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Reverse transcriptase polymerase chain reaction (RT-PCR) is the most common molecular downstream
application assay used to assess both quality and quantity of mRNA transcript, which heavily relies on
using a sequence of an endogenous gene as a reference. In organisms with unknown genome sequence,
designing of mRNA-specific PCR primers based on available sequence information of other species is an
extremely useful approach to isolate homologous/orthologous genes. Here we report the isolation of a
partial coding sequence of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene ortholog in
Haloxylon salicornicum, a desert plant native to Kuwait, by designing a non-degenerate consensus primer
pair based on conserved regions generated by a multiple alignment of orthologous GAPDH DNA
sequences derived from closely-related species. Using both total RNA and genomic DNA extracted from
leaf-stem segments, we proved that the designed primer pair is cDNA/mRNA specific, and there was no
evidence of non-specific signals. Sequence and bioinformatics analyses of the obtained DNA fragment and
its corresponding deduced amino acid sequence strongly suggested that it is a member of the cytosolic
GAPDH family and that it is highly conserved. Based on the DNA sequence of the above-mentioned frag-
ment, we also describe the RT-PCR amplification of a small-sized amplicon using a primer-template mis-
match at the 30-end region. The amplified products will be useful for PCR-based assays and gene
expression studies of H. salicornicum, and it will be of great value to geneticists as well as evolutionary
biologists.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gene expression studies employ various molecular downstream
applications, the most common of which is the reverse transcrip-
tase polymerase chain reaction (RT-PCR) assay. The reliability of
such assay depends on the availability of an endogenous reference
sequence(s), which is often used either as a control for checking
the integrity of the reverse-transcribed RNA sample (qualitative)
or as a housekeeping gene for studying the regulated expression
of other target genes (quantitative). The nuclear gene-encoded
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is fre-
quently used as a reference (control) gene in both qualitative and
quantitative RT-PCR assays. In higher plants, two classes of GAPDH
protein are known that both show low sequence similarity to each
other, a chloroplast-derived enzyme of the Calvin cycle (GAPA and
GAPB; EC 1.2.1.13) and a cytosolic-derived glycolytic enzyme
(GAPC; EC 1.2.1.12) (Cerff and Chambers, 1979). The glycolytic
(catabolic) GAPC enzyme, in particular, is a tetrameric NAD-
binding enzyme involved in glycolysis and glyconeogenic. It con-
sists of two domains, a binding-terminal domain (Gp_dh_N), which
is a Rossmann NAP(P) binding fold, and a C-terminal domain
(Gp_dh_C), which is a mixed alpha/antiparallel beta fold (Seidler,
2003).

Genes intended for use as controls in RT-PCR assays are
assumed to be informative and also easily directed during various
amplification steps (Lion, 2001). This is a pivotal point in gene
expression analysis to obtain reliable results. Several studies on
GAPDH raised concerns about its use as an internal reference in
gene expression studies due to the unstable expression of GAPDH
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gene under a variety of conditions (Oliveira et al., 1999; Thellin
et al., 1999; Schmittgen and Zakrajsek, 2000; Suzuki et al., 2000).
However, most of these studies involved GAPDH genes from organ-
isms other than plants (i.e. human and mouse tissues). In plant-
related gene expression studies, GAPDH is still used as internal
control, probably due to several reasons. The most important of
which is that GAPDH orthologous proteins are highly conserved
across a wide range of plant taxa (Martin and Cerff, 1986). In addi-
tion, expression of GAPDH gene under various environmental (abi-
otic) stresses was found constitutive, stable, and occurs in different
tissues and growth stages of plants (Iskandar et al., 2004; Hong
et al., 2008; Bao et al., 2016). However, poor stability of this gene
in plants has been reported (Castonguay et al., 2015; Zhang et al.,
2017).

A common problem associated with the use of GAPDH as a ref-
erence gene is the presence of processed pseudogenes (Hurteau
and Spivack, 2002; Liu et al., 2009; Sun et al., 2012). Such a prob-
lem is considered a critical issue in RT-PCR amplification of a par-
ticular gene due to the possibility of generating false positive
results (Garbay et al., 1996). Nevertheless, this problem can be
overcome by designing PCR primers in such a manner as to permit
differentiation between cDNA- and genomic (gDNA)-derived PCR
products, which in turns requires the availability of genomic
sequence information to determine the appropriate location of
the primers. Otherwise designing suitable primers would be a chal-
lenging task.

In organisms with unknown or limited genome sequence infor-
mation, isolating homologous sequences of a particular gene fam-
ily member is often achieved by designing degenerate consensus
primers derived from reverse-translated sequences of highly con-
served amino acids regions. Such regions are generated by per-
forming multiple amino acids alignments or assembly of protein
blocks that are based primarily on known sequences of distantly-
related species (Pietrokovski, 1996; Rose et al., 1998). In contrast,
designing non-degenerate consensus primers derived by choosing
the most common nucleotide at every position across highly con-
served regions is a more convenient approach to isolate unknown
sequence based on multiple nucleotide alignments of functionally-
related proteins (Smith et al., 1990). Compared to degenerate
primers, non-degenerate consensus primers usually require fewer
optimization steps, and it is more likely that the isolated gene
product corresponds to the gene of interest.

