 2007). 2) The matK gene has re-
cently emerged as an invaluable gene in plant sys-
tematics because of the high phylogenetic signal
it has compared with other genes used in this field
(Muller et al. 2006). 3) Its protein is the only candi-
date for splicing introns from many genes in chloro-

plast (Zoschke et al. 2010). 4) Its worth mentioning
that there has not been any sufficient data regard-
ing the effect of marK genetic polymorphisms on
the protein structure. Thus, for its essential and irre-
placeable function in the plant makes the marK gene
as an excellent marker that may deserve to deeply
explored in genetic breeding.

Genotyping analysis

The sequencing that performed in both 686 bp
and 229 bp matK gene fragments were confirmed
the discrete genetic differences between them in the
SSCP gel. These SNPs are novel and have not been
previously reported in the matK gene of H. vulgare
(https://www.ncbi.nlm.nih.gov/projects/SNP/). It
deserves to note that there is no significant relation-
ship between the identified SNPs patterns in mafK
gene and diallel and reciprocal crossing that per-
formed among five different parental varieties. Al-
though the SSCP results of marK 686 bp and 229 bp
gene fragments are shown significant variations in
barley varieties, no obvious consistent results were
obtained regarding the pattern of crossing among
these varieties. Nonetheless, distinct variable forms
of polymorphisms were obtained in parents con-
cerning both matK gene PCR amplified fragments.
These distinct SSCP results might be referred to
the presence of a wide ratio of hybridization, selec-
tion, or genetic diversity for barley (Schneider et
al. 2001). The presence of the polymorphism in the
matK gene does not imply that this gene has a role
in the variations among the studied diallel or recip-
rocal crossed five varieties. This is evident since
we found that both genetic varieties existed in both
parental and F1 hybrids varieties. Therefore, the
SNPs detected here may not be a causal mutation.
Although no comparable standards were available
in these local varieties, the results of this study in
the barley samples have yielded an initial molecu-
lar marker that can be applied to identify the sort
of polymorphism in other nearby barley samples,
through relying on the amplification of both 686 bp
and 229 bp matK gene PCR fragments. However,
it is evident from this study that the use of 229 bp
PCR matK gene fragment might be more informa-
tive than the 686 bp PCR fragment marK gene as the
two observed nsSNPs of this study is readily detect-
ed using this fragment.
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Computational analysis

