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INTRODUCTION 
 

The taxonomic difficulty for several systematics, field ecologists, and evolutionary biologists is correctly determining an organism by a rapid, repeatable, and 
reliable method [1]. Advances in molecular genetics, sequencing technology, and bioinformatics have explored numerous molecular markers that can be easily 

sequenced and used for inferring phylogenetic relationships. One of these markers is the internal transcribed spacer (ITS), which is part of the non-coding nuclear 

ribosomal DNA cistron. It consists of the regions ITS1 and ITS2 that are separated by the gene 5.8S. The ITS region displays high rates of substitution that can 
manifest species and even subspecies divergences [2, 3]. Therefore, the ITS sequence is one of the most frequently used DNA markers in plant phylogenetic and 

DNA barcoding analyses [4, 5]. In addition, some genetic incidents exist that may mislead ITS-based phylogenetic investigations [6-8]. These incidents include the 

following: (a) existence of two alleles that may be heterozygous for each nuclear gene, (b) presence of several 18S-5.8S-26S repeats at one or more chromosomal 
locations, (c) some of these copies degenerate into pseudogenes, and (d) the near universality of most primers commonly used for the polymerase chain reaction 

(PCR) amplification of ITS sequences. Therefore, the direct sequencing of PCR-amplified ITS sequences would typically produce a mixture of allelic sequences 

with polymorphic nucleotide sites, which will appear as overlapping peaks. A nucleotide sequence obtained from such a mixed PCR product is consensus for 
several targets sharing the same priming sites in a single genome [9]. By contrast, DNA sequence data from an individual allele (called a haplotype) can provide 

considerable information to address various biological questions and to guide several practical applications [7, 10]. Various methods have been investigated to 

obtain haplotype sequences from different genomes. A traditional method is to construct a random cloning library from the PCR products before sequencing of the 
target fragment [7]. Furthermore, it has been suggested that reducing the amount of genomic DNA and decreasing the number of PCR cycles [11]. In addition to 

using different PCR primer sets and reaction conditions result in allele bias [3, 12, 13]. Maize (Zea mays) is one of the most productive and widely grown crops 

worldwide. It has remarkable morphological and genetic diversity and is considered a foundational model for studying genetics and genomics. An improved de 
novo assembly and annotation of a maize reference genome have been recently conducted [14]. To investigate the wide diversity of maize genotypes, few studies 

on ITS sequencing [15, 16] and microsatellites or simple sequence repeats [17, 18] have been published. The phylogenetic relationships of Zea species inferred 

from ITS sequences were demonstrated to be highly concordant with Random Amplified Polymorphic DNA (RAPD) evidence [16, 19]. The main objective of this 
study was to identify a molecular marker or a haplotype-specific signature sequence that can be used to distinguish the genomes of two Egyptian maize hybrids, 

M10 and M321M321. However, it is typically quite difficult to extract and purify DNA from cereals because of the presence of acidic polysaccharides, proteins, 

and DNA polymerase inhibitors such as tannins, alkaloids, and polyphenols in the extracts [20, 21]. The presence of these compounds reduces the quality and 
quantity of DNA, thus often making the sample non-amplifiable. Therefore, DNA of each maize hybrid was extracted from grains using a modified Mericon 

extraction method that has recently been demonstrated as a highly efficient technique [22]. The ITS target sequences in the two genomes were amplified using 
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PCR with universal ITS primers. Subsequently, the selective sequencing of a single ITS haplotype from each pooled PCR product was performed on the basis of 

primer bias. 

MATERIALS AND METHODS 

 

1.1 Plant materials and DNA extraction: 

The grains of two hybrid Zea mays strains coded as M10 and M321 were obtained from the Crop Institute, Agricultural Research Center, Giza, Egypt and 
were used as the source of genomic DNA. The fungal contaminations of the grains were removed using sodium hypochlorite [23]. High yield of improved quality 

DNA was then isolated from the grains using the modified Mericon extraction method [22]. DNA concentration, purity (A260/A280 ratio), and absorbance ratio at 