We report the RT-PCR amplification and isolation of GAPDH
homologous/orthologues partial sequence using total RNA
extracted from leaf-stem segments of the Kuwaiti native desert
plant Haloxylon salicornicum (Moq.) Bunge ex Bioss. (Amaran-
thaceae) using a consensus (non-degenerate) primer pair that
was designed based on known orthologous GAPDH coding DNA
sequences of closely-related species. Our approach combines and
modifies some of the above-mentioned strategies. Several appro-
priate controls to validate the specificity of designed primers for
amplification of targeted cDNA were employed, and its identity
was confirmed by sequencing. We also describe the RT-PCR ampli-
fication of a small-sized amplicon using primer-template with and
without mismatch based on the sequence information of the
obtained GAPDH partial sequence mentioned above.
2. Materials and methods

2.1. Primer design

Primer designing strategy was based on the alignment of puta-
tive orthologous GAPDH sequences across multiple species that
share similar functional and structural properties. Screening for
putative homologous GAPDH genes available in the databases
was performed according to the two following criteria: i)
only cytosolic-origin mRNA coding sequences (cds) were selected,
while those chloroplast-origin mRNA sequences or DNA-derived
sequences were excluded; ii) when searching was done against
RefSeq mRNAs, we went in the favor of curate genebank entries,
whereas model mRNA sequences that resulted from computational
prediction of genome annotation were not considered. Accord-
ingly, we searched first for GAPDH mRNA sequences from species
of the family Amaranthaceae. However, only two cytosolic GAPDH
mRNA complete cds were available in the GeneBank database: (1)
from Atriplex nummularia (Accession No. U02886; Old Man Salt-
bush hereafter) and (2) from Beta vulgaris subsp. vulgaris (Acces-
sion No. EF408234; Red Beet hereafter). These sequences were
retrieved from NCBI database and exported into our licensed CLC
Workbench 8.0 software (Katrinebjerg, Aarthus, Denmark) as
FASTA files. Nucleotide sequences were translated into amino acids
using the CLC software. Pairwise comparison and searching in con-
served domain database (CDD) (Marchler-Bauer et al., 2007)
proved that the retrieved GAPDH sequences belong to the cytosolic
GAPDH protein family (PROSITE PS00071; EC. 1.2.1.12). Initially,
we used BlastX to search for homologous proteins in both non-
redundant (nr) and UniProt/SwissProt databases at NCBI using
the coding sequence of Red Beet as the main query. To infer that
two proteins are homologous, an E-value cutoff of 1e-3 was used.
Since we are interested in detecting closely-related members of
the GAPDH protein family rather than finding all potential similar-
ities, we chose BLOSUM 80 scoring matrices (Henikoff and
Henikoff, 1992) with gap cost 11/1; however using BLOSUM 62
did not reveal significant differences. The search resulted in a rel-
atively large number of homologous proteins with statistically sig-
nificant sequence similarity (E-value < 10e-3; bit score > 50) (data
not shown). Performing the same search using the coding sequence
of Old Man Saltbush resulted in almost similar hits. Domain struc-
ture was examined by performing Pfam domain search (http://
pfam.xfam.org) with an E-value of 0.001 to identify any possible
unrelated sequences. Eventually, inferring functional similarity
based on conserved domains and signature patterns revealed sev-
eral protein-coding sequences that share similar enzymatic func-
tion (EC 1.2.1.12), and contained the GAPDH protein family
pattern [ASV]-S-C-[NT]-T-{S}-x-[LIM] (PS00071) where cysteine
(C) is the active site (Fabry et al., 1989) (data not shown). The
selected ortho–homologs proteins were back translated into
nucleotide sequences, and then globally aligned using ClustalW
(Thompson et al., 1994) to identify consensus regions (Supplemen-
tary Fig. S1). Regions that share 100% identical DNA sequences
were observed only between GAPDH protein sequences from
Amaranthaceae species. This was not the case when other
closely-related species were included, from which sequence-
specific primers could be designed to amplify via PCR the ortholog
GAPDH sequence from Red Beet and Old Man Saltbush, and would
be more likely to amplify the same ortholog in H. salicornicum.
Accordingly, conserved regions I (36 bases), II (20 bases) and III
(38 bases) that serve as a target for PCR primer designing were
selected (Fig. 1). A group of candidate primers were first checked
for any possible internal repeat matching, primer-dimer or harpin
formation, and their melting temperatures were calculated using
the CLC software. Best primer pairs showed acceptable parameters
were chosen (Table 1). Specificity of each primer was also tested by
Primer Blast against ‘nr’ database available at the NCBI website
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The designed
primers did not reveal matches with sequences different from
cytosolic GAPDH mRNA. Primer specificity was further checked
using the thermodynamics-based MFEprimer-2.0 program (Qu
et al., 2012). The three primers S1, S2 and S3 have an identical
match (sequence-specific) on the GAPDH mRNA coding sequences
from the Amaranthaceae species only, while they have an
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Fig. 1. Regions I, II and III selected from the alignment of back-translated DNA sequences of homologous orthologs GAPDH protein coding regions (see supplementary file S1)
which served as a target for PCR primer designing. An arrow indicates the position and direction of the designed primers. The numbers denote the start and end position of the
primers relative to Red Beet GAPDH coding region. Beta vulgaris subsp. vulgaris (Acc. No. EF408234); Atriplex nummularia (Acc. No. U02886);Mesembryanthemum crystallinum
(Acc. No. J05223); Arabidopsis thaliana (Acc. No. M64116), Petroselinum crispum (Acc. No. X60344), Ranunculus acris (Acc. No. X60345), Antirrhinum majus (Acc. No. X59517),
Pisum sativum (L07500); Glycinemax (Acc. No. NM_001249200), Cucumis sativus (Acc. No. NM_001280743), Solanum lycopersicum (Acc. No. NM_001247874),Magnolia liliiflora
(Acc. No. X60347), Taxus baccata (Acc. No. L26922), Ginko biloba (Acc. No. L26924) and Pinus sylvestris (Acc. No. L07501).