The dramatic revolution in the computational
prediction of the individual nsSNPs made it possi-
ble to generate an overview for the final destination
for each nsSNP on the protein structure and func-
tion (Patel et al. 2015). As long as in vitro geno-
typing analysis, we have utilized in silico prediction
tools to get a final estimation of the possible role
of each observed nsSNP on the modulating of the
main characteristic features of the matK protein.
Three SNPs were discovered in this study; one is
sSNP, two are nsSNPs. It was found through sever-
al computational tools that the effect of these SNPs
is ranged from non-effective into mild-effective on
protein structure and function. As it was known, the
understanding the roles of some of the nsSNPs can
significantly help to understand the barley genotype/
phenotype variations. We opted to use in silico tools
based on a combination of different algorithms that
previously reported for other genes for the analysis
of the observed amino acid variations in the marK
gene. As genomic variations view among barley is
common sense (Hilu & Liang 1997), the nsSNPs
that exist through the coding region of this genome
can, therefore, become necessary since they modu-
late the amino acid composition (Liao & Lee 2010).
Such changes can have an impact on protein struc-
ture, function, stability, and subcellular localization.
The nsSNPs may initiate unique structures between
population members in conferring different protein
biological activities. Likewise, nsSNPs may affect
the matK gene expression by inactivating the active
sites of the matK protein through which it inter-
acts with the exon-intron junctions during splicing.
Therefore, the observed nsSNPs was given special
attention in this study. To determine the functional
effect of these two nsSNPs on matK protein, sev-
eral widely used in silico tools were employed in
this study, specifically SIFT, PolyPhen-2, SNAP2,
PROVEAN, and [-Mutant 2.0 (Pauline & Steven
2003; Capriotti et al. 2005; Adzhubei et al. 2010;
Smigielski et al. 2000; Choi et al. 2012) respective-
ly. However, the utilized bioinformatics tools had
given different predictions on the deleterious effect
of both nsSNPs on the matK protein. The differ-
ences in the results of these several prediction tools
are due to the differences in features utilized by the
methods; therefore we would expect the outcomes
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to occur dissimilar at some point (De Alencar et al.
2010). SIFT, PolyPhen-2, SNAP2, and PROVEAN
tool had all given parallel results about the non-ef-
fectiveness of S387V on the matK protein func-
tion. Meanwhile, SIFT and PolyPhen-2 showed
that L459M was effective and damaging, whereas
both SNAP2 and PROVEAN had shown a neutral
effect of this nsSNP. However, taking these notes
into account, L459M is an effective missense mu-
tation in comparison with S387V. Concerning the
stability of the altered protein, [-Mutant 2.0 showed
a decrease in stability for these two nsSNPs upon
mutation. Thus, data this suggests that S387V and
L459M variants of the matK gene could directly
or indirectly modulate the amino acid interactions
causing functional deviations of protein to some
extent. In addition to the previously mentioned
bioinformatics tools, the polar interaction of these
nsSNPs with other residues was shown no modi-
fication to the binding pattern with other residues.
This suggestion was validated through MD predic-
tion tool (Schlessinger et al. 2009). It is important
to identify the disordered or the ordered regions
from their amino acid sequences since the predic-
tion of such configuration is also important for the
functional annotation of proteins. In addition to the
involvement in many biological processes, such as
transcription, translation, signaling and cell cycle
control, the disordered regions are also involved in
alternative splicing (Romero et al. 2006). Hence,
this finding may have some effect on the matK
protein splicing mechanism. Upon binding with
ligands, disorder-to-order transitions are frequent-
ly observed, where the flexibility of the disordered
regions may be necessary to specifically interact
with multiple partners (Ishida & Kinoshita 2007).
Though no internal amino acids connection were
changed according to PyMol prediction, the differ-
ences observed between the native and altered matK
protein in the external binding with other proteins
and polynucleotides as determined by ISIS program
may be reflected in its function in the splicing of ex-
on-intron junctions too (Zoschke et al. 2010), which
may lead to a change in the genetic expression. This
observation may become evident during splicing
when the matK protein domain X binds to intron to
form a lariat structure. It does remain bound to the
excised RNA to form a ribonucleoprotein particle
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(Saldanha et al. 1999). The formation of this particle
may be modulated as a result of the role of these two
nsSNPs in the alteration of the binding of the matK
protein with polynucleotides. Though the precise
mechanism by which matK protein potentially inter-
acts with other factors still not fully understood, this
finding may pinpoint some initial data which may
help in the accurate understanding of these motifs
which may change the substrates with which they
are interacting. Eventually, the bioinformatics tools
helped us to characterize the impact of nsSNP on
the matK gene and suggest that the in silico analysis
may be a useful tool to predict the effect of DNA
variation on gene function.

Eventually, it had been hoped that the genotyp-
ing analysis would exploit some sections of the ge-
nome which are highly variable, such as the marK
gene, to be used for varieties differentiation particu-
larly in diallel and reciprocal crossing. Nonetheless,
this genetic segment doesn’t differentiate between
the different varieties since we have chosen a region
that despite its confirmed variability it might not has
a relation with the pattern of the genealogical varia-
tions among these diallel or reciprocal crossed vari-
eties. Although the two resolved variants may not be
connected with the nature of the crossed varieties,
both marK amplified fragments have exerted only
two distinct variants in all of these varieties. This
study has computationally found a noticeable reduc-
tion in the matK protein stability upon mutation with
both S378V and L459M. In addition to MD/ISIS
prediction, a concomitant alteration in the binding
with the external proteins and polynucleotides were
predicted in these two observed nsSNPs too.

CONCLUSIONS

This study predicts that both S378V and L459M
missense mutations of the marK gene may partici-
pate in the alteration of the matK protein splicing of
intron-exon splicing mechanisms. This pilot study
may determine the pattern of polymorphism within
the matK gene to conceive its consequences within
these highly important barley varieties.

Appendix. Supplementary data
Supplementary data associated with this article

can be found, in the onlive wersion, at doi: 10.2478/
agri-2018-0001
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