260 nm to 280 nm (A260/A230 ratio) were measured for each sample (1 µL) using a Thermo Scientific NanoDrop 1000 Spectrophotometer (Thermo Scientific, 
Germany). DNA extracts were analyzed by agarose gel electrophoresis using 0.75% agarose gel (SeaKem LE agarose, Cambrex, and gels for genomic and 

amplified DNA). Electrophoresis was performed using 1× Tris-Borate EDTA buffer containing 1 μg/mL of ethidium bromide and a constant voltage of 100 V. 
GelPilot 100-base pair (bp) ladder (Qiagen) was used as DNA marker. DNA bands were visualized and images were obtained using Gel Doc XR+ Imaging system 

(Bio-Rad Laboratories Inc., Germany). 

 
1.2 Polymerase chain reaction amplification and nucleotide sequencing: 

For PCR, each DNA sample was diluted to a working concentration of 20 ng/µL and used as a template. The universal ITS primers used in this study have 

been developed by White et al., [24] and were synthesized and purified by MWG Biotech. These primers included ITS1 (5ʹ-TCCGTAGGTGAACCTGCGG-3ʹ), 
ITS1.1 (5ʹ-GAACCTGCGGAAGGATCAT-3ʹ), and ITS4 (5ʹ-TCCTCCGCTTATTGATATGC-3ʹ). The ITS regions (including ITS1, 5.8S gene, and ITS2) of each 

sample were amplified using PCR with a Peltier Thermal Cycler (Bio-Rad Laboratories Inc., Germany) using primers ITS1 and ITS4. PCRs were performed and 

thermal cycling conditions were analyzed [22]. The amplified products were purified using Qiagen PCR Purification kit following the manufacturer’s protocol. 

However, at the end of the purification protocol, all purification columns were eluted for two sequential times instead of one to obtain DNA at high and low 

concentrations from each PCR product. Subsequently, the two concentrations of the amplified ITS regions were separately sequenced using the forward primers 

ITS1 and ITS1.1 in addition to reverse primer ITS4. Cycle sequencing was performed using 5.5 µL of the purified PCR product and 1 µL of the Terminator Ready 
Reaction Mix according to the protocol of Applied Biosystems [25]. The products were purified using a Sequencing Reaction Cleanup kit (Millipore, Billerica, 

USA) and sequenced in one direction on an ABI 3730 ×l DNA analyzer (Biometra, Germany). The resulting sequences were edited and analyzed using BioEdit. 

Any nucleotide sequence that showed polymorphism was omitted. However, ITS sequences that lack polymorphic sites were only extracted from high-quality 
chromatograms. 

 

1.3 Sequence alignment and phylogenetic analysis: 
The ITS sequences obtained from M10 and M231 genomes were compared with the nucleotide collection of the National Centre for Biotechnology 

Information (NCBI) using the Basic Local Alignment Search Tool (BLAST). The boundaries of the entire ITS region were determined on the basis of homologous 

ITS sequences of Zea mays published in the GenBank database [2]. Subsequently, the experimental sequences were analyzed together with nine closely related 
ITS sequences of Zea mays. The proportion of nucleotide differences was calculated among pairs using ClustalW. In addition, the sequences were aligned using 

webPRANK, a phylogeny-aware progressive alignment program. The software MEGA 7.0 was then used for phylogenetic analysis of the obtained multiple 

sequence alignment (the entire ITS1-5.8S-ITS2 region), and to generate a phylogenetic tree using the maximum likelihood method. The tree was rooted using 
KU182535, a comparatively divergent Zea mays ITS sequence obtained from NCBI, as outgroup. The statistical support for internal nodes was estimated using 

100 bootstrap samples [26]. 

 
Results: 

1.1 Assessment of the extracted DNA: 

As previously described, the quality of extracted DNA samples from each maize strain was verified spectrophotometrically using a NanoDrop instrument and 
agarose gel electrophoresis. The recorded 260/280 nm ratio (1.8) indicated that the extracted DNA was of high purity with the absence of proteins and phenols. 

Gel electrophoresis revealed a single band of high molecular weight DNA with slight evidence of shearing and absence of RNA or polysaccharide contamination.  