Table 1
Oligonucleotide primers used in the study.

Primer Length (nt) Direction Sequence (50 ? 30)*

S1 20 Forward GTACGACAGTGTTCACGGTC
S2 20 Reverse GTGAAGACACCAGTGGACTC
S3 20 Reverse TCCACCTCTCCAGTCCTTAG
S4 20 Reverse GTGAAGACACCAGTGGATTC

* Mismatch base in the reverse primer sequence is underlined. nt: nucleotide.

554 S.S. Al Mazrooei, W.S. Ghazala / Journal of King Saud University – Science 30 (2018) 552–560
incomplete match (consensus) on the GAPDH mRNA coding
sequences derived from closely-related species belong to different
families. We refer to such primer sets as sequence-specific primers
for the family Amaranthaceae. The primer pair S1/S2 was designed
to amplify and clone the mid-fragment of the GAPDH gene from H.
salicornicum covering the area between regions I and II, whereas
the primer pair S1/S3 was designed to amplify larger fragment cov-
ering the area between regions I and III. Based on GAPDH mRNA
complete cds from the two closely-related species, Old Man Salt-
bush and Red Beet, the designed primer sets S1/S2 and S1/S3
would potentially amplify fragments with a size of 171 bp and
460 bp, respectively. In addition, a gene-specific primer S4 (Table 1)
was designed based on the sequence of the GAPDH fragment
obtained by PCR amplification using the primer pair S1/S3 (shown
later). The designed oligonucleotide primers were synthesized
commercially at Biomers GmbH (Ulm, Germany).

2.2. Total RNA extraction and quality control

Total RNA was extracted from H. salicornicum leaf-stem tissues
using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA), followed by
RQ 1 RNase-free DNase I (Promega, Madison, WI) to eliminate any
contaminating gDNA. Total RNA was then cleaned up from the
enzymatic reaction and concentrated by silica-based spin columns
using RNeasy MiniElute Cleanup Kit (Qiagen) following the manu-
facturer’s instructions. The amount of both isolated total RNA and
residual gDNA that remained in the RNA preparation after DNase
treatment was measured by Qubit 2.0 Fluorometer using the RNA
BR Assay Kit (20–1000 ng) and the dsDNA HS Assay Kit (0.2–
100 ng), respectively (Life Technologies, Carlsbad, CA, USA). Purity
of the RNA samples was checked by electrophoresis analysis using
non-denaturing 1.2% agarose gel stained with ethidium bromide
(EtBr) in 1X TAE (Tris-acetate EDTA) running buffer, and then visu-
alized under UV illumination. Gel images were captured by the
Image Lab software bundled with the Gel Doc EZ Gel Imaging Sys-
tem (BioRad, Hercules, CA, USA). Moreover, RNA integrity number
(RIN) was determined using the Agilent RNA 6000 Pico Chip Kit
with the Agilent 2100 Bioanalyzer (Agilent Biotechnologies, Santa
Clara, CA, USA). For cDNA synthesis, only RNA samples that showed
ribosomal RNA ratio (28S/18S) of �1.8, and RIN of �8.0 with low
gDNA content were selected.

2.3. RT-PCR, cloning and sequencing of a partial cDNA fragment of
GAPDH gene

The primary cDNA fragment of the GAPDH gene (covering the
area between region I and III) was synthesized simultaneously fol-
lowing two different approaches. In the first method, poly A+

mRNA was isolated from total RNA with Oligotex mRNA Mini Kit
(Qiagen). Then, approximately 2 mg of the purified mRNA was used
for first- and second-strand syntheses with random hexameric pri-
mers in a total reaction volume of 25 ml using the Universal Ribo-
Clone cDNA Synthesis System (Promega) in accordance with the
manufacturer’s protocol. In the second method, cDNA was synthe-
sized from approximately 2 mg of total RNA with the reverse primer
S3 in a total reaction volume of 20 ml using the GoScript Two Steps
RT-PCR System followed by the RNase H step (Promega). A reaction
tube containing total RNA extracted from Red Beet was included as
a positive control, and reaction tubes without the addition of the
template (NTC) or RT enzyme (RTC) were included as negative con-
trols. cDNA covering the area between regions II and III was syn-
thesized using sequence-specific reverse primers S2 and S4. PCR
reaction was performed in a total volume of 50 ml, including 5 ml
of 5X PCR buffer (containing 20 mM MgCl2), 2 ml of dNTP mix
(25 mM each), 1 ml of forward primer (10 mM), 1 ml of reverse pri-
mer (10 mM), 3 ml of template cDNA, and 0.5 ml of GoTaq DNA poly-
merase (500 units, Promega). The PCR amplification was conducted
on the 9700 Thermal Cycle (Life Technologies), and amplification
conditions for primer pair S1/S3 were: initial hot start cycle at
95 �C for 5 min during which the polymerase was added, followed
by 35 cycles consisting of denaturation at 94 �C for 30 s, primer
annealing at 52 �C for 30 s, primer extension at 72 �C for 1 min,
and final extended elongation cycle at 72 �C for 6 min. To rule
out any non-specific amplification that may result from gDNA con-
tamination in the RNA preparations, two additional reaction tubes
were included as controls. The first tube contained column-purified
total RNA which was pre-treated with RNase A (4 mg/ml;
Promega) prior to subjecting to reverse transcriptase reaction,
whereas the other reaction tube contained gDNA of the same
source from which RNA was extracted and pre-treated with RNase
A. Both additional control tubes were subjected in parallel to PCR
amplification using same parameters that used with primary cDNA
templates (described above). The same PCR conditions (described
above) were used with primer pairs S1/S3 and S1/S4 except that
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the annealing temperature was reduced to 48 �C. Reproducibility of
the selected primers was evaluated by performing at least three
independent PCR reactions using newly synthesized cDNA each
time, and all amplification products were size-separated by gel
electrophoresis. PCR-amplified fragments were gel-purified using
the QIAprep Gel Extraction Kit (Qiagen), and were T/A-cloned into
pGEM-T-easy vector (Promega) following the manufacturer’s pro-
tocol. Recombinant clones were transformed to Escherichia coli
JM109 competent cells (Promega), and streaked on ampicillin/
Xgal/IPTG SOB medium plates. Positive recombinant clones were
selected by blue-white color selection and were screened for the
presence of inserted DNA of the expected length by EcoR I restric-
tion enzyme digestion (Promega). Plasmids DNA were purified
from bacteria cells by QIAprep Spin Miniprep kit (Qiagen), and
were sequenced from both directions by the BigDye Terminator
v3.1 sequencing kit (ThermoFisher Scientific, Waltham, MA, USA)
using the ABI 1130xl Genetic Analyzer (ThermoFisher Scientific)
available in the Biotechnology Center at Faculty of Science, Kuwait
University. At least 10 positive clones of each PCR product were
sequenced, and sequencing was repeated twice using newly syn-
thesized cDNA.

2.4. Sequence analysis

Unless otherwise stated, sequence analyses were carried out
using our licensed CLC Genomic Workbench. All individual
sequences were first trimmed to exclude low quality sequences
using a cutoff score limit of 0.001 as well as vector match
sequences. Subsequently, forward and reverse DNA sequence
strands of each individual clone were assembled to contig to obtain
clone consensus sequence. One consensus sequence was finally
generated by assembling consensus sequences of all clones and
to record any possible conflicts. Obtained sequences were trans-
lated into protein (reading frame +2) using the standard genetic
code. Searches for nucleotide and amino acid sequence similarities
were conducted using the BLAST tool (Altchul et al., 1997).
Obtained sequences were also compared against its original query
using BLAST2Seqs (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The
deduced amino acid sequence was aligned with the GAPDH gene
coding regions from other species by ClustalW using the default
parameters. Domain sequences in the deduced amino acid were
Fig. 2. (a), RT-PCR amplification of a partial sequence of the cytosolic GAPDH gene. cDNA
either sequence-specific primer pair S1/S3 or random hexamer primer. Lane 1: positive c
control (NTC); Lanes 4 and 7: reverse-transcriptase controls (RTC); Lane 5: total RNA fro
amplification control of GAPDH gene from H. salicornicum with primer pair S1/S3. Lane
synthesis; Lane 2; NTC; Lane 3: synthesized cDNA from total RNA used as a template (pos
visualized by ethidium bromide staining. Each lane was loaded with 5 ml of the PCR r
Scientific); bp: base pair.
predicted using the Pfam domain searching tool (as described
above). The functional site of the deduced amino acid sequence
was identified using the PROSITE program (http://www.expasy.
org/prosite).