 
1.2. PCR amplification and sequencing of the internal transcribed spacer region: 

The universal primers ITS1 and ITS4 were used to amplify alternative alleles of the ITS region in the total genomic DNA of the two Zea mays strains, M10 

and M321. Each of the two reactions resulted in a DNA amplicon of approximately 700 bp when examined on an agarose gel. As described in the Materials and 
Methods section, each PCR product was purified and prepared at two different working concentrations before sequencing. 

For each strain, the direct sequencing of the concentrated and diluted pooled PCR products using the forward primer ITS1 resulted in DNA fragments 

ranging between 644 bp and 655 bp. All chromatograms showed a mixture of homozygous and heterozygous nucleotide sites along the entire sequence. Figure 1a 
shows a representative part of the obtained sequence outputs. These composite sequence profiles confirmed the presence of two or more ITS sequence patterns in 

each of the two experimental maize hybrids. In addition, similar results were achieved by using ITS1.1 (Figure 1b), which is an alternative forward primer that acts 

at 9 bp downstream of ITS1. Moreover, it is crucial to emphasize on the corresponding sequences obtained from the two examined template DNA concentrations 
that resulted in chromatograms with slightly different consensus sequences and did not show clear variations with respect to their quality.  

However, the reverse primer ITS4 showed the best sequencing results in all cases under the used experimental conditions (Figure 1c). In each of the obtained 

chromatograms of ITS sequences, the observed overlapping peaks were restricted to few sites that are located at short boundaries of the sequences. Therefore, pure 
allele sequences that lack polymorphic sites were simply extracted from the ITS4-based sequence outputs by editing. Interestingly, the two sequences obtained 

from both concentrated and diluted PCR amplicons of each strain using the reverse primer ITS4 were identical and confirmed each other. The edited ITS 

sequences resulting from M10 and M321 genomes were 553 bp and 551 bp in length and denoted as haplotypes Hm10.1 and Hm231.1, respectively. On the basis 

of BLAST search using NCBI databases, the edited ITS fragments showed that the length was matching with the boundaries of previously published homologous 

Zea mays ITS sequences [15]. The results of pairwise sequence alignment by BLAST demonstrated that none of the ITS nucleotide sequences of Zea mays 
available through NCBI databases showed 100% identity to any of the two obtained ITS haplotypes. Closely related ITS sequences, however, demonstrated a 

range of variations with at least 1% sequence dissimilarity. The Hm10.1 and Hm231.1 sequences were then submitted to the GenBank database under the 

accession numbers MF780725 and MF780726, respectively. 
 

1.3. Phylogenetic analysis of the obtained internal transcribed spacer haplotypes: 

Pairwise alignment of Hm10.1 and Hm231.1 showed that they are closely related. They showed a sequence divergence of approximately 0.91%, which is 
limited to a single gap of two nucleotides in the ITS sequence of the haplotype Hm231.1. In particular, this gap is present in the ITS1 region, which is located 

between 18S and 5.8S rRNA. Subsequently, multiple sequence alignments were performed using the two new sequences together with a group of related Zea mays 

ITS haplotypes obtained through the BLAST search. The aligned fragments showed sequence divergence ranging between 0.19% and 2.41% and demonstrated the 
presence of both substitutions and indels (insertions and deletions) in the ITS region. For further analysis of the aligned ITS sequences, a phylogenetic tree was 

constructed using the maximum likelihood method and the tree was rooted using KU182535.1 ITS sequence as outgroup. The aligned sequences revealed three 

clusters with 72%, 58%, and 55% bootstrap support as shown in Figure 2. The two experimental haplotypes formed a single cluster with three previously 
published Zea mays ITS alleles [2] including U46601.1, U46612.1, and U46610.1.  
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Discussion: 

As there are several similarities in superficial characters and chemical compositions between closely related genotypes, it is difficult to identify hybrids of 