3. Results

3.1. RT-PCR amplification of a partial sequence of the GAPDH gene
using consensus primers specific to the family Amaranthaceae

Results in Fig. 2 showed that the primer pair S1/S3 (targeting
the sequence between regions I and III) produced a single fragment
of about 400–500 bp when a cDNA template synthesized by the
sequence-specific method was used. As expected, a 460 bp frag-
ment of GAPDH was produced when total RNA extracted from
Red Beet was used as a template (whose sequence was included
in the alignment used for designing the primers). When random-
primed cDNA was used as a template, the same fragment size
was produced with almost equal yield and efficiency to that
obtained with the sequence-specific primer cDNA. Negative con-
trol reactions (NTC and RTC) did not show any non-specific bands
after 35 cycles in both cases. The total RNA purified by the MiniE-
lute column contained very low gDNA residues (�16 ng/ml) (data
not shown). To exclude the possibility of gDNA interference with
RT-PCR assay, an aliquot from the same total RNA that was used
in the RT-PCR assay was treated with RNase A before subjecting
to reverse transcriptase reaction. No amplification product was
seen under the assay conditions employed, indicating that the
remaining amount of gDNA in the RNA preparation did not inter-
fere with RT-PCR amplification of the cDNA target. Furthermore,
when gDNA extracted from the same source of that used for cDNA
synthesis was treated with RNase A prior to subjecting to the same
end-point conventional PCR conditions that were used with RNA
template, no band was observed on the agarose gel. This result
eliminates the possibility of false-positive signals that may derive
from contaminating gDNA; e.g. co-amplification of processed
pseudogenes.

To confirm the identity of the PCR products, the fragment was
T/A cloned into pGEM-T Easy vector using the A-overhang produced
by Taq DNA polymerase and subsequently sequenced. Sequence
analysis of randomly selected clones revealed that the size of
s were synthesized from total RNA extracted from leaf-stem tissues and primed with
ontrol B. vulgaris subsp. vulgaris; Lanes 2 and 6: H. salicornicum; Lane 3: no-template
m H. salicornicum pre-treated with RNase A (negative control); (b), End-point PCR
1: gDNA template extracted from the same source of that used for cDNA template
itive control). PCR products were analyzed by electrophoresis in 1.5% agarose gel and
eaction. M1: 1 kb DNA ladder (Promega); M2: 100 bp DNA ladder (ThermoFisher
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obtained partial gene sequence is 460 bp and that all sequenced
clones were flanked with both S1 and S3 primers, which were iden-
tical to the designed ones. Based on the position of the primers rel-
ative to known sequences from Old Man Saltbush and Red Beet;
this fragment is of the expected size. The cloned fragment was
designed GAPDH460 (Fig. 3). Results of a BLASTN search showed
that GAPDH460 shared high homologies with the cytosolic GAPDH
gene from other species (data not shown). This strongly suggests
that the GAPDH460 sequence cloned from H. salicornicum belonged
to GAPDH family. The nucleotide sequence of the mRNA partial
sequence of GAPDH cDNA obtained in this study was deposited
to the GenBank database under Accession No. KU723650.

The GAPDH460 partial sequence was found to code for 153
amino acid residues (Fig. 3). BLASTP and BLASTX results showed
that the obtained deduced amino acid was highly homologous to
those GAPDH genes that were used in constructing the alignment,
particularly with GAPDH from the Amaranthaceae species Old Man
Saltbush and Red Beet. This proves that the GAPDH fragment
obtained is a member of the GAPDH family. Multiple sequence
alignments of GAPDH460 amino acid sequence with known
GAPDH from several plant species revealed that they were highly
conserved, especially in the regions of the GAPDH family signature
(Fig. 4). Comparison of the deduced amino acid of GAPDH460 with
those from the Amaranthaceae family indicated that the sequence
identity was 91.23% and 90.45% with Old Man Saltbush and Red
Beet, respectively (Fig. 5). Only one non-synonymous substitution
Fig. 3. The nucleotide and deduced amino acid sequence of H. salicornicum GAPDH460. T
The characteristic signature pattern of GAPDH family is underlined. A conserved cysteine
catalytic site is indicated with an asterisk (*).
occurred in the GAPDH460 deduced amino acid, alanine (A),
instead of threonine (T) and serine (S) in the Old Man Saltbush
and Red Beet protein sequences, respectively. A conserved domain
search against the CDD database at the NCBI of the partial deduced
protein sequence showed the presence of two domains, the
Gp_dh_N domain (pfam 00044; E-value 4.95e-50) and the
Gp_dh_C domain (pfam02800; E-value 3.87e-22), and a conserved
cysteine (C) active site (Fig. 3). Also, analysis of the deduced amino
acid sequence by SMART resulted in the same above-predicted
domains with high a significance score (data not shown). This high
degree of similarity of both identified domains in GAPDH460 to the
known domains of GAPDH protein suggests that they share the
same function, which support our results that the obtained GAPDH
partial sequence does indeed belong to the glycolysis GAPDH pro-
tein family.

3.2. RT-PCR amplification of a GAPDH amplicon using primer-template
mismatch

The obtained sequence of the GAPDH460 clone revealed that
the reverse primer S2 contains a single T/C mismatch near its ter-
minal 30 base (G/A on the sense strand of the GAPDH460 DNA
sequence). To study the effect of this primer-template mismatch
on RT-PCR efficiency, we attempted to amplify a 171 bp DNA frag-
ment of GAPDH from H. salicornicum using the normal upstream
primer S1 in combination with the downstream primer S2
he forward S1 and reverse S3 primers sequences are shown (delimited by arrows).
residue (C) that is important for the binding of glyceraldehyde-3-phosphate in the



Fig. 4. ClustalW alignment of GAPDH460 deduced amino acid sequence from H. salicornicum against selected GAPDH sequences from other species. Gaps have been
introduced to permit alignment. The graphic indicates to the degree of conservation between aligned sequences estimated by the tall of column. The red box indicates GAPDH
family signature. Species with the GenBank accession numbers are indicated between parentheses.

Fig. 5. Alignment of GAPDH460 deduced amino acid with corresponding regions in the protein coding sequences of the Amaranthaceae species Old Man Saltbush and Red
Beet. Light gray shaded residues indicate synonymous substitutions. Dark gray shaded residue indicates the only nonsynonymous substitution. Proteins accession numbers
AAA03442 is Atriplex nummularia (Old Man Saltbush), ABN50381 is Beta vulgaris subsp. vulgaris (Red Beet), and AML22888 is the deduced amino acid from Haloxylon
salicornicum obtained in this study.
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(corresponding to bases 1–171 in the GAPDH460 sequence). In
parallel, we used primer S1 in combination with another down-
stream primer (S4), which completely matched the GAPDH460
DNA template. Both primer pairs were used in the RT-PCR assay
(as performed for GAPDH460 amplification) with low annealing
temperature (48 �C). Using the normal primer pair S1/S4, the
desired 171 bp DNA fragment was amplified satisfactory without
any detectable non-specific products. Interestingly, the primer pair
with mismatch (S1/S2) produced a similar result (Fig. 6). Sequence
analyses revealed that both fragments do indeed correspond to the
first 171 bases of the GAPDH460 fragment. However, assembly of
sequences derived from at least 10 randomly selected clones
revealed that approximately half the number of the clones
obtained with the primer pair S1/S2 (containing the single mis-
match) maintained the mismatched base, whereas the remaining
number were 100% identical to the GAPDH460 sequence. As



Fig. 6. RT-PCR amplification of GAPDH171 fragment from H. salicornicum using
total RNA extracted from leaf-stem tissues. cDNA was primed with either the
primer pair S1/S2 that contains single mismatch near the 30 region or with the
normal primer pair S1/S4 that contains no mismatch. Total RNA extracted from leaf
tissues of Red Beet was included as positive control (P). Lanes 1 and 4 are total RNA
from H. salicornicum treated with DNase I prior subjecting to reverse transcriptase
reaction. Lanes 2 and 5 are non-template controls (NTC). Lanes 3 and 6 are reverse
transcriptase controls (RTC). Both primer pairs resulted in an amplicon with a size
of 171 bp. PCR products were analyzed by electrophoresis in 2% agarose gel and
visualized by ethidium bromide staining. Each lane was loaded with 5 ml of the PCR
reaction. M: 100 bp DNA ladder (ThermoFisher Scientific); bp: base pair.
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expected, primer pair S1/S4 (completely matched the DNA tem-
plate) formed 20 normal base pairs with the template with no mis-
match in all sequenced clones (data not shown).
4. Discussion

Our main aim was to isolate the GAPDH orthologous gene from
the Amaranthaceae species H. salicornicum for later use as a refer-
ence in the various molecular downstream applications related to
our current as well as future studies; i.e. gene expression. Special
emphasis was given to this plant as a representative of many
native plants growing in the desert of Kuwait with unknown geno-
mic information. Thus, we attempted to design oligonucleotide pri-
mers capable of specifically amplifying GAPDH partial sequences
with desired lengths suitable for both qualitative and quantitative
RT-PCR assays, rather than amplifying the full-length sequence.
The latter is often required by studies interested in the evolution
of a particular gene family. In organisms with limited genomic
sequence information, it is often preferable to use nested primers
to ensure that the correct gene family member is amplified. This
strategy, however, would be necessary in the case of degenerate
PCR. Fredslund et al. (2005) developed a program useful for PCR
amplification of orthologous sequences in species where prior
sequence information is not available based on alignment of DNA
sequences from phylogenetically related species. However, this
program was designed to find primers in specialized alignments
where at least one of the sequences has annotated introns, and
the output is a list of degenerate primers. In the present work,
we have employed a PCR primer design strategy that is based on
nucleotide sequences of closely-related species to design consen-
sus non-degenerate primers, rather than degenerate ones. How-
ever, there is a very small chance to find consensus sequence-
specific primers across multiple species for a certain gene-family
member, and this is heavily reliant on sequences available from
other related species and the type of target gene. Therefore, we
first focused on finding homologous orthologs of the cytosolic
GAPDH mRNA sequences from closely-related species, including
those belonging to the family Amaranthaceae. Our interest was
to look for those primers that are conserved across multiple species
phylogenetically close to the species under study and that are also
specific for amplifying the cytosolic-derived glycolytic enzyme
class (GAPC; 1.2.1.12). We searched for patterns of conserved
amino acid residues in groups of functionally related proteins,
and we used BLAST similarity searching method to identify homol-
ogous proteins that share statistically significant sequence similar-
ity. Orthologous proteins sharing the same function were identified
using the CDD and Pfam searching tools to find conserved domains
and, if possible, also structures. Information from both amino acid
and nucleic acid sequences was used to produce the alignments. In
the former, orthologous homologous GAPDH proteins were identi-
fied, whereas the latter was used to select possible candidate pri-
mers. We are confident that the alignments used in this study
are unlikely to contain unrelated sequences since the statistical
estimate of the BLAST analysis rarely obtains expectation values
lower than ones expected by chance (Pearson, 1995). Moreover,
since the DNA sequences used in the alignment were intronless,
the likelihood that the high similarity obtained in the alignments
extends into a non–homologous intron or flanking sequences is
negligible. This will ensure that there is no intron within the pri-
mer sites, and thus increasing the success of the PCR amplification.