Zea mays by traditional identification methods. However, DNA barcoding has been proposed to be one of the most promising tools for accurate and rapid 
identification of taxa [27]. In particular, DNA sequences in the ITS of the nuclear ribosomal DNA show great discriminatory power in angiosperms when 

compared with other molecular chronometers such as plastid genome markers [28, 29]. The analysis of ITS sequences was performed for finding out a unique 

nucleotide signature that can be used for the identification of a specific genotype. In this study, we investigated the ITS region to identify variations in DNA 
sequences between the two strains, M10 and M321, and the other published Zea mays ITS haplotypes. However, one of the most prevalent complications for 

phylogenetic inference is the existence of extensive allelic variations in several plant genomes [2]. In sexual diploids, such as most plants and animals, including 

humans, each nuclear gene has two alleles where one allele comes from each parent. Therefore, the two alleles have different gene sequences and evolutionary 
histories [7]. Furthermore, the apparent heterozygotes can be a consequence of copy number variants and repeats [30]. Parallel to these considerations, the 

sequencing results of this study revealed that each PCR reaction leads to a pool of ITS allele sequences. This ITS polymorphism was noted in each individual 
strain in the composite chromatograms developed by direct sequencing with universal primers ITS1 and ITS1.1. In addition, this observation corresponds to the 

hybrid nature of the two examined genotypes. Under such a condition, methods to obtain single haplotype sequences have to be employed. [11] recommend 

reducing the amount of genomic DNA and decreasing the number of PCR cycles in PCR reactions that contain heterozygous ITS target sequences. However, 
corresponding PCR amplicons obtained from two template DNA concentrations that we studied resulted in low-quality chromatograms with slightly different 

consensus sequences. Another method is to construct a random cloning library from the PCR products before sequencing of the target locus in randomly chosen 

PCR clones [9]. However, this method is slow, tedious, and expensive because it involves routine sequencing of large numbers of individual PCR clones from 
each genomic DNA [2, 3]. Alternatively, the most commonly used ITS primers are characterized by various types of biases such as length bias and primer 

mismatch bias [12]. Furthermore, this target bias is affected by the reaction conditions [2]. Therefore, it can be speculated that using alternative primer sequences 

and PCR and/or sequencing conditions may reduce the targets of the primer, and consequently, improve the obtained chromatograms. The results of this study 

demonstrated that direct sequencing of pooled PCR products using ITS4 resulted in much cleaner chromatograms when compared with those using ITS1 and 

ITS1.1. This observation suggests that the applied sequencing conditions considerably restrict the targets of the primer ITS4 and consequently, reveal a single ITS 

sequence from each genome. With this reverse primer, the change in template DNA concentration neither affected PCR amplification nor sequencing results. 
Therefore, the two sequencing results from each corresponding pair of PCR reactions confirmed each other and served as a sequence replica. The phylogenetic tree 

inferred from the new ITS sequences and their published close relatives indicated that the obtained data largely match with the published ITS sequences of Zea 

mays genotypes. The multiple sequence alignment of these homologous sequences demonstrated the presence of both insertions/deletions and substitutions 
including transitions and transversions in the ITS region. On the basis of BLAST similarity search using NCBI database, each of the obtained allele sequences 

revealed a pattern characteristic to its strain and can be considered haplotype-specific signature sequences for the genotypes of the maize strains, M10 and M321. 

 
Fig. 1: Sequencing chromatograms of representative corresponding parts from the ITS sequences obtained using pooled PCR products of M321 in the presence of 

the forward primers ITS-1 (a) and ITS-1.1 (b) and the reverse primer pITS-4 (c).  
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Fig. 2: The maximum likelihood phylogenetic tree generated on the basis ofZea mays ITS haplotypes including the obtained Hm10.1 and Hm231.1 sequences 

together with nine closely related sequences in addition to KU182535 as a outgroup.  The branch-lengths are proportional to the amount of sequence 

divergence and the number of above branches indicating bootstrap values from 100 replications. 

 

Conclusion: 

We suggest that alternative universal primers designed for a specific target in a diploid genome can separately be studied for the direct sequencing of pooled 
PCR products to identify primers with restricted target recognition under a sequencing condition. Such primer biases are assessed on the basis of the output of 

sequencing chromatograms. The results of this study demonstrated that the reverse primer ITS4 can be usedto obtain a single ITS haplotype sequence from each of 
two examined Zea maysgenomes.On the basis of our results that have been validated by BLAST analysis, the new ITS sequences can facilitate in distinguishing 

M10 and M321genotypes from other maize strains. 
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