For ideal designing of a specific mRNA/cDNA primer pair that
does not recognize pseudogenes in RT-PCR amplification, informa-
tion about the genomic sequence of the species under study is nec-
essary. Such information can be helpful; e.g. to distinguish
duplicated pseudogenes from cDNA by size, but still not sufficient
to distinguish intronless processed pseudogenes. Alternatively, a
set of appropriate negative controls is commonly included along
with the experimental samples. As the genomic sequence of
H. salicornicum is not yet available, we were compelled to design
consensus primers to amplify the GAPDH ortholog gene based on
related GAPDH sequences from other closely-related species.
Following the strategy described above, we have successfully
amplified a short DNA sequence of the GAPDH gene using total RNA
extracted from leaf-stem tissues of H. salicornicum by RT-PCR
assay. The sequence obtained in this study is a partial sequence
of the GAPDH gene located in the coding region of the protein,
and its size was dependent on the location of the selected consen-
sus regions within the coding region of the protein. Under the con-
ditions employed in the present work, there was also no need for
PCR optimization steps with the designed consensus primers,
which is often the case when degenerated primers are used.

The results of the Qubit dsDNA high sensitivity assay proved
that the complete removal of contaminating gDNA from RNA
preparations could not be achieved by DNase treatment. This is
in agreement with several previous reports (Hurteau and
Spivack, 2002; Harper et al., 2003; Carraro et al., 2005). Cleanup
of extracted total RNA through a spin column without DNase treat-
ment was equally efficient to remove gDNA contaminants with less
loss of RNA compared to DNase treatment (data not shown). In the
present study, we have shown that the designed consensus primer
pair S1/S3 is an mRNA/cDNA specific by using a set of appropriate
negative controls. Both mRNA-specific and random primers
resulted in a single specific band after RT-PCR amplification. The
absence of any amplified signal from the gDNA template pre-
treated with RNase A enzyme indicated that the primers might
be either flanking a large-sized intron or one primer at least spans
an exon/exon border. This conclusion is supported by the fact that
no signal was observed in either the RTC sample or in the sample
that contained total RNA pre-treated with RNase A enzyme, where
traces of gDNA are supposed to exist. Furthermore, sequencing of
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the cloned cDNA fragment (GAPDH460) confirmed the identity of
the amplified product as one of the GAPDH family sequences. Only
one clone among more than 20 recombinant clones sequenced
contained a single mismatch, probably due to an error in the
sequencing process. The results, therefore, do not indicate the pres-
ence of multiple GAPDH genes in the plant genome (data not
shown). All results shown above confirm that the consensus pri-
mer pair S1/S3 was capable of supporting amplification from
GAPDH cDNA and not from gDNA-derived templates.

The results of the present study showed that the amplified
GAPDH460 region is highly conserved, especially in GAPDH ortho-
logs from the family Amaranthaceae. According to the GAPDH
mRNA complete coding sequence from Old Man Saltbush and
Red Beet, the primer pair S1/S3 would amplify a product with a
size of 460 bp from both sequences. In our study, sequencing of
the GAPDH fragment amplified from H. salicornicum using the
same primer pair revealed that the product size was exactly
460 bp. The lack of any deletions or insertions in this region from
the above sequences indicates that this region is highly conserved.
The GAPDH460 region contained only one non-synonymous sub-
stitution, which supports the hypothesis that evolutionary changes
in the nucleotide sequence are more frequent between protein
members from different families than members of the same plant
family (Brown, 2002). Analysis of conserved domains showed that
GAPDH460 contained a highly conserved domain for NAD+ binding
and catalytic function and also the characteristic protein family
pattern. This indicates that the GAPDH gene in H. salicornicum is
likely to be highly conserved in terms of function and structure.

Comparison of the GAPDH DNA sequence with other available
sequences from members of the Amaranthaceae revealed that
the conserved regions I and III (used to design primers S1 and S3
respectively) are identical and have not been subjected to any
changes (at least for sequences corresponding to the designed pri-
mers). This indicates that these two regions might be important to
a particular function carried by the exon. These identical nucleo-
tide regions could be generated only when GAPDH protein-
coding sequences from available Amaranthaceae species were
aligned, whereas including GAPDH sequences from other closely-
related species in the alignment did not reveal identical consensus
regions. In contrast, region II was shown to be less conservative
and has one synonymous mutation (A instead of G, base 154).
The alignment showed that the sequence of the designed consen-
sus primer pair S1/S3 is specific to cytosolic GAPDH genes from
the Amaranthaceae species Old Man Saltbush and Red Beet. Inter-
estingly, sequence analysis of GAPDH460 revealed that the
sequence of primer pair S1/S3 is also specific to GAPDH from H. sal-
icornicum. The successful amplification of same the sized-product
of GAPDH460 from Red Beet using the same primer pair (S1/S3)
suggests that the described primer pair might be specific to the
family Amaranthaceae, and may work in a wide range of different
species as well. Such a suggestion is supported by the fact that the
GAPDH gene in plants is highly conserved and that GAPDH homol-
ogous sequences from the family Amaranthaceae share >80% iden-
tity. A study has reported on the successful amplification of a
partial sequence of the vacuolar anion transporter CLCc gene ortho-
log in Lepidium sativum by designing gene-specific primers using
the Arabidopsis thaliana mRNA nucleotide sequence information,
a closely-related species belonging to the Brassicaceae (Rani
et al., 2013). However, our analysis was based on only a few
sequences from Amaranthaceae species that were available in
the database. Therefore, further empirical studies are necessary
to verify this assumption (family-specific primer pair) by trying
to amplify GAPDH genes from more Amaranthaceae species using
the same primer pair, and confirming their identity by sequencing.

The availability of a GAPDH partial sequence from H. salicornicum
(GAPDH460) has allowed us to study the effect of primer-template
mismatch on the efficiency of RT-PCR amplification. The effect of
primer-template mismatches on RT-PCR efficiency has been
explained in detail in several reports (Creighton et al., 1992;
Christopherson et al., 1997). The degree of primer-template
mismatch impact on RT-PCR efficiency is determined by several
factors, mainly the type and position of the mismatch base in the
primer. For example, mismatches located at the 30 region (last 5
nucleotides) of the primer have significantly larger effects on
priming efficiency more than 50 located mismatches (Ayyadevara
et al., 2000; Wu et al., 2009). Purine-pyrimidine mismatches have
relatively minor effects on RT-PCR efficiency and are more stable
compared to purine-purine mismatches (Stadhouders et al.,
2010). On the other hand, Huang and Cloutier (2007) found that
the reduction in PCR yield is correlated with the number of
primer-template mismatches. In the present study, we used a pair
of primers (20 nt in length each) that were either completely com-
plementary to the GAPDH460 template (S1/S4), or had a single
mismatch near the 30 region of the reverse primer (S1/S2). Our
results showed that the T/C mismatch primed the synthesis of a
171 bp specific PCR product almost as efficiently as the normal pri-
mer, as the PCR product yield of both amplifications was markedly
high. Similar observations were reported by Stadhouders et al.
(2010) who concluded that the effect of primer-template mis-
match took place only during reverse transcription, and thus there
was no effect on the subsequent PCR cycles. Since the mismatch
exists in the reverse primer S2, we assumed that the generated
cDNA would probably be identical to the sequence of primer S2.
Interestingly, sequence results of GAPDH171 clones amplified
using the primer pair S1/S2 revealed that about 50% of the clones
were identical to the mismatched reverse primer (containing C:
T), whereas the remaining clones completely matched the
sequence of GAPDH460. This is probably attributed to the effi-
ciency of M-MLV reverse transcriptase enzyme to extend mis-
matches. The use of a low annealing temperature (Tm < 50 �C)
might also be one of the reasons for such tolerance. When the nor-
mal reverse primer S4 replaced the reverse primer S2, all obtained
clones were identical to the GAPDH460 sequence and contained
the correct base A. In cases where primer-template mismatches
are unavoidable, this approach can still be useful in conventional
RT-PCR but not in quantitative RT-PCR. Many reports have indi-
cated the effect of primer-template mismatches on the accuracy
of quantitative PCR (Whiley and Sloots, 2005; Bru et al., 2008;
Ledeker and De Long, 2013). Therefore, further analysis is required
to address this question using GAPDH171 obtained with or without
primer-template mismatch. Unfortunately, we were not able to
study the effect of primer-template mismatch on PCR yield
because no amplification occurred when gDNA was used as a
template.

In conclusion, this was the first report of RT-PCR amplification,
cloning and sequence analysis of GAPDH partial sequences from H.
salicornicum using mRNA/cDNA specific primers designed based on
consensus regions within multiple aligned GAPDH coding DNA
sequences from closely-related species. We proved that the ampli-
fied GAPDH reverse-transcribed mRNA was specific and not ham-
pered by the pseudogene co-amplification problem. The size of
the obtained GAPDH460 sequence was sufficient to enable its
assigning to the GAPDH gene family using several bioinformatics
approaches. The reported partial sequence of the GAPDH gene iso-
lated from H. salicornicum will be useful in molecular downstream
application studies of native desert plants in Kuwait in the near
future. The 460 bp fragment amplified using the designed primer
pair S1/S3 (GAPDH460) was optimized only for conventional RT-
PCR, whereas the 171 bp fragment amplified using primer pair
S1/S4 (GAPDH171) would be suitable for qRT-PCR and/or
hybridization probes assays. However, the successful amplification
of the GAPDH171 provides indirect evidence on the integrity of the
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sequence itself. Therefore, more experiments are needed to test the
expression stability of GAPDH171, and validate its use as a refer-
ence gene in qRT-PCR assay under various environmental stress
conditions.
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